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Foreword

The ACS SYMPOSIUM SERIES was founded in 1974 to provide a
medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
IN CHEMISTRY SERIES except that, in order to save time, the
papers are not typeset but are reproduced as they are submitted
by the authors in camera-ready form. (The papers in this book
were prepared with a different reference style from the style
usually used in the ACS SYMPOSIUM SERIES.) Papers are
reviewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews and
reports of research are acceptable, because symposia may
embrace both types of presentation.
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Preface

RADON AND ITS DECAY PRODUCTS have been studied for a long time; now
the results of these studies are visible and important to a wide audience.
The discovery in the past two years of very high concentrations of radon
in houses in the eastern United States has increased the public’s awareness
of the radon problem. Radon is no longer a hazard only to uranium miners
and to people living in houses built with or on contaminated materials. The
health risks of radon are substantial compared with other natural radio-
activity. The realization of the potential for widespread effects of radon and
its decay products on lung cancer rates has been growing in the radon
research community for almost a decade. Indoor air surveys in Canada and
Sweden in the late 1970s as well as other, more limited, sampling efforts
showed that higher radon levels existed in indoor air than had been
expected.

Radon and its decay products were a major focus of meetings held in
Capri, Italy, in 1983 and in Maastricht, the Netherlands, in 1985. These
meetings reported on ongoing national surveys in European countries, on
laboratory and field studies on the properties of radon decay products, and
on the models for relating the airborne radioactivity concentrations to the
human lung.

A major meeting in the United States was developed to bring together
researchers from around the world to review the current state of knowledge
and to discuss problems that still needed to be addressed. This book, based
on that symposium, presents new and important results of the work of
researchers active in the field.

As organizer of that symposium and editor of this volume, I would like
to thank the authors who agreed to present their work in this forum and the
reviewers who helped to improve the quality of the presentations. In
particular, I wish to thank Victoria Corkery, without whose invaluable
assistance this volume would not have been possible.

PHILIP K. HOPKE
University of Illinois
Urbana, IL 61801

October 17, 1986

xi
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Chapter 1
Radon and Its Decay Products: An Overview

Philip K. Hopke

Departments of Civil Engineering and Nuclear Engineering and Institute for
Environmental Studies, University of Illinois, Urbana, IL 61801

This volume contains the reports presented at a
symposium held as part of the 191th National Meeting
of the American Chemical Society. The chapters present
recent findings on a number of aspects of the indoor
radon problem. In this introductory chapter, an over-
view of these reports is presented that highlights

some of these results and suggests areas where
uncertainties still remain.

During the past two years, indoor radon and its decay products have
come to be recognized as a major potential threat to public health.
Although radon studies have been on-going for many years, it is only
with the discovery of very high levels of radon in the Reading Prong
area of eastern Pennsylvania, New Jersey, and New York that public
attention has focused on the question of indoor radon, its sources,
its properties, its health implications and how it may be controlled.
This interest has also manifested itself in a number of technical
meetings to present the current state of knowledge and to discuss
the critical questions regarding the behavior and effects of radon
and its decay products (Bosnjakoviec et al., 1985; APCA, 1986).

In order to focus on more of the basic research problems related

to radon, a symposium was organized in conjunction with the 191th
National Meeting of the American Chemical Society. This volume
presents most of the reports given at that symposium. There are
five major groups of reports; occurrence, measurement methods,
physical and chemical properties of radon and its decay products,
health effects, and mitigation of radon levels.

Occurrence
During the past decade, it has been recognized that indoor radon

levels do not arise only or even primarily from building materials.
This conclusion is in contrast to the previous understanding as

0097-6156/87/0331-0001$06.00/0
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expressed by the United Nations Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR, 1977). It has become certain that
although unusual building materials such as alum shale concrete or
phosphogypsum can be significant contributors, ordinary houses

made of ordinary materials can have extraordinary levels of radon.
In most cases, the radon infiltrates from the soil into the building
under the influence of a pressure differential caused by the
structure itself. The amount of radon that results is dependent

on the amount of radon in the soil gas, the ability of the soil

gas to move through the soil, and the characteristics of the building
that provides the driving force and entry pathways.

Initial efforts at predicting areas where houses may be at
higher risk have focused on searching for areas with above average
levels of soil radium. However, the report by Sextro et al. (1987)
shows that houses on soils with below average radium concentrations
can have high indoor radon if the soil is highly permeable and the
house extracts a large fraction of its makeup air from the soil.
Thus, it is important to simultaneously consider the combination
of soil and building characteristics that govern the amount of
movement of radon-laden soil gas.

Hess et al. (1987) show that for areas where there is high radon
in the potable water supply, water can represent a significant source
of indoor radon. However, there are ways of removing radon from
water including aeration or carbon adsorption.

A number of countries have now completed or are finishing
surveys of their housing stock for indoor radon levels. The results
of surveys from Ireland, United Kingdom, Norway, Sweden, Finland,
and Japan are presented here and Magno and Guimond (1987) describe
the survey planned for the United States. The results reinforce
the difficulty in predicting the concentration of radon in any
specific dwelling. However, there are some geographical patterns
that do emerge that relate to the soil radium content. In those
cases, it is useful to make additional local area surveys such as
in Cornwall in the United Kingdom (Cliff et al., 1987).

In all of these indoor radon surveys positively skewed,
approximately log-normal distributions are obtained. It should be
noted that the local area survey may yield a different distribution
from the national and thus estimates of numbers of high level
houses in susceptible areas can be substantially underestimated
from an aggregated national distribution.

Measurement Methods

Several papers present reviews of measurement methods or improvements
in existing methods. Yamashita et al. (1987) present the description
of a portable liquid scintillation system that can be used for thoron
(Rn-220) as well as radon (Rn-222) in water samples. Thoron measure-
ments have not been made for houses where radon in water may be a
significant source. Such an instrument could be useful in making
such determinations as well as in studying geochemical problems as
described in this report. A review of measurement methods by Shimo
et al. (1987) and of development and calibration of track-etch
detectors (Yonehara et al., 1987) are also included. Samuelsson
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(1987) provides a review and critique of the closed cannister
method for emanation rate determinations.

Properties

The physico-chemical properties of radon and its decay products are
presented in a series of reports primarily focusing on the decay
products. However, Stein (1987) presents a review of his pioneering
studies of radon chemistry and the reactions of radon with strong
oxidizing agents. Although radon is not chemically active in indoor
air, it is interesting to note that radon is not an "inert" gas.

There are a series of papers that focus on the behavior of the
radon decay products and their interactions with the indoor
atmosphere. Previous studies (Goldstein and Hopke, 1983) have
elucidated the mechanisms of neutralization of the Po-218 ionic
species in air. Wilkening (1987) reviews the physics of small
ions in the air. It now appears that the initially formed polonium
ion is rapidly neutralized, but can become associated with other ions
present. Reports by Jonassen (1984) and Jonassen and McLaughlin
(1985) suggest that only 5 to 10% of the decay products are
associated with highly mobile ions and that much of the activity
is on large particles that have a bipolar charge distribution.

Bandi et al. (1987) present the results of a series of calculations
on the attachment of the decay products to the existing particles
for the various models of the attachment process.

However, these results may need to be modified by the findings
of Porstendorfer et al. (1987), Vanmarcke et al. (1987), and Knutson
et al. (1985) that the "unattached" Po-218 containing molecules are
actually part of an ultrafine mode (0.7 - 2.0 nm) in the activity
size distribution. Thus, they are not free molecules and will move
with a reduced diffusion coefficient based on the size of these
ultrafine particles,

Raes (1987) presents the results of additional cluster formation
modeling studies based on the methods he presented earlier (Raes,
1985; Raes and Janssens, 1985). These results would suggest that
the ultrafine mode is the result of ion-based cluster formation.

Chu et al. (1987) present results of laboratory studies of the
formation of an ultrafine aerosol by converting SO, to sulfuric acid
using measurement methods described by Holub and Khutson (1987) and
Kulju et al. (1987). It was found that the size of the resulting
activity distributions is dependent on the SO, concentration. The
role of humidity is still unclear and more studies are needed, but
it appears that both future theoretical models and laboratory
studies will be extremely fruitful in elucidating the behavior of
Po-218 from shortly after its formation until its incorporation
into the existing accumulation mode aerosol.

Health Effects

There are several groups of chapters discussing the health effects
of radon and its decay products. In Pohl-Ruling et al. (1987) and
Reubel et al. (1987), the direct effect of ionizing radiation on
cell behavior are presented. Such studies help to elucidate the
relationship between the radiation dose and the response at the
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cellular level. In order to deposit dose to the cells of the
bronchial epithelium, there must be deposition of the particle-
attached activity. The past dosimetric estimates have used the
theoretical model of Davies (1973) as corrected by Ingham (1975)
for calculating particle deposition from a given aerosol size
distribution. In the chapter by B.S. Cohen (1987), it is shown that
these deposition velocity estimates are low by a factor of 2 down
to particle sizes of 0.04 ym. Using radiolabeled monodisperse
particles, the deposition of particles in the various generation
of the bronchii have been measured. These results will be very
important in the development of new dose estimates because of the
increase in activity deposition that has been found.

Harley and Cohen (1987) present some such revised dose estimates
based on these deposition results. James (1987) reviews the cells
at risk and the important link between dose and response. Both
suggest that more work is needed to improve the models for deposition
of particles, amount and extent of radiometric dose, and the
potential responses to that dose.

Steinhausler (1987) and Martell (1987) review the dosimetric
models and related model studies., Their view is that there are still
very large uncertainties in the existing data and in the extrapo-
lation from the exposure and response data for underground miners
and experimental animals to the health effects of the radon progeny
levels to which the general public is exposed. B.L. Cohen (1987)
describes his work to relate radon measurements with lung cancer
rates for various geographical areas to test the concept of a dose
threshold.

An important part of the dose question is the relationship
between radon concentration, decay product concentrations and
unattached fraction. The airborne particle concentration is a
critical factor in determining the retention of decay products in
the air. Thus, as the particle concentration increases, the
equilibrium factor between the radon and decay products, F,
increases. Various values of F have been reported ranging from
0.30 as an average value for German houses (Urban et al., 1985)
while Stranden (1987) uses 0.50 for Norwegian homes and McLaughlin
(1987) has reported individual values as high as 0.80. Although
this increased decay product concentration increases the exposure,
the higher particle concentration also leads to a lower "unattached"
fraction, f. This fraction is credited in the dose models with
yielding a much higher dose to the bronchii per unit airborne
radioactivity concentration relative to the "attached" activity.
Thus, Vanmarcke et al. (1987) shows that over the range of values
they have measured, the dose is relatively constant per unit radon
concentration according to the James-Birshall model (NEA, 1982).
This inverse relationship between equilibrium factor and "unattached"
fraction and their relationship to the resulting dose is important
in considering how to most efficiently and effectively monitor for
exposure. This inverse relationship suggests that it is sufficient
to determine the radon concentration. However, it is not clear
how precisely this relationship holds and if the dose models are
sufficiently accurate to fully support the use of only radon
measurements to estimate population exposure and dose.

In Radon and Its Decay Products; Hopke, P.;
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Mitigation Methods

This volume does not have mitigation as a major focal point. This
aspect of the radon issue was a large part of the APCA Specialty
Conference on Indoor Radon (APCA, 1986). However, there were
presentations on housing construction practice based on the current
understanding of modes of radon ingress that could limit radon
problems (Ericson and Schmied, 1987), on electrostatic filtration
for removing particles and associated decay products (Jonassen,
1987), and on adsorption of radon on activated carbon as an
alternative control strategy (Bocanegra and Hopke, 1987).

It is clear that some proper planning in the design phase of
new houses can lead to less likelihood of indoor radon problems
and make provision for lower cost modifications later to mitigate
against such problems. The experience in Sweden is that houses
with low radon concentrations can be constructed on high risk
soils by proper design and construction practices.

As indicated above, there is a relationship between particle
concentration, equilibrium factor and the amount of highly mobile
radioactive particles. Removal of the accumulation mode particles
may decrease the decay product exposure, but increase the dose
because of the high effectiveness of the "unattached" activity in
dose deposition. Thus, air cleaning may not succeed in lower risk
unless both factors are taken into account. Jonassen explores
electrostatic filtration in this context. Finally, design
considerations are presented for a possible alternative control
system using activated carbon in an alternating bed system.

Conclusions

This volume represents a collection of papers that provide a
considerable amount of recent results and reflect the current
level of scientific understanding of radon related problems.
However, with the increased public interest and the resulting
increased scientific study, it can be expected that there will be
many important new findings and our knowledge of the nature and
extent of the indoor radon problem will be greatly expanded in the
next few years.
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Chapter 2

Investigations of Soil as a Source of Indoor Radon

R. G. Sextro, B. A. Moed, W. W. Nazaroff’, K. L. Revzan, and A. V. Nero

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

The predominant source of indoor radon in most
single-family housing in the U.S. is the soil adjacent
to the house substructure. We have examined factors
influencing the production and transport of radon in
soil and into buildings. A number of important param-
eters have been identified and their effect on radon
production and migration assessed, including radium
concentration, moisture content, air permeability, and
grain size distribution of soils. The potential
regional variations in parameters affecting radon have
been evaluated by examining geographic data, including
surface radium concentrations and general soil data.
We have also investigated factors influencing radon
migration into individual dwellings. Coupling between
the building shell and the surrounding soil has been
demonstrated experimentally, and pressure-field map-
ping and soil permeability measurements have been car-
ried out.

Soil 1is now recognized as a significant, if not predominant,
source of radon in the indoor environment. This is especially
true in those dwellings with elevated indoor radon concentra-
tions. (In this paper, radon refers to 2 Rn, and radium to

6Ra. Although some of the discussion applies to 2 Rn as well,
its presence in indoor air is usually limited by its short half-
life of 55 s.) Several recent studies of radon entry into homes
have been done, including investigations or discussions of the
influence of pressure differentials across the building shell,
and the role of soil as a source of indoor radon (Nazaroff, et
al., 1985a; Nazaroff and Doyle, 1985; Nero and Nazaroff, 1984;
DSMA, 1983). There are a number of reasons to investigate both
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the characteristics of soils and the interaction with the build-
ing structure. The intrinsic properties of the soil, combined
with the details of the building structure and its operation, are
important determinants of the radon entry rate into the struc-
ture. In addition, both the house and the soil are affected by
changes in ambient environmental conditions.

This paper summarizes our recent investigations of soil as a
source of radon. These investigations have a two-fold purpose,
and attack the problem from two distinct but complementary
approaches. The first effort is to assemble data at a geographi-
cal scale, appropriate for understanding the general characteris-
tics of soils. This approach provides information on the
appropriate scales and ranges of important soil variables, and
how these might vary within and among regions. Another important
aspect of this approach is to derive values of parameters that
may be used in a predictive technique for identifying areas where
high indoor radon levels are most likely (Nazaroff et al.. 1986:
Sextro, 1985).

The second approach is to investigate both experimentally and
theoretically the influence of soils at a localized level, on the
scale of an individual house, for example. Production and tran-
sport of radon in soils and migration of radon into houses depend
upon local soil conditions, and results of these studies will
improve our basic understanding of the physical processes
involved. This in turn will aid in the systematic development of
more effective entry identification and mitigation techniques to
prevent or reduce radon entry into dwellings.

Eactors Influencing Production and Migration of Radon in Soils

General Description. The parameters that influence radon produc-

tion and migration through soils and into buildings are 1illus-

trated schematically in Figure 1. The ranges of these various

parameters, and in some cases their nominal values, are presented

in Table I. Ra-226, the immediate parent of radon, is part of the
U decay series, and is found in all soll materials.

As shown in Table I, radium content of surface soils not asso-
ciated with U mining or milling varies by slightly more than an
order of magnitude, with a typical value of ~40 Bq kg- . In
areas near U mining and milling, a much larger range of soil
radium concentrations has been found, e.g. (Powers et al.. 1980).
Soil is a mixture of solid materials, air and, usually, water and
organic matter. The radium content of soil often reflects that
of the rocks from which the solid materials are derived by physi-
cal and chemical activity. The observed ranges are from ~ O to
20 Bq kg—l for ultrabasic rocks (dunite) to 1 to 1835 Bq kg_l for
igneous metamorphic rocks (gneiss) (Wollenberg, 1984). While
these ranges are broader than those for measured for soils, the
mean values for rocks, excluding alkali rocks, is consistent with
the means observed for soils.
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Figure 1. Schematic illustration of factors influencing the
production and migration of radon in soils and into buildings.
Geochemical processes affect the radium concentration in the
soil. The emanating fraction is principally dependent upon
soil moisture (HZO) and the size distribution of the soil
grains (d). Diffusion of radon through the soil is affected
primarily by soil porosity (€) and moisture content, while con-
vective flow of radon-bearing soil gas depends mainly upon the
ailr permeability (k) of the soil and the pressure gradient
(VP) established by the building.
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Table I. General Soil Characteristics

Parameter Range Typical Value Note

Radium in surface

soils, Ag, 10 - 200 Bq kg'! 40 Bq kg ! 1
Emanating

fraction, r 0.05 - 0.7 0.25 2
Porosity, € 0.35 - 0.65 0.5 3
Radon in soil (0.7 - 22) 4 3

gas, Cg x 104 Bqgn® 2.7x10*Bqm 4
Diffusion (0.7 - 7)

coefficient, D, x 10% m?s™t 2 x 10 w?st s
Permeability, k 10716 _ 1077 w2 — —
Differential

pressure, AP O - ca. 10 Pa 3 Pa 6

Notes:

1. Myrick et al.. 1983
2. Arithmetic mean from Sisigina, 1974; and Barretto 1973.
3. Mid-point of range

4. Radon concentration in soil gas at depths well below the
surface can be estimated from:
1 - ¢
Cco=AR.rp,——€——,
using typical values for Az, € and r from this table and a
soil grain density, p, = 2.65 X 103 kg m—a.

5. Nero and Nazaroff, 1984.
6. Nazaroff et al.. 1986.

The alpha decay of radium yields a recoiling radon atom, with
a kinetic energy of 86 keV. The distance the recoil travels
depends upon the composition and density of the materials it
encounters. Typical ranges are 60 pgm in air, 75 nm in water and
35 nm in crystalline material. There are several possible end
points for the recoil. The radon atom may stop within the cry-
stalline material in which it started, or become embedded in an
adjacent soil grain. The diffusion of radon out of this material
is extremely slow, although there is some evidence that diffusion
back through the channel of material altered by the passage of
the recoil occurs more quickly (Tanner, 1980). Another possibil-
ity is for the radon to terminate its recoil in water in the soil
pore space. The recoil range in water is much smaller than typi-
cal pore dimensions and diffusion from water into air in the pore
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space 1is relatively rapid. Thus water, as a very effective
recoil absorber, is an important variable in determining the
amount of radon present in the (intergranular) pores in the soil.

The ratio of mobile radon to the total radon produced is
referred to as the emanating fraction or emanation coefficient.
The range of observed emanation coefficients is indicated in
Table I. The effect of moisture on the emanation coefficient has
been noted by several authors (Thamer et al.. 1981l: Strong and
Levins, 1982:; Stranden et al.. 1984). The emanation coefficient
for dry materials has been observed to be about a factor of four
less than at water saturation, with the emanation coefficient
changing rapidly as water is first added to dry materials: the
coefficient then increases slowly as more water is added to the
system. However, most studies have been done with uranium ore
tailings and the response of soils may differ.

The resulting radon concentrations in soil gas have bgen
observed to range from 7 X 103 to more than 200 X 107 Bg m fé
with a typical concentration in the range of 20 - 40 X 10~ Bq m
(Nero and Nazaroff, 1984). This radon may then migrate through
the soil and into houses by molecular diffusion and by convective
flow. These two processes are generally described by Fick's law
and Darcy's law, respectively. In the former case, the diffu-
sional flux is driven by the concentration gradient. Darcy's law
relates the volumetric flux density (fluid velocity per unit
cross-sectional area) to the pressure gradient in the pores of
the medium and its permeability. While a detailed derivation and
discussion of the underlying mathematics is beyond the scope of
this paper, results of a recent formulation of the problem (Nazar-
off et al., 1986) are presented here in order to illustrate the
range and significance of the important parameters.

A general transport equation describing the rate of change of
the radon activity concentration in the pore space results from
combining the effects of diffusion and convection:

J1 =
ek = D, VI, + -el‘-; T - Vi, + G - Man Igae (1
where Ip, is the activity concentration of radon, Dg is the inter-
stitial diffusion coefficient (which relates the gradient of the
interstitial concentration to the flux density across the pore
area), k is the intrinsic permeability, € the soil porosity, M the
dynamic viscosity of air, P the pressure, G is the radon genera-
tion rate in the soil pores, and Xnn is the radon decay constant.
The first term on the right hand side of the equation accounts
for diffusion, the second element describes pressure-driven con-
vective flow, and the remaining terms account for production and
radioactive decay of mobile radon in the soil pore space.

This formulation is based on several assumptions, including

one of small soil moisture content (meaning that negligible radon
is dissolved in 1liquid in the pore space). Other simplifying
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assumptions are that the soil is isotropic and homogeneous with
respect to diffusion coefficient, air permeability, porosity,
emanating fraction, radium content, and bulk density. Further,
that Darcy's law describes the flow velocity, and, for the range
of pressures of interest here, air is treated as an incompressi-
ble fluid.

This equation cannot be solved analytically, except for the
simpler geometries (Clements and Wilkening, 1974: Schery, et al..
1984) . Some authors have used numerical modeling approaches for
investigating radon migration (DSMA 1985). For our purposes here,
it will suffice to demonstrate the ranges over which diffusive or
convective flow are significant or may be neglected. One way of
elucidating this is to use dimensional analysis. Equation (1)
may be converted to dimensionless form by multiplying and divid-
ing the variables by combinations of characteristic time Xii,
length L and pressure difference P,. The resulting dimensionless
equation is

*
1 aIRn 1 42 4 D+ PO 1 * *
. =L w2 L Pt VI ¢ 2 (6 - Ih). (2
Nr 81:‘ Pep Rn Rn N, ( Rn) ( )
where the asterisks denote dimensionless quantities, and

Pe, = k € P, (uD,)"!" and N, = P, k (u € L? N,) 7 .

The dimensionless group PeP is essentially the ratio of the
rate of convective transport to the rate of diffusive transport.
Similarly, N, describes the relative importance of radioactive
decay to convective flow as a method of removing radon from the
soil pores. In the case of Pep >>1, diffusion can be neglected
and the first term in equation (1) drops out. If in addition N,
>>1, then radioactive decay can be neglected as a removal term.
If Pep <<1, then diffusive radon migration dominates, and the
second term in equation (1) can be neglected.

Using the definition of Pep and N, and the nominal values from
Table I for the parameters of interest, the conditions under
which any of these dimensional considerations apply can be
evaluated. For example, Pep = 1 when the air permeability is 2.3
X 10-.11 mz. For soils with larger permeabilities, such that Pep
>> 1, diffusion can be neglected as a transport process. Simi-
larly. N, depends directly on k, and on L'z, where L is a charac-
teristic dimension (length) over which transport is congiﬁfred.
Choosing 3 m as the length L, N, = 1 when k is 5 X 10 m-.
Thus for high permeability soils in the vicinity of a house,
radioactive decay can be ignored compared to convective flow as a
means of removing radon from the soil pores.

Representative soil categories and their associated air per-
meabilities are given in Table II. In the examples discussed
above, the transition region where PeP is about 1 occurs when k
is on the order of 10-11 mz, which corresponds to medium to fine
sand soils. For soils with larger air permeabilities, such as
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sands and gravels, convective flow is the dominant radon tran-
sport process, while for low permeability soils such as uniform
silts and clays, molecular diffusion is the more significant pro-
cess.

Table II. Soil Permeabilities

Soil Type Permeability (mz)
Clay 10716
Sandy Clay 5 x 10°1°
Silt 5 x 10714
Sandy Silt and Gravel 5 x 10713
Fine Sand 5 x 10712
Medium Sand 10710
Coarse Sand 5 X 10-'10
Gravel 10-'8

The range of permeability values presented in Table II reveal
another important aspect of the role of air permeability of
soils. The permeabilities range over 8 orders of magnitude in the
extreme cases of gravels to clays. Even in what may be more typi-
cal soil categories, the range of permeabilities is still 4 to 5
orders of magnitude. By comparison, the values for other parame-
ters, shown in Table I, have a much smaller range, and conse-
quently local or regional differences in them may not be as signi-
ficant in determining radon entry rates.

Geagraphical Data on Soils. As noted earlier, a geographically-
based investigation of soils has the important possibility of pro-
viding data that can be used for estimating the potential of high
indoor radon concentrations at a regional scale. There is evi-
dence that such regional variations exist. Nero et al.. (1985)
found that the geometric means of indoor radon concentrations
measured in 22 different geographical areas across the U.S. to

vary by an order-of-magnitude. In fact, these geometric mean
values are distributed approximately lognormally with a geometric
standard deviation close to 2. Among the soil characteristics

listed in Table I, geographic data on two parameters, radium con-
centration and air permeability, have been investigated and are
discussed here in more detail.

Data on the geographic distribution of surficial radium con-
centrations were acquired by the National Airborne Radiometric
Reconnaissance (NARR) survey, part of the National Uranium
Resource Evaluation (NURE) program conducted by the U.S. Depart-
ment of Energy in the mid-1970s. The data were originally col-
lected and tabulated by 1° by 2° quadrangle map area, and the data
cover approximately 450 out of a total of 474 such quadrangles
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that cover the contiguous 48 states. Magnetic tapes from these
aerial measurements contain data on the surficial concentrations
of 40K, 2380, and 232Th recorded continuously along the flight
line. The primary flight lines, oriented east-west, were typi-
cally spaced 3 miles apart for states in the western U.S., and 6
miles in the eastern U.S; however, for all or parts of some qua-
drangles, the flight-line spacing was 0.25 miles. These tapes
have been processed at LBL and the data volume reduced by averag-
ing the data collected along a flight line over 0.0160° of longi-
tude, yielding a grid of data elements with a spacing of approxi-
mately 1 mile by 0.25, 3 or 6 miles, depending upon the flight-
line spacing.

Data on surface radium concentrations has been compiled for
394 of the 474 quadrangles covering the conterminous 48 states.
The resulting distribution is illustrated in Figure 2, where the
parameters shown for the distribution are calculated from the
binned data. This distribution has a GM of 25 Bgq kg-l and
geometric standard deviation (GSD) of 1.75. Based on this distri-
bution, approximately 20% of the surface radium concentration
data are above 40 Bq kg ~ and 0.7% are above 100 Bq kg—l.

Surface radium concentrations in soils can also vary widely
within a region, as shown in Figure 3 for two areas selected to
represent those quadrangles with geometric mean radium concentra-
tions < 20 Bq kg_l (Figure 3a), and those areas with concentra-
tions > 40 Bq kg—l (Figure 3b). As can be seen from the figure,
the differences in the area radium concentration distributions
are quite large. Less than 0.5% of the radium concentration data
from the Chico Quadrangle are above 40 Bq kg—l, and less than
0.01Y% are above 60 Bq kg—l. In contrast, almost 659 of the sur-
face radium concentration data from the San Jose Quadrangle_ have
values greater than 40 Bq kg ! with 0.5% above 200 Bq kg ' and
0.05% greater than 300 Bq kg .

In addition to these frequency distributions, maps of various
types have been produced to depict the spatial distribution of
the surface radium concentrations. One example is shown in Fig-
ure 4, which represents data from the aerial survey of the Newark
Quadrangle, covering part of eastern Pennsylvania and northern
New Jersey. The data in this figure are plotted on an approxi-
mately six mile by six mile grid. Thus each point represents an
average of the data collected along six miles of the flight 1line.
The frequency distribution of surface radium concentrations for
this quadrangle area has a GM of 35 Bq kg_l, a GSD of 1.45 and an
arithmetic mean of 37 Bqg kg—l. From these distribution parame-
ters, one can estimate that approximately 7% of the surface
radium concentration data are greater than 60 Bgq kg— and less
than 0.2% of the data are above 100 Bq kg T.

While these data and the resulting maps are useful in illus-
trating both the trends and variability in surface radium concen-
trations, detailed field examination of surface radium concentra-
tions in selected areas is needed to determine the reliability of
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Figure 2. Distribution of the surface radium concentration

data from the National Airborne Radiometric Reconnaissance sur-
vey for 394 1° by 2° quadrangles covering most of the contigu-
ous 48 states. The distribution parameters are calculated from
the data and the lognormal distribution based on the geometric
mean, and standard deviation from the data is shown as a solid
curve.
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butions based on the distribution parameters calculated from

the data.
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Figure 4. The spatial distribution of inferred surface radium
concentrations for the Newark Quadrangle, covering eastern
Pennsylvania and northern New Jersey. The state boundaries
are shown as solid lines, while the county boundaries are indi-
cated by broken lines. The spacing between flight lines is 6
miles, and each point represents data averaged along six miles
of each flight line.
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the data. Such a field validation study has been conducted for
comparison with NARR aerial data obtained in the Spokane, WA,
area. One mile segments of two different flight lines were inves-
tigated; each traversed granitic outcrops and the aerial data for
those flight-line segments showed considerable variation. 1In gen-
eral, a correspondence was observed between the radium concentra-
tions based on the aerial data and the in-situ measurements of
radium content and radon flux from soil (Moed et al.. 1984).

As noted in Table I, average surface radium concentrations
appear to vary by about a factor of 20. This can also be seen
from the distributions from the NARR data. Soil permeabilities,
on the other hand, have much larger variations, and thus, in prin-
ciple, may have a greater influence on the spatial variations in
average indoor radon concentrations that have been observed. As
with the case of surface radium concentrations, the spatial varia-
bility of air permeabilities of soils is an important element in
developing a predictive capability.

Information on surface soils is available from a number of
sources, including surface soil maps compiled by the U.S. Geologi-
cal Survey and the geological surveys of various states. At the
present time, the coverage of such maps is not complete, nor has
any systematic data on air permeability of soils been compiled.
However reports issued by the Soil Conservation Service (SCS) of
the U.S. Department of Agriculture contain information on most
soils on a county-by-county basis. While no direct air permeabil-
ity information 1is contained in these reports, the data and
descriptive material contained there may be useful in estimating
air permeabilities.

We have used these indicators to estimate permeability values
for surface soils in Spokane County, WA. A general soil map of
this county is shown in Figure 5. The spatial extent of two soil
associations, the Naff-Larkin-Freeman association (area 1) and
the Garrison-Marble-Springdale association (area 2), are shaded
in the figure, and detailed estimates of air permeability for
these two association have been made, as described briefly below.
More information is given in Nazaroff et al., (1986).

The Naff-Larkin-Freeman association contains fine- to medium-
textured soils, moderately-well to well-drained. The Garrison-
Marble-Springdale soils, on the other hand, are gravelly and
sandy (coarse-textured) and are "somewhat-excessively" to "exces-
sively" drained (USDA, 1968). In addition to the soil textures,
water permeabilities are described qualitatively for these soils,
leading to the estimated range of intrinsic permeabilities shown
in Table III for these two soil associations.

There are a number of uncertainties associated with estimat-
ing air permeabilities in this way. The soil associations
described by the SCS on the county maps generally consist of one
or more major soil series and may also include one or more minor
soil series. The fraction of the mapped area occupied by these
minor soil series, and the degree of similarity of physical
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Figure 5. General soil map from the Soil Conservation Service
for Spokane County, WA. Two soil associations discussed in
the text are shaded. The Spokane River is indicated by a
dashed 1line and the approximate boundary for the city of
Spokane is shown by a heavy border.
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properties between the major and minor soils will control the
uncertainties associated with the derivation of soil characteris-
tics for a given geographical area. In the case of the two soil
associations discussed here, 77 to 80% of the respective mapped
areas are actually occupied by the major soil series.

Table III. Permeabilities of selected soils in Spokane County., WA

Permeability (mz)

Derived from Measured by LBL
Soil Association SCS Information (Range)
Naff-Larkin-
Freeman 10-'14 to 10-'12 —
Garrison-Marble- 1
Springdale 10712 ¢ 10710 ~2 x 107t
11

(0.3 - 60) X 10~

Detailed Site-specific Studies. Experimental measurements of
parameters affecting soil gas transport and entry into houses is
very limited. One recent study of two homes with basements has
demonstrated coupling between the building shell and the surround-
ing soil and measured convective flow through the soil (Nazaroff
et al,. 1985b). Utilizing an array of soil probes surrounding
each house and by depressurizing the basement using a blower
door, the resulting negative pressure field in the soil was
mapped. The effect of the enhanced basement depressurization was
seen at distances up to 5 m from the basement wall for one house
and up to 3 m in the other. Soil gas flows, measured utilizing
SF, as a tracer gas, were also determined. In one case net migra-
tion velocities of greater than 1 m h ~ were observed with a base-
ment depressurization of 30 Pa at an injection point 1.5 m from
the basement wall.

A similar set of experiments were conducted as part of
detailed radon investigations in one house in the Spokane (WA)
area. The pressure-field in the surrounding soil was mapped
using techniques described in Nazaroff et al.. (1985b). Soil per-
meabilities were measured in-situ utilizing an air permeameter
similar to that discussed in DSMA, (1983). An array of 30 soil
probes was placed in the soil surrounding the house, as can be
seen from Figure 6. The probe depths ranged from 0.5 to 1 m
deep:; the depths were usually limited by the ability to penetrate
the soil which contained a large number of rocks of varying sizes
scattered throughout the soil column. The deepest probes, with
soil depths between 0.8 and 1.0 m, are indicated in the figure
with squares, while probes with depths between 0.5 and 0.7 m are
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Figure 6. Plan view of a study house in Spokane County, WA.
Probe locations with depths between 0.8 and 1 m are indicated
by squares while those probes with depths between 0.5 and 0.7
m are shown as circles. The numbers indicate the in-situ air
permeability measured at each probe location.
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designated by circles. The measured air permeabilities for each
location are shown in Figure 6 in units of 10 m“. As can be
seen, with the exception of one probe on the eastern side of the
house measuring 1.5 X 10~ m“, the measured permeabilities are
quite uniform, within + 50% of the average value of 5.7 X 10”

m”. (This particular probe struck a sub-surface rock upon
emplacement, and when extracted after the experments, was found
to have a bent tip. This may have impaired the probe operation.)

The pressure-field mapping was done by depressurizing the
basement using a blower door installed in a door between the base-
ment and the outside. The blower was operated to produce a pres-
sure of 34 Pa below atmospheric pressure. This pressure differen-
tial, although greater than the ~ 10 Pa values measured across
the building shell in the wintertime, provided a stable baseline
that was not affected significantly by variable wind loading on
the building shell during the course of the experiments. All
negative pressure values in the soil probes were measured with
atmospheric pressure as a reference, using a differential pres-
sure transducer described previously (Nazaroff et al.. 1985b).
When the blower door was turned off the soil probe pressures
returned to zero, indicating that the observed pressure field in
the soil was directly related to basement depressurization.

The induced pressure field in the soil surrounding the house
is shown in Figure 7. There are two significant features exhi-
bited in these data. First, in contrast with the soil permeabil-
ity measurements, the pressure field is not spatially uniform:
rather, marked differences in coupling between the building shell
and the surrounding soil can be seen along the building perime-
ter. In addition, the depressurization observed in the furthest
probe points on the eastern and northern side of the house demon-
strate the spatial extent of the pressure field. These two sam-
pling 1locations are greater than 5 m away from the bullding

shell. Second the pressure-field map for this house shows a
number of localized areas where the negative pressure is signifi-
cant. Visual inspection of the interior basement wall usually

resulted in finding a hole or unsealed pipe penetration through
the stone basement wall opposite the area where significant soil
depressurization was observed.

This house was also part of a study of remedial measures for
the reduction of indoor radon concentrations (Turk et al.. 1986),
and based on pre-mitigation tests, almost 20% of the air infiltra-
tion in this house was estimated to be soil gas. Thus, the effec-
tive radon entry rate for this building shell is one-to-two ord-
ers of magnitude larger than that estimated for houses in the ear-
lier study (Nazaroff, et al.. 1985b).

In addition to the house described above, air permeability of
soils was measured at several other house sites in the Spokane,
WA, vicinity as part of a study of remedial measures for radon
(Turk et al.. 1986). Soil probes 1l-cm-diameter and ranging
between 1 and 1.5 m long were placed in the soil at two locations
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Figure 7. Pressure field map for the same house as shown in

Figure 6. The probe depth code is the same as for Figure 6.
The numbers show the pressure decrease at each probe measured
with respect to atmospheric pressure induced by a pressure
difference in the basement of -34 Pa.
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at each house site. As it turned out, all sampling locations were
in the Garrison-Marble-Springdale soil association shown in Fig-
ure 5. The average of the 1l measurements is indicated in Table
III, along with the range of the observations. The agreement
between the experimental data and the air permeability estimates
for this solil association, derived from the SCS data and descrip-
tions, is reasonably good.

Summary and Conclusions

Factors influencing the production and migration of radon in
soils have been examined, and various sources of geographic data

have been discussed. Two significant soil characteristics
include air permeability and, less importantly, radium concentra-
tion. While there are, at present, few opportunities to compare

the larger-scale data with on-site field measurements, those com-
parisons that have been made for both surface radium concentra-
tions and air permeability of soils show a reasonable correspon-
dence. Further comparisons between the aerial radiometric data
and surface measurements are needed. Additional work and experi-
ence with SCS information on soils will improve the confidence in
the permeability estimates, as will comparisons between the
estimated permeabilities and actual air permeability measurements
performed in the field.

The detailed site-specific experiments have helped demon-
strate qualitatively the influence of building depressurization
on soil gas movement and radon entry. These studies, along with
the use of certain remedial techniques for reduction of indoor
radon concentrations that rely on diversion of soil gas flow or
alteration of the pressure differences across the building shell,
have corroborated the hypothesis that radon production and convec-
tive transport through soils is a significant, if not predom-
inant, source of radon in those houses with elevated indoor lev-
els. A comparison of the quantitative results of these studies
indicates that the specific characteristics of a house and build-
ing site are quite important, and that further experimental stu-
dies in dwellings with other substructure types and with other
soil characteristics are necessary in developing a more general
understanding of radon entry into structures.
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Chapter 3
Radon in Houses Due to Radon in Potable Water

C. T. Hess, J. K. Korsah/, and C. J. Einloth
Department of Physics, University of Maine, Orono, ME 04469

Radon concentration in the air of 10 houses has been
measured as a function of water use and meteorological
parameters such as barometric pressure, wind velocity
and direction, indoor and outdoor temperature, and
rainfall. Results of calibrations and data collected
in winter, spring, fall, and summer are given for
selected houses. Average values of radon concentration
in air are from 0.80 to 77 pCi/l. Water use average
ranges from 70 to 240 gal/day. Average potential
alpha energy concentrations in these houses range
from 0.02 to 1.6 working levels. The radon level due
to water use ranges from O to 36% of the house radon
from soil and water combined. The radon level change
due to use of a filter on the water supply shows a

60% reduction in radon in the house. Conclusions

are that water radon can be a major fraction of the
radon in houses. The ratio of airbornme radon
concentration due to water use to the radon
concentration in water is 4.5 x 1075 - 13 x 1073,

Although much research effort has been spent in the past several
years on the problem of radon in groundwater and household air,

radon continues to be an indoor air pollution problem in several
areas in the United States and elsewhere. High levels of radon and
its daughters in uranium mines have been associated with an increase
of the incidence of lung cancer among mine workers and; assuming that
the relationship between cancer incidence and exposure is linear, the
relatively low average concentrations in U.S. homes could still be
causing several thousand lung cancer cases per year. Although much
work has been done in terms of relating radon concentrations to
parameters such as ventilation rate (Nazaroff, 1983) and water use
(Hess et al., 1982; Hess et al., 1983) more work is still needed to
adequately characterize the way in which 222gp varies in homes as a
basis for developing effective control measures.

ICurrent address: West Africa Computer Science Institute, P.O. Box 4725RS, Monrovia,
Liberia, West Africa

0097-6156/87/0331-0030$06.00/0
© 1987 American Chemical Society
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Research shows a strong correlation between radon source magnitude
and air exchange rate. A theoretical model relating the radon
source magnitude (or input rate) to the indoor concentration is
given by Bruno (Bruno, 1983) and others. However, such a model does
not take into account important meteorological parameters such as
barometric pressure, indoor and outdoor temperature differences etc.,
as well as other parameters such as water use, all of which can
contribute to the radon concentration levels. For example,
experiment has shown that even in cases of minimum ventilation

(such as a house with closed doors and windows), changes in radon
concentrations can occur with barometric pressure due to
infiltration (self airing) through the pores of the surrounding
walls and through gaps around closed doors and windows (Steinhausler,
1975; Stranden et al., 1979). Moreover, while some research shows
that soil gas transport is the major contribution to indoor radon
levels, other research suggests that domestic water can be a major
source of radon in a significant number of houses, especially in
New England (Hess et al., 1982; Bruno, 1983). More quantitative
analyses need to be done in this area in terms of characterizing the
relative contribution of various parameters to radon concentrations
in houses. In particular, the build-up of radon levels in an
energy efficient ('tight') house due to changes in meteorological
parameters and water use needs to be quantitatively described to
more accurately estimate the relative importance of these parameters
to other parameters such as ventilation rate.

1. We have designed and built a microprocessor-based Data
Acquisition System for radon research that is currently
being used for field studies. Among other things the
system will be used to monitor radon levels in conjunction
with other meteorological data in a controlled space over
relatively long periods of time.

2. We have selected 10 houses for measurement. Parameters
such as house age, house building material, and radon in
water levels were considered.

3. We have collected the data from these houses over week
intervals for a variety of seasons.

Instrument Hardware Design

The heart of the Data Acquisition System is the HP-85 (Hewlett-
Packard, 1982) microcomputer which has been interfaced to a Wrenn
Counter (Wrenn et al., 1975) using a Ludlum model 2200 scaler rate
meter (Ludlum Measurements, Inc., 1982), a Rainwise weather station
(Rainwise, Inc., 1984), and a water meter. These various components
are interfaced to the HP-85 via a peripheral interface circuit as
shown in the block diagram of Figure 1. For the interface to
function properly, the General Purpose I/0 (GPIO) has been configured
such that two of its ports (A and B) form a 16-bit input port while
ports C and D form a 16-bit output port.

Under normal operating conditions the system is designed to
acquire data from the peripherals at times determined by the preset
time on the scaler rate meter. When the rate meter finishes its
time interval the interface is signaled to acquire the stored

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch003

32 RADON AND ITS DECAY PRODUCTS

counts from the rate meter in byte parallel, bit serial format into
its Random Access Memory (RAM) for later processing storage on tape.
After time out the stored counts in the rate meter are outputted
asynchronously in BCD format at a rate of about 1 KHz. This rate is
a little too high to output directly to the computer since the BASIC
program used is relatively slow, hence the use of the RAM which acts
as a buffer for the data. The weather station data and the water
use data (in gallons) are also acquired, processed and stored on
tape. When data processing and storage are completed, the rate
meter is initialized again to count for the preset time. System
design is such that data can be continuously stored at 10 minute
intervals for one week. If the sampling time is doubled, data can
be stored continuously for two weeks, and so on. Although the HP-85
is not provided with a battery backup, the rest of the instrumen-—
tation is. Thus, once the instrumentation has been set up in the
field, it does not have to be reinitiated in case of a power
failure. As soon as power is resumed, the supervisor program will
automatically reload into computer memory and run. Normal data
acquisition will then resume. Data acquisition on tape will simply
resume where it left off.

The weather station is fitted with various sensors and is
capable of monitoring the following parameters: Time, indoor
temperature, outdoor temperature, barometric pressure, wind
direction, wind speed, rainfall and humidity. The water meter used
in our demonstration is a Neptune (Neptune Measurement Company, 1984)
impulse switch which develops an electrical impulse for every ounce
of water flow.

System Software Design

Basically the supervisory program is designed to acquire data from
all the peripherals at fixed intervals and store them on tape after
initial processing (other programs are later used for more involved
analysis of the data). Other features of the supervisory program
include the option of printing any data stored on file, continuing
new data storage from the last entry on tape, or erasing any
unwanted data on tape before data acquisition. Default parameters
are included in the software to avoid the need for supervision of
the system. Upon power start up, the software allows the system to
perform such initial chores as ensuring that the weather station and
interface power are on and alerting the user to set the time at the
weather station if necessary.

Radon concentration was calibrated using a U.S. E.P.A. radium
solution standard in a 50 gallon steel drum. Buildup times were
used to evaluate the tightness of the drum and to evaluate the
calibration factor for the Wrenn-Ludlum detector, which was
calculated to be 1.85 cpm/pCi/l (See Figure 2). By fitting the time
constant for buildup to the data obtained from the drum, a time
constant with leakage from the drum as well as radioactive decay is
determined. Then the concentration is corrected for the leakage
rate from the drum, and a calibration factor is formed using the
maximum concentration measured and the counts per minute obtained
experimentally. The curve labeled theoretical is found using the
half-life for radon decay only and shows a slower buildup for a
perfectly sealed barrel.
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Figure 1. Block diagram of instruments and connections.
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Figure 2. Radon concentration calibration in barrel.
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House Selection

The 10 houses were selected for a variety of house types. These
factors are given in Table I. The house code numbers are listed

on the left side in column 1. The building material and foundation
material and size are given in columns 3, 4, and 5. Building volume
parameters, floor number, room number, ceiling height and area of
house are given in columns 6, 7, 8, and 9. Heating system, number
of stoves, fuel type, furnace type and building tightness are shown
in columns 10, 11, 12, and 13. Geological parameters such as rock-
soil type and water radon concentration are given in columns 14 and
15.

Plots of Data Collected

After transferring the data collected by the HP-85 to the IBM 3030
we plotted the results for House 3090 using a Calcomp plotter.

These results represent data collected on 12 April 1984. Figure 3a
shows the outside temperature versus time of day. Note the increase
of temperature in the afternoon time period. Figure 3b shows inside
temperature for the same 24 hour period. Figure 3c shows the
barometric pressure for 24 hours. Note the slowly increasing
pressure. Humidity is shown in Figure 3d. It shows a slow decrease.
Figure 3f shows the wind direction versus time of day. The pre-
dominant wind directions were 280° and 135°. This indicates a wind
direction shift of almost 140° (nearly a reversal of wind direction).
North is taken as 0.0° or 360°. The wind speed is shown in Figure
3g. Average wind speed is about 3 mph, which is considered to be
light wind. Figure 3e shows the water consumption in the house.
Peaks occur at 9:00 and 10:00 and 13:00. The water has a radon
concentration of 55,300 pCi/l. Radon concentration in air is given
in Figure 3h. A large pulse of radon is visible from 9:00 to 12:00.
These peaks represent radon from the water supply uses discussed
below. Radon concentration has a stable slow varying portion at

60 cts. and a sudden peak at 180 cts./.5hr. Using these results, a
quantitative test is possible for the dilution of radon in the house.
These data can also be examined to find the ventilation time for the
house which is about 2 hours for the radon pulse to decline by half.
Table II presents various average radon and dose measurements for
each house studied.

Table III shows the average radon in the air when water is used
on a typical day. The average is taken from the periods of water use
of greater than 5 gallons in 10 minutes. These time intervals begin
with the water use and extend to 2 hours after the water use. All
radon measurements in the air during this water use time interval are
averaged in Column 3. The non-water-use times are averaged in
Column 2. Columns 2 and 3 have the average picocuries per liter
taken in the 10 minute time intervals. Houses 3016, 3045, 3090,
3046, 3014, and 3094 show an increase of radon in air during water
use. House 3045 has very high radon which depends very little on
water use. House 3003 also showed very little dependence on water
use. The dose due to water use can be found by subtracting column 2
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Table I. Characteristics of Houses Studied

k Building Material Building Area
umber| Age| House |[Found. Rock Floors | Rooms | Ceil. Sq. Ft.
3003 | 15 | Wood Full - 2 3 8 1440
3014 5 | Wood Part 4100 3.5 3 8 2300
3016 Wood Part 'gr. ledge| 3 3 8 3224
3045 5 | Wood None |bsmt.flr.| 2 7 8 1152
3046 | 14 | Granite|Full some 2 1 9 1800
3047 | 17 | Wood Full - 2 6 8 1296
3090 { 12 | Wood Full 400 3 9 9 2800
3094 [204 | Wood Full 60 3 7 8 1100
3097 6 | Wood Full 15 2 4 8 867
2017 |--- | Wood Gravel - 3 5 - —

# Heating Geology

Number | Stove Fuel Furnace Tightness Soil Water

3003 2 w/o |Forced Hot Ain G -—
3014 1 Solar —— T G 25,900
(1,900
[Filter on)

3016 1 Wood —— T G 38,100
3045 2 Wood Rad. T G 29,800
3046 1 w/o |Forced Hot Air A G 6,600
3047 1 w/o Base A G 33,700
3090 1 w/o Base A G 56,900
3094 1 Wood Base T G 53,700

3097 1 Wood Base D G —-—

3017 1 Wood Base T G —_—

Age column is given in years, rock column is portion of rock used in
a foundation, fireplace or wall in square feet, height of ceiling in

reet.

Area is in square feet.

Blanks in furnace column indicate no

use of furnace, tightness A is average, T is tight, D is drafty, as
stated by the homeowner, soil column shows soil from granite bedrock

in a foundation, fireplace or wall.

tration in pCi/l.

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.

Water column is radon concen-—



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch003

36

RADON AND ITS DECAY PRODUCTS

9
299 057 5B 62074
2297 :
Z 96/ 2
] 8
2G5 p e N L
e HRS 4
80 o
260 G 4 8 I2 62024
b7 I g HRS
0a B B DA,
d x 180
@ 120
© 60

7 8 B B0
HRS.

Figure 3a, Outside temperature; 3b, Inside temperature; 3c,
Barometric Pressure; 3d, Humidity; 3e, Water consumption; 3f,
Wind direction; 3g, Wind speed; 3h, Radon concentrations all
versus time of day.
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Table II. Houses Studied with Location, Collection Dates Averaged
Results Average Radon in Air, Average Dose due to Radon,
Average Radon in Water and Average Water Usage
House| Location | Collection Avg. Avg. Avg. Avg. Hy0
i Dates pCi/l in Dose pCi/l1 in Usage
Air WIM/month Water | (gal/day)
10/11/83-
3003 |Searsport |10/20/83 2.48 0.052 28,800 ——
Fall
7/27/84-
3003 |[Searsport | 8/03/84 1.34 0.028 34,200 230
Summer
Mount 11/01/83-
3014 |Desert 11/10/83 2.10 0.044 2,200 —_——
Island Fall
Mount 05/03/84- 2.33 0.065 25,300 130
3014 |Desert 05/14/84 1.23 0.034 1,900 132
Island Spring
Mount 10/20/83-
3016 |Desert 11/01/83 9.94 0.210 41,800 —_—
Island Fall
Mount 04/24/84—-
3016 |Desert 05/03/84 1.91 0.053 37,360 119
Island Spring
Mount 06/27/84~-
3017 |Desert 07/05/84 0.85 0.024 14,400 128
Island Summer
03/01/84-
3045 |Dedham 03/11/84 58.9 1.636 27,800 190
Winter
12/04/84~-
3045%|Dedham 12/12/84 45.4 0.961 25,800 136
Fall
02/16/84-
3047 |Dedham 03/01/84 37.4 0.792 33,300 259
Winter
03/21/84-
3049 |Dedham 03/29/84 4.26 0.090 6,500 70
Spring
04/12/84-
3090 |Ellsworth | 04/22/84 4.55 0.096 55,300 238
Spring
04/04/84~
3094 |Ellsworth | 04/12/84 1.81 0.038 33,100 160
Spring
East 07/16/84—-
3097 |Eddington | 07/24/84 1.06 0.022 38,000 166
Summer

*New Floor in Greenhouse.
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from column 3 and multiplying by 0.0211 (wl/pCi/l). This factor
assumes 720 hours per month of occupancy which is 4.23 times greater
than the miner occupancy and 0.5 equilibrium for the daughters
relative to the radon. In many cases the water radon is smaller
than the soil gas radon. This method assumes that all radon is
rapidly lost and rapidly produced in time intervals smaller than 2
hours. Slowly produced radon from drains or toilet tanks will be
incorrectly attributed to the soil gas by this subtraction method.
Only filter methods shown in the following section can correctly
assess the slow radon component. The transfer coefficient column
is the ratio of the average air radon concentration due to water
use divided by the water radon concentration.

Table III. Houses Studied and Separation of Radon Counts

HOUSE  (NON-WATER)  AVG. pCi/l DOSE TRANSFER
it AVG. pCi/l DUE TO WATER WLM/month  COEFFICIENT
3016 1.12 1.76 0135 4.2 x 1070

3045 64.20 62.30

3017 0.76 0.83 .0015 5.7 x 107°

3003 1.10 0.77

3090 5.79 7.26 .0311 1.3 x 107

3046 4.40 5.15 .0158 9.3 x 107°

3014 1.57 2.23 .0139 8.7 x 107

3094 1.11 1.68 .0120 5.0 x 107>

Filtration Test Results

The radon levels of House 3014 were measured before and after the
use of a radon filter with one cubic foot of granular activated
carbon in a water softener tank. This filter reduced the water
radon from 25,400 pCi/l to 1,900 pCi/l. Detailed analysis of the
radon in air and water use for this house is shown in Figures 4 and
5. Figure 4 shows the radon produced with the filter bypassed and
Figure 5 shows the radon in air and water use with the data analyzed
for average radon before and after filtration by averaging the radon
in air. The average value for filter bypassed is 2.39 pCi/l for days
1 and 2, and 2.67 pCi/l for days 5, 6, and 7. The radon in air for
the days with the filter connected (days 8, 9, 10) is 1.00 pCi/l.
This corresponds to a dose reduction in the house of more than a
factor of 2. It also shows that more than half of the household
radon is caused by the radon from water. The 0.76 pCi/l is the
radon caused by soil gas and building materials. These results are
summarized in Table IV.
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DAY 5 DAY 6

WASHING 439gal WASHING 27gal

MACHINE MACHINE 51.2gal
301 DISH 30.94gal
WASHER
SHOWI;—IBSS I DISH 22.5qal
251 90k WASHER
n
20
8
3 15
© 1o
5.
o.
4 10 16 22 4 10 16 22
TIME (HOURS) TIME (HOURS)
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<
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]
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Figure 4. Radon in air compared to water use versus time of day.

DAY 9 DAY 10
30 4

251 DISH

20 W (15.2) gal
SHOWER (10.1) gal ASHER g
15 1

10 1
5 -

GALLONS

4 10 16 22 4 10 16 22

50 TIME (HOURS) TIME (HOURS)

40
30
20

pCi/l

4 10 16 22 4 10 16 22
TIME (HOURS) TIME (HOURS)

Figure 5. Radon in air compared to water use versus time of day.
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Table IV. House 3014 with Change in Radon in Air Due to Change
in Water Radon Caused by Use of a Water Radon Filter

DAY FILTER WATER RADON AIR RADON DOSE RATIO
(pCi/l1) (pCi/1) WIM/month  AIR/WATER
1,2 off 25,373 1.81 0.0381 4.1 x 107°
3,4 of f 25,373 HOUSE VACANT
5,6,7 off 25,373 2.02 0.0426 4.9 x 1070
8,9,10 on 1,863 0.76 0.0160  —————mm——m
Conclusions

The instrument for measurement of radon with weather parameters and
water use was designed, calibrated and used in the field for 1.5
years with excellent results. The power surge and power interrup-
tions were the only limitations on the use of the instrument. The
system software was written mostly during the design phase of the
project. However, modifications were made in the software to
permit better data collection during power interruptions. Battery
backup was needed to keep the data during interruptions of our one
week studies.

Ten houses were selected from past studies. Four of the houses
were measured in two different seasons to assess the effect of
weather changes. Houses were selected to exemplify both old and
recent construction and to include wood, oil, and solar heat.

Plots of the data are included for a representative house on one
day. Indoor-outdoor temperatures, humidity, barometric pressure,
wind direction and speed, water consumption and radon concentration
are shown versus time of day. The data were transmitted in serial
form and required data conditioning before use in the IBM computer.
Average values of radon concentration ranged from .8 to 77 pCi/l.
Water use was averaged and found to vary from 70 to 240 gallons/day.
The calculated dose for radon exposure assuming 1007 occupancy at

.5 equilibrium for daughters ranged from 0.02 to 1.6 working level
months/month. Radon concentration in air was also monitored in a
house with a radon in water filter. This filter reduced the radon
levels in water from 25,000 to 1,900 pCi/l and reduced the air radon
level from 2.8 pCi/l to 1.0 pCi/l.
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Chapter 4

Measurements of Radon Concentrations in Residential
Buildings in the Eastern United States

Andreas C. George and Lawrence E. Hinchliffe

Environmental Measurements Laboratory, U.S. Department of Energy, New York,
NY 10014

As part of a program to develop and test radon survey
techniques, passive activated carbon samplers were used
to measure radon concentrations in 380 buildings in six
states in the eastern United States. Measurements

were made in the basement and living areas of each
residential building, and in some work locations of
several plant buildings during summer and winter. The
activated carbon samplers performed well in these
tests, and the logistics via U. S. mail were satis-—
factory. The lowest concentrations of radon were found
in: Long Island, NY, Luzerne County, PA, and South
Carolina. The remainder of the test areas showed a
substantial number of buildings to have radon levels
above the Environmental Protection Agency’s and the
National Council on Radiation Protection and Measure-
ments’s guideline action levels. The arithmetic mean
concentrations of radon in the living areas in

the different regions ranged from 1.1 pCi/l to 9.3
pCi/1 (0.0055 to 0.0465 WL) during the winter months.
The dose equivalent rate to the bronchial epithelial
cells of the occupants of these buildings ranged from
1.4 to 10.7 rem/yr. Although only one area lies on the
Reading Prong, which extends through New Jersey,
several of the regions can be considered hot areas or
anomalous regions with similar problems as the Prong.
The estimated risk from the observed radon distribu-
tions is such that a substantial fraction of the
northeastern United States population is exposed to
levels high enough to warrant immediate attention.

In recent years, there has been growing concern about homes with
high indoor radon concentration levels and a potential for increased
risk of lung cancer among occupants of these buildings. Residential
buildings measured in the past two years, frequently had radon
concentrations 1 to 2 orders of magnitude greater than average.
These high concentration levels suggest that it is mnecessary to

This chapter not subject to U.S. copyright.
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obtain exposure data from a wide variety of buildings and geograph-
ical locations throughout the United States in order to better
define and understand the radiation exposure of the general
population to indoor radon and radon progeny.

The first comprehensive measurements in the United States of
indoor radon and radon progeny and particle size distributions were
made by the Environmental Measurements Laboratory (EML) in the late
1970's at places associated with the sites declared excess by Atomic
Energy Commission. Because of the concern expressed by local
government officials and private citizens about possible elevated
radon levels in nearby residences due to transport and infiltration
of radon from contaminated sites, the Department of Energy (DOE)
sponsored studies to determine the concentration levels in uncon-
taminated homes situated near these sites. The measurements were
made in buildings in selected locations considered background areas
in the New York City metropolitan area (George and Breslin, 1980)
and at suspect high level areas in the vicinity of the Middlesex
Sampling Plant in Middlesex, NJ, at the Lake Ontario Ordinance Works
Facility in Lewiston, NY, and at the Canonsburg Industrial Park in
Canonsburg, PA (George and Eng, 1981). Annual mean concentrations of
radon or radon progeny were estimated in each building by 1 or 2
week-long measurements repeated several times over a period of 2 yr
(1976-1978 or 1978-1980). Passive integrating radon monitors
(George and Breslin, 1977) and active integrating working level
monitors (Guggenheim et al., 1979) developed by EML were used
throughout the monitoring period. As the demand for radon
measurements increased, the need for simpler and less costly
monitoring devices grew proportionately, requiring the development
of instruments and methods applicable to broader field studies.

Measurements of radon progeny, which are the more difficult to
make, can be replaced with measurements of radon to provide informa-—
tion on the upper limit for the potential alpha energy exposure from
radon progeny. Therefore, simple passive radon monitors for
integrated measurements of 1 to 12 months (Alter and Fleischer,
1981) or as little as 3 to 4 days (George, 1984) are developed.

From previous studies we found that a single measurement of the
average concentration of radon over periods of days, repeated in
different seasons, is adequate to assess the exposure and radiation
dose of the occupants of buildings (George and Breslin, 1980;
George, 1984). This approach was undertaken by EML and others to
develop and successfully test passive activated carbon monitors
(George, 1984; Cohen and Cohen, 1983) suitable for integrated
measurements of environmental levels of radon over a period of a few
days (3 to 7 days). The advantages of this new device are that it
is simple, reusable, maintenance-free, completely passive, no
transfer of sample is required, and it is also readily handled in
the mail. The first use of this technology was to make measurements
of radon in selected homes near Philadelphia, Pennsylvania and in
homes near Damascus, MD (George et al., 1984). In this survey of 72
residential buildings, in the two localities, homes with high
concentrations of radon were identified. At about the same time,
from newspaper articles published in certain areas in the
northeastern United States, radon was beginning to be considered a
possible indoor air pollutant and home owners were alerted to the
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possible health effects from radon exposure in certain situations.
As part of the radon program at EML to develop or improve and
field test radon monitors, a modified activated carbon device
(Warner, 1986) was developed to obtain higher measurement
sensitivity. As a result, we have surveyed 380 buildings in six
states in the eastern United States. The purpose of the
measurements reported in this paper was to test the feasibility of
the new version of the passive activated carbon device and to obtain
data on indoor radon levels in different geographical locationms.

Location of Buildings

The 380 buildings surveyed were located in six states (shown in
Figure 1) and consisted primarily of single family residences with
the exception of several plant buildings operated by E.I. Dupont for
the U. S. Department of Energy. The plant locations were surveyed
with the cooperation of the Health Physics Group at the Savannah
River Plant in Aiken, South Carolina who also arranged for the radon
measurements to be taken in 41 residential buildings in 15 towns
within a radius of 40 km from the plant.

In the Washington, D.C. area, in cooperation with television
station WILA-TV, we measured 52 residential buildings, which were
located in 9 towns in northern Virginia and in 22 towns in Maryland.
Three residential buildings in Washington, D.C. were also included.

Through the cooperation of WNEP-TV16, serving the Wilkes—Barre/
Scranton area in Pennsylvania, measurements for radon concentration
levels were made in 42 residential buildings in 34 towns in northern
Pennsylvania. In an alternate site in Luzerne County Pennsylvania,
we measured radon concentrations in 41 residential buildings in 22
towns. This request came from the Commission on Economic Oppor—
tunity, a non profit social service agency that winterized the homes
of low income families.

We surveyed 20 homes for radon in 14 towns in New Jersey within
a radius of 25 km from Chester, New Jersey in cooperation with Bell
Communication Research, Inc. In a second geographical region
encompassing 5 counties centered around Morris County, we measured
radon concentrations in 50 residential buildings scattered in 24
towns through the cooperation of a local insurance company.

In New York State, we surveyed three geographical regions, one
in Long Island, one in the Albany region and the third in the
Syracuse area. In Long Island we measured radon concentration
levels in 38 residential buildings in 23 towns in conjunction with
measurements of indoor gamma radiation exposures. In the Albany
area through the cooperation of the New York State Energy Research
and Development Authority (ERDA), we measured radon concentration in
29 buildings in 16 towns within a radius of 20 km from Albany., The
third region, in the vicinity of Syracuse, was surveyed for radon
through a request from an engineering company specializing in
building energy conservation. We measured 26 buildings in 6 towns
centered around Syracuse.

From a questionnaire that the occupants of the buildings
returned to us along with the exposed detectors, we were able to
determine building characteristics. Most of the buildings were
single—family residences with full basements. Suprisingly, many

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



45

Concentrations in Residential Buildings

4. GEORGE AND HINCHLIFFE

°S2381S XTS UT S9OUSPTSAI JO UOTINQTaIsTp Tedtydea8osn °1 2and1g

\

\
\
\

AN ‘GNVSI 9NOT Ol
‘A'N ‘3SNOVYHAS ‘6
‘AN ‘ANVETV '8

e e e —

. YNIO¥Yd

viouo3ol vavavivj

.(.I.I.I_.DOm\. o—"
‘TN ALNNOD SINHOW "L - 7
TN *¥3LSTHO ‘9 ( et s |
'vd ‘ALNNOD 3N¥3ZNT°  YNNOYYO HIONL e -

Kt P

]
‘Vd NY31SV3I'N b
ONVIAYHVIN '€
[
)

e ANONINIA

VINIQYIA NY3IHLYON *
VNIT04VO 'S *

.
.
.

M/./. NISNODSIM
z<u_\dw_.<vz.7€

700U TEE0-L86T-XA/TZOT 0T :10p | /86T ‘G Aenuded @ uoiedljdnd

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch004

46 RADON AND ITS DECAY PRODUCTS

basements were finished and some people spend a substantial part
of their time there. The buildings were of wood—frame or brick
construction with heating systems of all types. Domestic water
supplies were mostly from public sources, but a substantial number
of homes used well water located on site.

The buildings ranged in age from <1 yr old to >100 yr old.
Newer homes seemed to be built with energy conserving measures in
mind, although some owners of older homes (>15 years old), indicated
that they added some form of insulation to render them air tight for
energy conservation purposes.

Monitoring Procedures

The estimation of annual mean concentration of radon was determined
in each building by making measurements during the winter (heating
season) and during the summer. The regions we surveyed generally
have a six month period in which homes are maintained at maximum
closed conditions from October to April. Summer weather conditions
generally prevail from May through September.

Measurements for radon were made twice in each building during
the two seasons, One detector was usually exposed in a location in
the home where occupants were likely to spend most of their time.
We denoted that location as living area, A second detector was
placed in the basement if there was one, because basements are more
often the source of radon in a building., Since living habits change
with more frequent use of basements as playrooms, machine shops or
even as bedrooms, we thought it prudent to measure the highest
potential radon concentration levels to which residents of buildings
might be exposed.

The detector used to measure indoor radon was the latest
version of the passive activated carbon device developed at EML
(George, 1984; Warner, 1986), which consists of a thin—walled
aluminum canister with a screen cover to expose 80 g of carbon to
the test atmosphere. Although not as physically rugged as earlier
models, properly packed this monitoring device was as successful in
conducting the surveys through the mail.

After the end of the 4-day exposure, the detectors were
returned to EML for analysis. The amount of radon adsorbed on the
carbon device was determined by counting the gamma rays of radon

progeny in equilibrium with radon. The concentrations of radom in
the buildings were determined from the radioactivity in the device

and the calibration factor, obtained in a radon chamber, that takes
into consideration the length of exposure and a correction for the
amount of water vapor adsorbed during the exposure. The lower limit
of detection with this technique is 0.2 pCi/l for a measurement
period of 4 days when the test sample is counted for 10 min, 4 days
after the end of exposure. More than 90% of the radon monitoring
devices were analyzed successfully. Most of the unsuccessful
measurements were due to delays or losses caused by the partici-
pants.

Results and Discussion

The results of all measurements are summarized in Tables I through
IX, where we present the range of values and the arithmetic means
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Table I. Radon Concentrations and Radiation Dose Rate Equivalent to
Epithelial Cells of the Occupants of Residential and Plant Buildings In and
Near the Savannah River Plant

% Equal to or
Radon Concen. (pCi/l) Greater Than Dose
Rate
Min., Max. Mean GM GSD 4 pCi/l1 8 pCi/1  (rem/yr)

Living Area

Winter 0.3 12 1.48 0.95 2.0 2 0
(4.1)
Summer 0.1 2.6 0.85 0.63 1.9 0 0
Basement
Winter 0.8 5.6 2.7 2.3 1.9 17 2 (9.6)
Plant Buildings
Summer 0.1 0.8 0.37 0.29 3.0 0 0 (1.3)

Note:

Number of buildings = 41 private residences and 41 locations in the plant.

American Chemical Society
Library
1155 16¢h St., N.W.
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Table II. Radon Concentrations and Radiation Dose Rate Equivalent to
Epithelial Cells of the Occupants of Residential Buildings in
Northern Virginia and Maryland

% Equal to or
Radon Concen. (pCi/1) Greater Than Dose
Rate
Min. Max. Mean GM GSD 4 pCi/1 8 pCi/1  (rem/yr)

Living Area

Winter 0.3 28.4 4.3 2.1 3.6 31 15
(10.7)
Summer 0.3 718 1.8 1.2 2.3 7 0
Basement
Winter 0.5 59 7.6 4.2 3.6 51 30
(22.1)
Summer 0.6 21 4.9 3.2 2.8 39 18
Note:

Number of buildings = 41 private residences and 41 locations in the plant.
Building ages were from 2 to 200 years.

Percent of buildings <15 years old = 50.

In Radon and Its Decay Products; Hopke, P.;
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Table III. Radon Concentrations and Radiation Dose Rate Equivalent to
Epithelial Cells of the Occupants of Residential Buildings in Northeastern

Pennsylvania

% Equal to or

Radon Concen. (pCi/l) Greater Than Dose
Rate
Min. Max. Mean GM GSD 4 pCi/1 8 pCi/1  (rem/yr)
Living Area
Winter 0.3 35.7 3.9 1.902.9 20 12
(9.4)
Summer 0.07 7.1 1.4 0.93 2.7 6 0
Basement
Winter 0.63 56.7 6.2 3.5 2.9 45 22
Summer 0.38 16.8 4.3 2.7 3.2 27 18
Note:

Number of buildings = 42,

Building ages were from 1 to 160 years.

Percent of buildings <15 years old = 50.

ACS Symposium Series; American Chemical Society: Washington, DC, 1987.
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Table IV. Radon Concentrations and Radiation Dose Rate Equivalent to
Epithelial Cells of the Occupants of Residential Buidlings In Luzerne County
In Pennsylvania

% Equal to or
Radon Concen. (pCi/1) Greater Than Dose
Rate
Min. Max. Mean GM GSD 4 pCi/1 8 pCi/1 (rem/yr)

Living Area

Winter 0.15 9.1 1.4 0.95 2.3 4 2
(3.6)
Summer 0.0.5 4,08 0.63 0.35 2.8 0 0
Basement
Winter 0.48 17.8 3.9 2.7 2.0 28 6
Summer 0.24 21.9 2.1 0.90 2.6 6 3

Note:
Number of buildings = 41.
Building ages were from 3 to 175 years.

Percent of buildings <15 old = 24.

In Radon and Its Decay Products; Hopke, P.;
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Epithelial Cells of the Occupants of Residential Buildings In and Around
Chester, New Jersey

% Equal to or

Radon Concen. (pCi/l) Greater Than Dose
Rate
Min. Max. Mean GM GSD 4 pCi/1 8 pCi/1l  (rem/yr)
Living Area
VWinter 0.2 145 2.3 1.3 4.2 22 10
(6.6)
Summer 0.2 10 1.4 0.5 3.3 4 0
Basement
Winter 0.6 40 7.9 3.0 4.0 42 24
(26.0)
Summer 0.5 30 6.8 2.1 3.8 32 16
Note:

Number of buildings = 20,

Building ages were from 8 to 100 years.

Percent of buildings <15 years old = 10.

* This value not included in calculating the arithmetic mean.

ACS Symposium Series; American Chemical Society: Washington, DC, 1987.
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Table VI. Radon Concentrations and Radiation Dose Rate Equivalent to
Epithelial Cells of the Occupants of Residential Buildings in Hunterdon,
Morris, Warren, Somerset and Sussex Counties in New Jersey

% Equal to or
Radon Concen. (pCi/1) Greater Than Dose
Rate

Min. Max. Mean GM GSD 4 pCi/1 8 pCi/1  (rem/yr)

Living Area

Winter 0.2 176 4.3 1.5 3.3 21 9
(9.4)
Summer 0.2 8.5 1.0 0.6 2.7 3 1
Basement
Winter 0.3 140 9.3 3.5 3.1 44 24
(25.7)
Summer 0.3 22 5.2 3.0 3.1 40 19
Note:

Number of buildings = 50.
Building ages were from 1 to 65 years.

Percent of buildings <15 years old = 70.

In Radon and Its Decay Products; Hopke, P.;
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Table VII. Radon Concentrations and Radiation Dose Rate Equivalent to
Epithelial Cells of the Occupants of Residential Buildings in the Vicinity of
Albany, New York

% Equal to or

Radon Concen. (pCi/l) Greater Than Dose
Rate

Min. Max. Mean GM GSD 4 pCi/1 8 pCi/l (rem/yr)

Living Area

Winter 0.3 23 2.9 1.2 3.5 17 7
(7.6)
Summer 0.3 4.8 1.4 1.0 2.8 8 0
Basement
Winter 0.5 221* 6.1 1.7 4.8 30 16
(22.0)
Summer 0.6 53 6.3 1.7 4.8 30 16
Note:

Number of buildings = 29
Building ages were from 0.5 to 155 years.
Percent of buildings <15 years old = 41.

* This value not included in calculating the arithmetic mean.
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Table VIII. Radon Concentrations and Radiation Dose Rate Equivalent to
Epithelial Cells of the Occupants of Residential Buildings in the Vicinity of
Syracuse, New York

% Equal to or
Radon Concen. (pCi/1) Greater Than Dose
Rate
Min. Max. Mean GM GSD 4 pCi/1 8 pCi/1l  (rem/yr)

Living Area

VWinter 0.5 27 4.0 1.9 3.4 27 12
(8.5)
Summer 0.2 1.9 0.8 0.6 2.2 0 0
Basement
Winter 0.6 60 8.2 3.0 4.0 42 24
(22.0)
Summe r 0.6 13 4.2 2.8 3.1 38 18
Note:

Number of buildings = 26.
Building ages were from 0.5 to 150 years.

Percent of buildings <15 years old = 12.
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Table IX. Radon Concentrations and Radiation Dose Rate Equivalent to
Epithelial Cells of the Occupants of Residential Buildings in Long Island,

New York

% Equal to or

Radon Concen. (pCi/l) Greater Than Dose
Rate
Min. Max. Mean GM GSD 4 pCi/1 8 pCi/l1  (rem/yr)
Living Area
VWinter 0.05 1.6 0.55 0.39 2.7 0 0
(1.4)
Summer 0.09 1.0 0.28 0.22 2.4 0 0
Basement
VWinter 0.50 2.8 1.14 1.1 1.4 0 0
(3.8)
Summer 0.04 3.2 1.04 0.9 1.7 0 0
Note:
Number of buildings = 39

Building ages were from 2 to 100 years.

Percent of buildings (15 years old = 23.
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for the living areas and basements in each geographical region. The
geometric means (GM) and the geometric standard deviations (GSD)
were calculated for each region from the log normal distribution
plots. The average of the arithmetic mean values obtained from
winter and summer measurements was used to calculate the radiation
dose equivalent rate to the epithelial cells of the lungs. The
average radon concentration from the arithmetic means measured in
the living area and basement as pCi/l was converted to working level
(WL), by assuming that the ratio between radon and its decay
products, known as the working level ratio (WL-R) was 50%. One WL
is the quantity of alpha energy delivered from a mixture of 100 pCi
each of 218po, 214Bj and 214Po in 1 liter of air = 1.3 x 105

MeV. VWL-R = 100% x WL/radon concentrations (pCi/1). The dose
conversion factor of 0.7 rad/working level month (WLM) (Harley and
Pasternack, 1982) was used to calculate the mean absorbed dose to
the epithelial cells and a quality factor (QF) of 20 was applied to
convert the absorbed dose to dose equivalent rate. For example,
from the average value of (WL) obtained from the arithmetic mean
radon concentrations measured in the living area during winter and
summer in South Carolina (Table I), the calculated dose equivalent
rate is 4.1 rem/yr, e.g.,

(1.48 + 0.85)/2 = 1.16 pCi/l.

At 50% WL-R, WL = .0058, and

.0058 WL x 730 hr/month x 12 month/yr

= 0.29 WLM/yr
173 hr/working month

and
0.29 WLM/yr x 0.7 rad/WLM x 20 (QF) = 4.1 rem/yr.

Because housewives and children may spend all of their time
indoors, we used an occupancy factor of 100%. For other occupants
this may drop to about 80% and the dose equivalent rate will drop
accordingly.

The geometric mean radon concentrations in the living areas are
usually about one-half of those in the basement during the winter
months when homes are normally closed up. During the summer, radon
levels in the living areas are one-third or less of those in the
basements., The data in Figure 2 show that while there is little
seasonal difference in radon levels for the basement, there are
pronounced effects for living areas that are subject to changes in
ventilation conditions.

The distribution of radon concentrations in basements and
living areas during the winter months for different geographical
areas are shown in Figures 3 and 4, respectively. Figure 3 shows
the radon distributions in the basements of buildings in the six
regions along with that measured in 4984 homes located on the

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch004

4. GEORGE AND HINCHLIFFE Concentrations in Residential Buildings

100

40 -

BASEMENT-WINTER
20— A

BASEMENT - SUMMER

=)
|

RADON CONCENTRATION, pCi/et

® LIVINGAREA

SUMMER

2 9/ —
LIVING AREA
WINTER

Y S T T N T TN T S (N E
2 5 101520 30 40 50 60 70 80 90 95 98

PERCENT OF HOMES LESS THAN GIVEN CONCENTRATION

Figure 2, Distribution of radon concentrations in residential
buildings in Morris County, New Jersey.
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Figure 3. Distribution of radon concentrations in the basements
of buildings during winter in different geographical locations,
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Figure 4. Distribution of radon concentrations in the living
areas of buildings during winter in different geographical
locations.
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Reading Prong in Pennsylvania. The distributions of the radon
measurements from the Chester, NJ region and the nearby region
centered around Morris County, NJ and that at Syracuse, NY are
similar to those measured in Northern Virginia and Maryland and the
Wilkes-Barre/Scranton area and are not plotted in Figure 3 to avoid
overcrowding.

The lowest levels of radon were measured in Long Island, New
York. Somewhat higher levels were measured in South Carolina and in
Luzerne county in Pennsylvania. These three regions show the
smallest geometric standard deviations which suggests some similari-
ties within regions such as building construction and geology. The
measurements also show similar concentrations to those obtained in
an earlier study (George and Breslin, 1980) from which the National
Council on Radiation Protection and Measurements (NCRP) (NCRP, 1984)
used the mean concentration (0.8 pCi/l or 0.004 WL in the living
areas) to calculate the exposure rate in the United States. In
general, the arithmetic mean concentrations of radon during the
winter months ranged from 1.1 pCi/l1 to 9.3 pCi/l.

The percentage of homes having radon concentrations above 4
pCi/1 (the EPA suggested guideline) ranged from 0% to 51%. The
corresponding percentage of homes having radon above 8 pCi/l (the
NCRP recommended guideline) ranged from 0% to 30%. For comparison,
among the 4984 measured homes on the Reading Prong 55% and 37%
exceed the 4 pCi/l1 and 8 pCi/1 guidelines, respectively (NCRP,
1984). With the exception of the three regions in Long Island,
South Carolina and Luzerne County in Pennsylvania, the other
geographical locations can be characterized as regions with sources
high in radon and with the potential of high indoor radon
exposures. It is important to note that most of the areas measured
in this study (except for Chester, NJ and some homes centered around
Morris County, NJ) lie outside of the Reading Prong, an area
identified as a high radon region extending from Reading,
Pennsylvania through New Jersey and up to near the border of New
York and Connecticut.

Figure 4 shows the distributions of radon concentrations in
living areas during the winter. The distribution curve for the
Syracuse, New York area (not shown to avoid figure overcrowding) is
very similar to that from northern Virginia-Maryland. Those from
Morris County, and Chester, NJ lie between those from northern
Virginia-Maryland and Albany, NY. As in the basements, the living
areas in Long Island homes also have the lowest radon concentration
levels. Residences in South Carolina and in Luzerne County, PA have
the same arithmetic mean concentrations (1.4 pCi/l), whereas the
mean concentrations in the homes in the remaining regions ranged
from 2.3 pCi/l to 4.3 pCi/l with an average concentration of 3.6
pCi/l.

To test if there are statistically significant differences
among different parameters such as geographical areas, location in
the home, and seasons, the data were analyzed using the Mann-Whitney
non-parametric test (Hollander and Wolf, 1973). The test verfies if
there are significant radon concentration differences between two
parameters at the 95% level of confidence. General conclusions from
the analysis of the data shows living areas and basements were
distinct in all locations and seasons. Most living areas were
different from winter to summer, while most basements were not.
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Differences between geographical locations have been found in
living areas in the summer showing Long Island and northern Virginia-
Maryland to be distinct from most other locations. During the
winter, living areas in Long Island, South Carolina and in Luzerne
County, PA were found to differ from all other locations. Comparing
homes of different ages, we found no correlation between the age of
the building and radon concentration levels. It seems other varia-
bles such as regional geology and ventilation have a larger effect
on indoor radon.

Summer measurements in basements seem to show two groups: Long
Island and Luzerne County, having low concentrations of radonm,
differ substantially from all other locations. Measurements in
South Carolina, the southermmost region, lie somewhere in between,
being indistinguishable from all other locations. Winter measure-
ments in basements again show Long Island to differ substantially
from all other locations, with very little difference among the rest
of the areas.

Conclusions

The radon concentration data for 380 buildings, located in six
states, indicate that there is almost a 10-fold spread of annual
dose equivalent to the lungs (1.4-10.7 rem) of building occupants
who spend their entire time in the living area., The corresponding
dose rates in the basements of these buildings ranged from 3.8 to 26
rem., The results of this study also indicate higher radon concen-
trations than were observed in other regions within some of the same
states (George and Breslin, 1980; George and Eng, 1981). Radon
levels varied from one region to another because of probable
differences in: source strength, energy conservation measures, and
building technology. A surprising finding is that residential
buildings in the northeastern United States, located outside the
Reading Prong, have radon levels approaching those of the Prong.
This indicates that there are anomalous regions on a wider scale,
suggesting that a National Survey is needed to address this

problem, Knowledge of the national distribution is essential in
finding and examining hot areas, formulating strategy for
controlling excessive concentrations and making a reliable estimate
of the average population exposure and risk. The results of our
study show that the estimated risk from the observed radon
distributions in living areas is such that a substantial fractiom of
the general population may be exposed to levels high enough to
warrant immediate attention, Where basements are used for ordinary
habitation, another fraction of the population is exposed to levels
as high or higher than the occupational limit of 4 WLM/yr.

Another important finding is that simple passive radon monitor-
ing devices, used for short integrating periods, can be very useful
in acquiring the data necessary to undertake a national survey for
indoor radon.
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Chapter 5

Assessing Exposure to Radon in the United States:
Perspective of the Environmental Protection Agency

Paul J. Magno and Richard J. Guimond

Office of Radiation Programs, U.S. Environmental Protection Agency,
Washington, DC 20460

Exposure to radon and its decay products inside homes
is now recognized as a significant public health
problem. To better define the scope and magnitude
of this problem, the Environmental Protection Agency
(EPA) has developed a national radon exposure
assessment program. This program consists of a
national radon survey to determine the national
frequency distribution of radon levels in
residential structures, a States Assistance Program
to identify high risk radon areas, and a Data
Quality Program to assure reliable and consistent
radon and radon decay product measurement results
for both individual and governmental agencies.

Exposure to radon and its decay products inside homes is now
recognized as a significant public health problem. Estimates

of the number of lung cancers in the U.S. population caused by
indoor radon range (Nero, 1983; Harley, 1984; NCRP, 1984) from
5,000 to 20,000 per year with some individuals being exposed to
radon levels which may cause lifetime lung cancer risks in excess
of 50 percent. To better define the scope and magnitude of this
problem the Environmental Protection Agency (EPA) is developing a
program to assess radon exposures on a nationwide basis. This
national radon assessment program has the following objectives:

1. Determination of the frequency distribution of radon levels
in residential structures on a nationwide basis through a
national survey.

2. Identification of high risk areas through a program to assist
States in conducting surveys to identify these areas, and
through the development of predictive geological models.

3. Establishment of data quality programs which will result
in consistent and reliable radon and radon decay products
measurements for both individuals and governmental agencies.

This chapter not subject to U.S. copyright.
Published 1987, American Chemical Society
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National Survey of Indoor Radon Levels

EPA is planning a national survey of radon levels in homes.
The objectives of this study are to determine the frequency
distribution of radon levels in residential structures on a
nationwide basis and to investigate factors which affect these
levels. This study is needed to obtain a more accurate
estimate of the average radon level in homes and to provide
reliable data on the number of homes exceeding various radon
levels, Such information will provide a better understanding
of the magnitude of the public health problem associated with
indoor radon levels. In addition this information will
establish the base line level against which results of other
surveys and indoor radon measurements can be compared.

A relatively large number of indoor radon measurements
have already been made, particularly during the last 6-12
months. However, most of these measurements are not useful in
defining the national frequency distribution of indoor radon
levels because there are a number of uncertainties and
limitations associated with these measurements. These
uncertainties include the different purposes for the
measurements, the widely varying sample designs, and the many
different sample collection and measurement procedures used.

The only information presently available on the national
frequency distribution of indoor radon levels is a 1984
analysis by Nero at the Lawrence Berkley Laboratory (Nero et
al., 1984). Using data from about 500 houses, Nero developed a
frequency distribution of radon levels in U.S. single family
houses. This distribution is characterized by a geometric mean
of 0.9 pCi/L and a geometric standard deviation of 2.8.

However, since the data used in this study are subject to
the limitations and uncertainties cited above, the results of
this analysis represent only a very rough approximation of the
national frequency distribution of indoor radon levels. EPA's
national survey will seek to more accurately characterize this
distribution through use of a larger sample size, a
statistically based survey design, and consistent, quality
assured sample collection and measurement procedures.

Sample Population

The target population for a survey is that set of elements
about which the data will be used to make inferences. The
target population for the national radon survey will be all
occupied residential housing units in the United States which
are used as primary residences. This will include both single
and multi-family housing units. The survey will not include
schools, workplaces, group quarters (dormitories, institutionms,
rooming houses, etc.), seasonal units, or unoccupied units.
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Sample Design

To permit inferences about the target population, probability
sampling methods will be used in designing the survey. Sample
collection and interview procedures being considered include
face to face interviews using field study staff, random digit
dialing telephone interviews or some combination of these
procedures. The face to face procedure is the most likely
method at the present time and will be described here to
illustrate the manner in which the probability sample will be
selected.

This survey method would use a three stage sample design.
The first stage or the primary sample units are all the
counties in the United States. A random sample of counties
would be selected with probability proportional to the number
of housing units in the county. The second stage units are
census blocks or enumeration districts within the selected
counties and they would also be randomly selected with
probability proportional to the number of housing units. The
third stage units are individual housing units systematically
selected from the second stage sampling units.

The survey will be designed to allow determination of the
frequency distribution of radon levels by both housing type and
a combination of geographical/geological regions. Housing
types will involve two strata, single family units and
multi-family units. Geographical/geological regions will
involve several strata in the range of 6 to 8. In addition,
information obtained from a questionnaire used in the survey
will be used to analyze other factors which may be related to
indoor radon levels. The main emphasis on this type of
information will be related to housing characteristics, for
example, the housing unit's substructure, i.e., basement, crawl
space, slab on grade, etc.

Sample Size

The sample size of the survey will depend primarily on

the need to accurately estimate the upper percentiles of the
national distribution and the number of subgroup populations
for which frequency distributions are needed and the level of
accuracy needed for these distributions (Cox et el., 1985).
For example, the sample size needed to determine the radon
level exceeded by 1% of the housing units in the U.S. with a
relative standard error (RSE) of 10% is about 20,000 units.
If, however, the radon level exceeded by 0.1% of the housing
unit is desired, this would require a sample size of 200,000
housing units. These sample sizes could be reduced to 5,000
and 50,0000 units respectively, if a RSE of 20% were considered
adequate. A design effect of 2 was used in estimating these
sample sizes. Table 1 shows the sample sizes as a function of
both percentile of interest and precision of the estimates.
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These estimates are for a national distribution and will
increase depending upon the number of subpopulation groups
for which frequency distribution data is desired. Determining
the sample size, therefore, requires decisions regarding the
percentile of interest and level of accuracy needed, and
balancing these against the costs of the required sample.

Table I: Number of Sampling Units for Various
Population Percentages

Population Percentages (P) Sample Size (No. of Units)

5% RSE 10% RSE  20% RSE

0.1 800,000 200,000 50,000
1 80,000 20,000 5,000
5 15,000 4,000 1,000

P = Percentage of housing units exceeding known radon
concentration

RSE = relative standard error

Design Effect = 2.0

Measurement Procedures

Average radon concentrations in the selected housing units
will be measured over a 12-month period using alpha-track
detectors. These detectors will be placed in general living
areas of the houses, usually a living room, family room, or
bedroom. Duplicate detectors will be deployed in 5 to 10
percent of the houses for aulity control purposes.

Schedule

The projected schedule for the various stages of the national
survey are shown below:

Complete Design October 1986

Complete Pilot Test March 1987

Initiate National Survey July 1987

Complete National Survey April 1989

Complete Data Analysis October 1989
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Identification of High Risk Areas

The main goal of EPA's radon program is the reduction of lung
cancer risks from radon exposure through the use of preventive
or mitigative techniques with emphasis on houses with highly
elevated risk levels., However, before such techniques can be
applied, areas/houses with highly elevated radon levels need to
be identified. Therefore, an important part of EPA's radon
assessment program is the identification of areas with highly
elevated indoor radon levels. Once an area with high levels
has been identified, more detailed surveys can be conducted or
individuals can be notified of the need to have the radon level
measured in their houses

EPA is approaching this problem in two ways: (1) by
encouraging and providing assistance for State surveys to
identify high risk areas and (2) through the development of
predictive methodology to identify such areas.

As part of its radon assessment program, EPA is providing
the following assistance to States in conducting radon surveys:
(1) radon analyses using charcoal canisters.

(2) assistance in survey design and sample selection.
(3) assistance in data analysis, management and
interpretation.
EPA is working with the U.S. Geological Survey (USGS) to
develop methods using geological information for predicting
areas which have a high potential for elevated indoor radon
levels. Under an interagency agreement with EPA, the USGS is
selecting and characterizing up to 20 areas according to their
geological and (surficial) soil characteristics related to
radon availability. Factors considered in characterizing and
selecting these areas include: (1) uranium and radium content
of bedrock, (2) grain size, porosity and permeability of
surficial soils, (3) moisture content of soils, and (4)
fractures in bedrock.

The distribution of radon levels in houses located in
these 20 areas will be measured either through EPA/State
cooperative surveys or as a part of EPA's national survey. If
correlations can be shown to exist between geological
characteristics and indoor radon levels, then this information
can be used to design surveys to more efficiently identify
homes with high indoor radon levels.

Quality Assurance

Numerous radon and radon decay measurements in houses are now
being made by a large number of private and governmental
organizations. In order to assure valid and consistent
measurements, it is important that proven methods be used
following standardized procedures. To address this need, EPA
issued "Interim Indoor Radon and Radon Decay Product
Measurement Protocols” and established a Radon/Radon Progeny
Measurement Proficiency program.
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Measurement Protocols

In February 1986, EPA issued a document (Ronca-Battista et al.,
1986) titled "Interim Radon and Radon Decay Product Measurement
Protocols,” describing seven methods for measuring radon and
its decay products in houses. The methods addressed are those
that have been evaluated by EPA and found to be satisfactory;
other methods may be added as they are reviewed by EPA. In
addition, portions of the document may be revised as new
information and data becomes available.

This document provides procedures for measuring radon
concentrations with continuous radon monitors, charcoal
canisters, alpha-track detectors, and grab radon techniques.

It also provides procedures for measuring radon decay product
concentrations with continuous working level monitors, radon
progeny integrating sampling units (RPISU), and grab radon
decay product methods. The procedures provide information
needed by an experienced user to calibrate, deploy, and operate
the devices or instruments as well as to develop an adequate
quality assurance program. Specifications for the location of
the measurement, the house conditions during the measurement,
and minimum requirements for quality control are included in
each procedure.

EPA is also planning to issue a second protocol document
on how to apply these protocols for different purposes. This
document will provide guidance on where in the house the
measurement should be made and the appropriate sampling times
for each method which will vary depending upon the purpose of
the measurement.

Measurement Proficiency Program

The Environmental Protection Agency has established a
Radon/Radon Progeny Measurement Proficiency (RMP) program
(Singletary et al., 1986) to assist State agencies and the
public by providing a list of laboratories capable of measuring
radon and/or radon progeny with results of known quality. The
RMP program offers organizations making the measurements an
opportunity to test and demonstrate their radon and/or radon
progeny measurement proficiency on a quarterly basis.
Participants will submit one or more types of detectors to be
exposed to a known concentration in a radon calibration
chamber. The detectors will be returned to the participants
who will analyze them using standard procedures without knowing
the exposure level. Measurement proficiency will be determined
by comparing detector analyses to known values. After each
test, participants will receive the Radon/Radon Progeny
Analytical Proficiency Report which summarizes each
laboratory's performance and provides means and standard
deviations. Each laboratory's analyses will be identified

by unique letters and numbers known only to the program
coordinator(s) and the participating laboratory. A separate
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report titled '"Radon/Radon Progeny Cumulative Proficiency
Report" will be distributed to an appropriate agency in each
State and the requesting public. This report will list
laboratories, by name only, which have met the minimum
guidelines set for the RMP Program.

Entry into the program is by application. Only
organizations using methods for which EPA has issued measurement
protocols may apply. Passive detectors may be submitted for
radon chamber exposures by mail. Active devices must be placed
in the chamber by a representative of the participating
organization. Measurements will be made in quadruplicate and
the results averaged. The first measurement proficiency test
was conducted March 24 to April 3, 1986. Participants failing
the first test will be provided a second test during the first
week of May.

Organizations whose measurement results are with * 25% of
the known exposure level will be considered to have met the
proficiency test requirements.
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Chapter 6

Radon-222 in Norwegian Dwellings

Erling Stranden
National Institute of Radiation Hygiene, P.O. Box 55, N-1345 @steras, Norway

Results of Rn-222 measurements in 1500 dwellings in 75
municipalities in Norway are reported. The study was
conducted to assess geographical variations in Rn-222
concentrations and to assess the relative importance
of the different sources. The population average %ndoor
Rn-222 concentration is assessed to be 80-100 Bg °.
The equilibrium factor was studied in 58 dwellings and
a factor of 0.5 was found to be representative for
Norwegian dwellings. About 1 % of Norwegian dwellings
are expected to have Rn-222 concentrations exceeding
800 Bqm™3 (400 Bqm~3 Rn-222 progeny). The highest values
occur in alum shale and granite areas, and bedrock and
subsoil are the dominating radon sources. In a pilot
investigation, the radon exposure in dwellings was
correlated against lung cancer incidence and smoking
habits data from the Norwegian Cancer Registry. Even
though the exposure data are uncertain, the data
strongly suggest that Rn-222 progeny exposure in
dwellings may be a significant contributor to lung
cancer incidence among the general population. The
results support the "relative risk model" and suggest
that between 10 and 30 % of lung cancers in the
Norwegian population are initiated by Rn-222 exposure
in dwellings.

In recent years several studies have shown that the indoor concen-
trations of Rn-222 and its progeny are surprisingly high in certain
countries and areas. In most countries, Rn-222 progeny in indoor
air constitute a major fraction of the population dose from natural
sources of ionizing radiation, and in same countries Rn-222 progeny
exposure in dwellings is the dominating mode of population exposure
to ionizing radiation. (Castrén et al, 1984, Swedjemark and

Mij¢nes, 1984.)
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ICRP (1984) have recently published recommendations on the limita-
tion of exposure of the general public to natural radiation, and
the World Health Organization, WHO, is preparing guide lines for
Rn-222 progeny in indoor air. These guide lines and recommendations
make it necessary to conduct surveys on Rn-222 in indoor air to
assess the distribution of concentrations in existing houses and to
assess geographical variations to be able to define areas where
further investigations are needed. In order to limit Rn-222 progeny
exposure in future houses, knowledge of the main Rn-222 sources
and their distribution is needed.

In this paper, the main results of a study of Rn-222 and
progeny in Norwegian dwellings are summarized. The study was
primarly conducted to assess the regional variations in indoor
Rn-222 concentrations and to study the importance of the different
Rn-222 sources. The results of the survey have also been used to
discuss possible health effects and the feasibility of epidemiolo-
gical studies.

Material and Methods

To assess the regional variations of Rn-22Z in Norwegian dwellings,
a simple and practical sampling procedure was chosen. The local
health authorities in 75 mmnicipalities were asked to select about
20 houses in their municipality, and dosemeters were sent by mail
to the local health inspectors who in their turn contacted the
householders.

All types of houses were included in the sampling, except
blocks of flats. In the country as a whole, less than 20 % of the
dwellings are in blocks of flats. In our survey, Oslo, the capital
of Norway, is not included and in the remaining part of the
population, anly about 10 % is living in blocks of flats.

In total, 1500 houses were investigated. In each dwelling,
measurements were performed in the living room and in one of the
bedroams. All measurements were performed during the heating season.

The method of measurements is based on a combination of
activated charcoal and TID, and the integration time used is 5-7
days. Details on the principle of the dosimeter and its calibration
have been published elsewhere. (Stranden et al, 1983.)

In areas where the highest indoor Rn-222 concentrations were
measured, the source term was studied at the site. Houses with high
concentration were inspected visually, especially the basement, and
the heating and ventilation system was discussed with the house-
holders. Field measurements of Rn-222 exhalation rates were perfored
near the houses and at furture building sites in the municipality.
The method for the exhalation rate measurements is based on the
same activated charcoal/TLD cambinations as the dosimeter for
measurements of indoor Rn-222. Details on the method is published
elsewhere. (Stranden et al, 1985.)

In connection with our field measurements, samples of
geological materials were collected for analyses in the laboratory.
Activity concentrations were measured by standard gamma spectrocopy
with a 90-cm3 Ge(Li) detector and a Canberra Model 8100 multichannel
analyser. Details on calibration and procedure were published earlier
(Stranden, 1985). Rn-222 exhalation measurements were also performed
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on the geological samples by enclosing them in a closed container
and measuring the growth of Rn-222 in the container air. In some
of the samples, the influence of moisture and temperature on
exhalation rate was studied. (Stranden, et al, 1984: Stranden,
et al, 1984a.)

In mmicipalities where the water supplies are from deep-
bored wells, samples of household water were collected for Rn-222
analyses. The water samples were analysed by liquid scintillation
counting. The method for sampling and sample preparation were
adopted from Partridge et al (1979).

Rn—-222 in Norwegian Dwellings

Indoor concentrations

In Fig. 1 the cumulative frequency of the measured mean values for
induvidual houses is plotted on a log-normal scale. The aritmetric
mean value in our measurements is 160 Bg/m3. Areas with high concen-
trations are overrepresented in this distribution, (as seen fram
the figure) and by bpopulation weighing the distribution for the
municipalities, a population weighted average of 110 Bq/m3 in the
heating season is obtained.

Seasonal and Spatial Variations

In 47 houses, Rn-222 measurements were verformed by Track Etch
detectors fram Terradex Inc. during two periods, November-May and
June-October. Fram these measurements, the normal seasonal
variations were assessed. In Fig. 2 a plot of the cumulative
distribution of mean Rn-222 concentrations during summer and
winter are shown. Fram this figure, the mean concentration during
sumer is about 50 % of the mean concentration during the winter
months.

In most cases, the Rn-222 concentration is lower in the bed-
roam than in the living room. (The average ratio was 0.91 with a
standard deviation of 0.15.) There might be several reascons for
this. Better airing of the bedroam than of the living room and
the fact that most traditional single family houses in Norway have
the bedroom in the first floor above ground and the living room in
the floor at ground level are probably the most feasible
explanations.

Variations with Age of the House

For each house measured, a questionaire was filled in by the house-
holder. Among other things, the householder was asked to give the
year of construction for the house. In Fig. 3, the mean Rn-222
concentration is plotted against the age of the house. In this
plot, alum shale areas are excluded. As seen from this figure,

we did not find any systematic variations with the age of the house.

Equilibrium Factor and Rn-222-progeny

In 58 dwellings, the equilibrium factor was measured by grab
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sampling of Rn-222 and progeny. The equilibrium equivalent Rn-222
concentration (EEC) was determined by the Kusnetz method (Kusnetz,
1956) and the Rn-222 concentration by the scintillation counting
on Lucas flasks. Fig.4, shows the distribution of the equilibrium
factor, F, defined as F = EEC/Cgrp, where Cg, is the Rn-222 concen-
tration in Bg/m3. The mean value of the equilibrium factor in this
study was 0.5. The individual values for F may not be representa-
tive for the individual houses, but it is belived that the mean value
is usable for average dose estimates.

In an earlier paper, results of measurements of Rn-222
(thoron progeny) have been discussed. In normal areas, the concen-
tration of Rn-220 progeny is usally lower than 2-3 Bg/m3. In some
houses in a Th-rich area, the Rn-220 progeny concentration was higher
than 10 Bgm~3. (Stranden, 1984).

Sources

Soil and Bedrock

The highest Rn-222 concentration in indoor air were found in alum
shale and granite areas. We also found high indoor Rn-222 concen-
trations in one area where the activity concentrations in the ground
was "normal". These houses were on very porous ground (glacial esker)
and the permeability of the ground was prabably thus high.

In Table I results of Rn-226 activity measurements on geologi-
cal samples are shown together with measurements on Rn exhalation
rates from the samples. The exhalation rates varies considerably
with the moisture content of material. The exhalation rate is low
for dry samples and when the moisture content increases, the exhala-
tion rate increases until it reaches a plateau. When the moisture
content increases further, a rapid increase in radon exhalation
occur. When the saturation level of moisture is reached, the exhala-
tion rate drops dramatically. The exhalation rates given in Table I
are obtained by assuming that the most probable moisture content is
whithin the plateau of exhalation rate/moisture curve. (Stranden
et al, 1984, Stranden et al, 1984a).

Table I. Activity concentrations and exhalation rates fram samples
of geological materials

Material No of Activity concentra- Exhalation rates
samples tion of Ra-226 fram samples +
(Bq kg1) (Bg h~1 kg~1)
Alum shale 6 900 - 5600 3-10
Alum shale-soil 6 700 - 1800 3-5
Granite 4 70 - 270 0.2 - 0.6

+ Based on studies on the influence of moisture.
(Stranden et al, 1984, Stranden et al, 1984a)
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In 85 sites, the exhalation from the ground was studied.
70 of these measurements were performed near where indoor Rn-222
concentrations were measured the previous winter, and 15 measure-
ments were performed on future building ground. Exhalation measure-
ments were also performed in "normal" areas where no enhanced indoor
Rn-222 concentrations had been found. In Table II the main results
of these measurements are shown.

Table II. Indoor Rn-222 concentration and exhalation rates fram the
ground surface in different areas

Type of Rn-222 in indoor air Rn-222 exhalation rate at
area ground surface

(Bq m-3) (Bg h~1 m2)
Alum shale 30 + - 5300 20 + - 10 000
Granite 30 - 800 120 - 800
Esker 100 - 3000 100 - 300
"Normal" ++ 20 - 200 <20 - 150

+ TWhere the lowest values occur, the ground water is hicher than
the alum shale layer.

++ Mostly clay and soil.

In the granite and alum shale areas, exhalation measurements
above the ground were well correlated with the indoor air measure-
ments. In the esker area, the exhalation rates were normal, and the
high indoor Rn-222 concentrations here are believed to be caused by
convective flow due to underpresure in the houses. (Stranden et al,
1985) .

Household Water

In Norway, most municipalities have water supplies from surface water.
However, a few municipalities have large water works based on

drilled wells, and in same areas, small waterworks, supplying a few
households each, are relatively camon. In order to study the house-
hold water as a Rn source, water samples from tap water from 58 wells
were analysed. Same of these wells were supplying whole mmnicipalities
and sare of them only one or two households. In Table III, the distri-
bution of Fn-222 concentration in the wells studied is shown together
with the number of people supplied by the wells.

The highest concentration we found was 7000 kBq m~3.

Annanmdki (1978) studied the transfer of Rn from water to air.
By applying occupancy factors for different areas in the house, he
found that 1 Bg m~3 in household water would result in 1.4x10~4 qu"3
in breathing air. By applying this transfer factor, the highest Rn-222
concentrations in air due to well water is 1000 Bg m °.
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As seen fram Table III most of the larger water works have low Rn
concentrations. Only 6 wells with a total of 30 users had Rn
concentrations above 1500 kBq m~3.

Table III. Rn-222 concentrations in household water from

drilled wells

Rn-222 concentration Number of Number of
in water (kBq m~3) wells users
< 100 22 63 000
101 - 500 18 8 800
501 - 1000 9 860
1001 - 1500 3 60
> 1500 6 30

Building Materials

In a previous paper (Stranden 1979) presented activity concentration
measurements in the main Norwegian building materials. We have also
studied Rn exhalation from samples of building materials and from
walls (Stranden and Berteig 1980; Stranden 1983). Rn exhalation is
strongly dependent on the moisture content of the building material,
and the Rn exhalation may vary by a factor 20 or more due to
differences in moisture content (Stranden et al 1984, Stranden

et al 1984a). For mature materials, the variation in moisture will
not be very large, and by assuming that the materials are mature,

a relatively good estimate of the Rn exhalation rate may be obtained.
In Table IV, the data from our previous studies are summarized.

Table IV. Activity concentrations and exhalation rates from main
building materials

Building Ra-226 activity Exhalation rate Estimated range
material caoncentration per unit mass of exhalation
(Bq kg™1) and wnit Ra-226 rate from typical
Range and mean activity walls
concentration

(Bah~lkg™1) /(Bakg™!) (Bah™l m2) ++
Concrete 4 - 130 (28) 1-3.103 5 - 50
Clay brick 34 - 90 (60) 1-5.104 2-10
LECA + 37 - 81 (52) 1-2.103 10 - 20

+ Light Expended Clay Aggreate

++ Based on Ra-226 activity concentration, typical wall thickness
and exhalation rate measurements from samples and walls.
(Stranden and Berteig, 1980; Stranden 1983, Stranden et al,
1984; Stranden et al, 1984a.)
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Possible Health Effects

Occupational studies have demonstrated an enhanced frequency of
bronchial cancer among various groups of Rn-222 progeny exposed
underground miners, especially uranium miners. (Archer et al, 1976:
Kunz et al 1978: Kunz et al 1975: Lundin et al, 1971;Miller et al,
1983; Sevc and Placek, 1973; Seve et al, 1976; Whittmore and

Mc Millan 1983.)

However, so far, only a few small-scale epidemiological
surveys have been carried out or started to study the possible
influence of the exposure to Rn-222 progeny in dwellings on the
etiology of lung cancer in the general population, and the evidence
of these findings is inconclusive.

By reviewing all available epidemiological findings, Jacobi
and Paretzke (1985) concluded that a proportional hazard model will
be best fitted to the epidemiological data. The findings suggest
that a significant fraction of the lung cancer cases in the popula-
tion can be correlated to exposure to Rn-222 progeny in dwellings
and the relative fractions of radiogenic lung cancer rates might be
nearly the same for smokers and non-smokers, and for men and women.

The Cancer Registry of Norway was started in 1952, and all new
cases of cancer in Norway have ever since been subject to compulsory
reporting. The data can be broken down on sex, age and residence.

In the first few years, there was a known underreporting, bur reliable
cancer incidence data fram 1955 and up to date are available (Cancer
Registry, 1978).

In 1964/65, a large scale smoking habit investigation was
performed by the Cancer Registry (Zeiner-Henriksen 1976). These
data may be broken down on sex, age and residence, and the amount
of tobacco (cigarettes, pipe, canbined) can be assessed. Follow-up
investigations have been carried out, and it is thus possible to
assess the trends in smoking habits in the years following 1965.

The relative risk model may be expressed in a simple form:

R=FRo (1+aC) (1)
where: R = lung cancer incidence rate in the population
Ro = lung cancer risk when there is
no Rn progeny
o = relative risk factor for Rn progeny exposure
C = Rn progeny concentration

By assuming that cigarette smoking and Rn in dwellings are the
main causes for lung cancer in the general population, we performed
the following simple two— variable correlation anaslyses:

1) Age adjusted lung cancer incidence in the period
1966-1985 was correlated against smoking habits
(expressed as average number of cigarettes smcked
per day in the grown population) for men and women.

2) The ratio, actual incidence rate to incidence rate
predicted by the correlation between lung cancer and
smoking habits was correlated against Rn concentration.
(Mean Rn concentrations in the population groups under
study varied from 80 Bqm~3 to 180 Bqm—3.)
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In this way it was possible to test the relative risk model.
The results of this correlation analyses may be summarized

as follows:

a) The ratio used in 2) above increased by increasing radon concen-
tration along the same line for both men and women.

b) By canbining data from this ratio for men and women (6 points,
each point based on about 4x10® person years), and normalizing
the ratio to unity for zero Rn concentration, a relative tisk
factor of 0.001-0.003 per Bgm3 of Rn (life risk and life time
exposure) was found at the 95 % confidence level. This corre-
sponds to a relative risk factor of 0.002-0.06 per Bqm 3 for Rn
progeny. This is in the same range as the values predicted from
the relative risk model of Jaccbi and Paretzke (1985), and the
results suggest that it is possible that between 10 and 30_% of
the lung cancers in Norway (mean Rn-concentration 100 Bgm3) is
caused by Rn progeny in dwellings.

Due to lack of man-power and resources, the sampling used in
our study was not truly random. And the results should only be
interpreted as indicative.

Taking the possible health effects caused by inhaled Rn-222
progeny in the general public into account, better risk estimates
based on epidemiological studies on the general population are
urgently needed.

To be able to perform such large-scale epidemiological studies
several conditions should be fulfilled: Reliable lung cancer
incidence data for the population under study, large regional
variations in indoor Rn-222 progeny concentrations, low mobility in
the population, reliable data on the building stock and last but not
least: Reliable data on smoking habits among different parts of
the population.

Furthermore, the exposure data should be dbtained by strati-
fied random sampling of houses based on population registers and
data on building stock.

In 1980, a complete census was conducted in Norway including
data on the building stock. The census was conducted by the Central
Bureau of Statistics, and the data on building stock are available
in a suitable form. (Norwegian Central Bureau of Statistics,
personal camunication.)

There are large variations in Rn-222 concentrations among
relatively large population groups in Norway. This, together with
the excellent data on cancer incidence and smoking habits,makes it
feasible to conduct a large-scale retrospective multi-variable
correlation analyses on Rn-222 progeny exposure in Norwegian
dwellings. Such a study should however be based on stratified random
sampling. The data on building stock and person registers make it
possible to develop a stratified random sampling scheme covering most
of the municipalities in Norway.

Discussion and Conclusions

Fram the measured indoor Rn-222 concentration during the heating
season, measurements of equilibrium factors and assessments of the
seasonal variations, it is possible to assess population averaged
indoor concentrations of Rn-222 progeny in Norwegian dwellings.
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It is also possible to assess the distribution of concentrations in
the building stock. In Table V, the main results of such assessments
are shown. This table suggests that the mean indoor concentration

of Rn-222 progeny in Norwegian dwellings is high compared to most
countries. Furthermore, in several areas, exceptionally high levels
have been measured in individual houses, and about 3 % of the
dwellings in Norway are expected to have Rn-222 progeny concentra-
tions above 200 Bg m~3. This is suggested as an action level by
ICRP (1984). About 1 % of the dwellings are expected to have Rn-222
progeny concentrations above 400 Bq m-3.

Table V. Assessment of mean value and distribution of Rn-222
progeny in Norwegian dwellings

Mean value Expected percentage of Norwegian dwellings having
Bq mr3 indoor air concentrations above the given levels
(Bq m~3 of Rn-222 progeny)

> 100 > 200 > 400

40 - 50 10 3 1

From the investigation on the source term, the ground is the
most importance radon source, and when the Rn-222 concentrations
are much higher than normal, the ground is always the main reason.
In Table VI, we have used the data on the source term to assess the
contribution from the different sources in typical Norwegian
dwellings. The contribution from household water is assessed by
transfer factors found by Annanmiki (1978) and the contribution
from building materials have been assessed by using data on exhala-
tion measurements, common use of the material and an air exchange
rate of 0.5 hr-1,

Table VI. Estimates of the source strength of the main
Rn-222 sources

Source Contribution to indoor air Rn-222
concentration (Bq m~3)
Range Most probable
Ground 10 - 5500 100
Building materials 5 - 50 10
Household water 0 - 1000 0

The highest indoor Rn-226 concentrations occur in areas with
alum shale in the ground. Measurements in these areas yield a good
agreement between exhalation rates and indoor Rn-222 concentrations.
Even in granite areas, high indoor Rn-222 concentrations may occur,
but no extreme values were found in such areas. These findings are
also confirmed by the field studies.
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Even though Ra-226 concentrations in the bedrock and soil are

"normal, the Rn influx from the bedrock may be high if the permea-

bility of the material under the house is high, as in esker areas.

In this case, exhalation measurements will not be of much use for

the classification of the Rn risk of future building ground.

From the results and discussions of this paper, the following
main conclusion may be drawn:

1) The Rn-222 progeny concentration in Norwegian dwellings is on
average higher than in most other countries.

(United Nations, 1982.)

2) There are large regional variations, and the subsoil and bedrock
is the most important Rn-222 source.

3) In a significant fraction of Norwegian dwellings, counter
measures to reduce the Rn-222 progeny exposure are needed, and in
several areas, technical measures are needed to ensure that
future dwellings will not get enhanced levels of indoor Rn-222
progeny.

4) Rn-220 (thoron) progeny is usually of far less importance than
Rn-222 progeny. In normal areas, the Rn-220 progeny effective
dose equivalent is lower than 10 % of the effective dose equiva-
lent from Rn-222 progeny. In certain Th-232 rich area, however,
Rn-220 progeny may give relatively high doses to the inhabitants.

5) Preliminary results suggest that Rn-222 progeny in dwellings is
a cause of lung cancer in the general population and that there
is a multiplicative effect between Rn progeny and cigarette
smoking. Further studies should, however be conducted to get more
reliable risk estimates.

6) The large regicnal variations in Rn-222 progeny concentrations
in Norwegian dwellings, together with excellent data on lung
cancer incidence and smoking habits, make it feasible to conduct
multi-variable correlation studies of Rn-222 progeny as a cause
of lung cancer in the Norwegian population. Such studies should
be based on stratified randam sampling based on person registers
and data on building stock.
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Chapter 7

Radon Levels in Swedish Homes:
A Comparison of the 1980s with the 1950s

Gun Astri Swedjemark, Agneta Burén, and Lars Mjones
National Institute of Radiation Protection, Box 60204, S-104 01 Stockholm, Sweden

In 1980-82 a study was carried out on Swedish homes
built before 1976. The aim was to provide averages
and distributions for the radon exposure of the
Swedish population. Correlations with parameters
such as building materials and building periods
were also investigated. In 1955-56, a study of
homes built before 1946 was carried out in four
towns in central Sweden by Hultqvist with the aim
of obtaining results which were representative for
the homes in the areas that were studied. The radon
concentrations in homes from approximately the same
regions in the two studies are compared. The aver-
age was found to be four times higher for the homes
measured in 1980-82 than for those measured in
1955-56. The reason for this increase is discussed
including a thorough evaluation of the sampling and
measurement methods used in the two studies. Indica-
tions that there has been an increase in the radon
concentrations in other Swedish homes and also in
other countries in temperate regions are also
discussed.

There are many indications of an increase in radon concentration in
homes located in temperate regions during the last decades. In some
of the nordic countries the ground has a high potential for radon
exhalation and in Sweden we also have used a building material
containing a higher concentration of Ra-226 than usual building
materials. These conditions give a rather high concentration of
radon indoors and is therefore easy to measure. Increases will also
be higher resulting in more severe health effects than in regions
with low concentration of Ra-226 in the building materials or in the
ground. In Sweden measurements of the radon concentrations in homes
were made in the 1980s and was studied also in the 1950s: two
studies, which are possible to compare.

0097-6156/87/0331-0084$06.00/0

© 1987 American Chemical Society

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch007

7. SWEDJEMARK ET AL. Radon Levels in Swedish Homes 85

Measuring methods

The equipment

For the country-wide study 1980-82 we used integrating instruments.
Applying the ideas from the Environmental Laboratory in New York
(Breslin and George, 1979) the radon group at our laboratory de-
signed and built passive radon monitors named Integrating Radon
Measuring Apparatus (IRMA) based on thermoluminescence dosemeters,
TLD (Burén et al, 1982). The devices were calibrated during every
summer period in our radon chamber No I (Falk, et al, 1982;
Swedjemark, 1985) when the country-wide investigation was carried
out. The standard deviation of the measurement values between the
devices for a particular calibration period was fougd to be 5 -6 %
for radon concentrations between 100 and 3 800 Bgq/m™ . Humidity, 20 -
60 %, temperature, 18-26 oC and atmospheric pressure, 970 - 1 040
mbar, were not found to influence the calibration factors. The
calibrations were made with an ion chamber with an estimated overall
uncertainty of 10 % (1 s). This uncertainty includes that of the
calibration factor of which the proportion of the systematic uncer-
tainty is estimated to be small. The total uncertainty in a measure-
ment value can therefore be estimated to be well below 20 %. The
sensitivity of the dosemeters and the design of the instruments
result in a greater uncertaigty than that given above for radon
concentrations below 10 Bq/m~ according to statistical calculations.

In the studies performed by Hultqvist during the 1950s instan-
taneous sampling techniques were used. Equipment was designed by
Rolf Sievert for determining radon concentration in housing and was
described by Hultqvist (Hultqvist, 1956).

The instrument consisted of a portable measuring box and six
ion chambers. The air was sampled by pumping the air into the ion
chamber, which was then closed. When radioactive equilibrium was
obtained between the radon and radon daughters in the chamber, a
known potential difference was applied between the outer surface of
the ion chamber and the central electrode. The charge obtained due
to the ionization was collected on the central electrode and was
measured as a change in the potential difference with an electro-
meter tube. This charge was directly proportional to the radon
equivalent content when the exposure time was known. The air sampled
in the ion chambers contained both Rn-222 and Rn-220 (Tn) together
with their decay products. The results, therefore, depend on the
actual combination of these two gases with decay products and was
called radon equivalent content.

The variations in the background, the sensitivity to moisture,
the alpha activity of the chamber itself and the influence of recom-
bination were discussed by Hultqvist. The standard deviation due to
counting statistics was estimated to be about 3 % (in a few measure-
ments 6 %). The calibration was made by counting each alpha particle
by a proportional counter specially designed at the Department for
this purpose. The statistical uncertainty of the calibration of the
equivalent radon concentration was estimated to be 12 %.

The actlvity originating from the thoron series was seldom
found to be sufficient to allow evaluation by analysis of a disin-
tegration curve recorded with the ion chamber. The possible thoron
contribution was investigated with a corona filter and was found to
be small compared with the radon concentration.
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For the two studies compared in this paper, different measuring
methods have been used. However, the systematic difference between
the results from the two types of equipment can be estimated to be
less than 20 %.

Sampling of the dwellings

The selection of the 1980-82 measurements (Swedjemark and Mjodnes,
1984) was made on dwellings built before 1976 and with the aim of
determining dose distributions and the collective dose to the
Swedish population from the exposure of the short-lived radon decay
products. This was done by using the statistical selection made by
the National Institute for Building Research intended for an energy
study of the Swedish stock of houses. From a selection of 3 100
houses in 103 municipalities, 2 900 were inspected. The data was
found to be in substantial conformity with data from the land regis-
ter and the population census of 1975. For the study of the radon
concentration 752 dwellings were selected at random.

The dwellings in the 1955-56 study selected for gamma measure-
ments were built before 1946 and were located in 13 urban areas in
central Sweden. The radon measurements were made in four of these
areas, Stockholm, Norrképing, Katrineholm and Orebro. Most of the
dwellings were erected during the period 1925-1945. No distinction
was made between multi-family and detached houses. The ventilation
systems were of natural draught type in all houses as opposed to the
1980-82 investigation when many types of ventilation systems were in
use.

Sampling in the homes

At the 1980-82 study two instruments were placed in each dwelling
for two weeks, one in the living room and one in the bedroom. The
dwellings were inspected, the gamma radiation was measured and the
participants were asked to answer a questionnaire. The inhabitants
were asked to live as usual.

In the 1955-56 study the radon measurements were usually taken
in the living rooms. The gamma measurements were made in several
rooms. All samples were taken before noon. With regard to the venti-
lation, the houses were divided into two groups; one termed "venti-
lated", where the dwelling had been aired one or two hours before
the measurements. The dwellings in the group named "unventilated"
had not been aired since the day prior to the measurements.

In this comparison both ventilation groups have been used. That
seems to be correct because applying correction factors for weather-
ing, 0.9, (Swedjemark, 1978 and 1985) on the "unventilated" dwel-
lings gave the same average for this group as for the uncorrected
average for the whole group of studied dwellings according to Table
I.

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch007

7. SWEDJEMARK ET AL. Radon Levels in Swedish Homes 87

Table I. Measurements of radon concentration in air in four
towns in Central Sweden at the beginning of the
1950s in houses built before 1946 (Hultqvist, 1956)

3

Radon concentration,a) Bq/m
Unaireg) Aired o) Weighted
houses houses average

Wood 15.2 15.5 15.2

Brick 47 .4 26.0 40.0

Aerated concrete

based on alum shale 133 67.0 116

a)

1 Bq/m> =~ 0.027 pCi/liter.
b) No thorough airing was carried out since the day before
the measurement.

<) Dwellings were aired the morning before the sampling.

Results
Frequency distributions

Fig 1 shows the frequency distributions of the radon concentrations
weighted for the proportion of houses of different types in order to
give the whole number of dwellings in the country. The results from
the 1980-82 study are shown in Fig 1 a and from the 1955-56 study in
Fig 1 b. When comparing these distributions the higher average of
the 1980-82 study is obvious. Possible reasons and the magnitude of
the increase will be discussed in the following.

Low - intermediate - high radon levels

The material from the 1980-82 study has been divided in three inter-
vals of the radon concentrations in order to see differences and
similarities between the levels.

(1) The majority of dwellings are, found in the group with radon
concentrations below 150 Bq/m~. In this group new multi-
family houses and detached houses with mechanical ventilation
are found. Also detached houses built during the period 1920-
50 are found in this group.

(ii) The integmediate group with radon concentrations of 150 -
600 Bq/m~ was dominated by detached houses built between 1950
and 1975 and multi-family houses with a considerable content
of alum-shale-based aerated concrete.

(iii) The group with radon concentrations above 600 Bq/m3 contains
only about ten dwellings and is very disparate. Most of them,
however, are found on ground with exposure rates above 30 pR/h
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Figure la. Distribution of radon concentrations in the Swedish
dwelling stock 1975. Indicated in the figure are also three
values exceeding 1000 Bq/m3 (1312, 1537 and 3306 Bq/m3).
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Figure lb. Distribution of radon concentrations in the Swedish
dwelling stock 1950. ’
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according to maps made from gamma measurements carried out by
air planes (Wilson, 1984). Furthermore, a couple of these
dwellings have walls with gamma exposures above 100 UR/h mea-
sured one centimeter from the surface. About half of these
houses were built before 1900. The ground would be the most
probable radon source in these old houses because when they
were built no concrete slabs were used. The basement floors
usually consisted of gravel or laid stomes, which does not
prevent the radon gas inflow from the soil. This inflow may be
very high if the air pressure indoors is made low compared to
the air pressure in the soil air and the outdoor air. This is
the case when the inflow of fresh air to the house is limited
by the weather stripping around the windows etc.

Building periods

A comparison between the radon concentrations in houses built before
1946 in the 1980-82 study and in the 1955-56 study is possible to
carry out. About 60 % of the dwellings in the multi-family houses
were built after 1950. As far as this comparison is concerned it is
important to keep in mind that the samples were different in the two
studies for this period although the houses were built during the
same period. In a large number of these houses improvements had been
made before 1980-82. In many of them the windows had been fitted
with weather stripping. The energy crisis in 1973-74 has probably
hastened a selective demolishment of older houses. It is not pos-
sible to differ between detached and multi-family houses in the
1955-56 study because it was not at that time thought to be impor-
tant. Among the houses built before 1946 in the 1980-82 inves-
tigation 90 % of the detached buildings are made of wood. The
distributions of the dwellings in the 1980-82 study of all kinds of
building materials built before and from 1946 are shown in Fig 2 a
and 2 b. There is not only a higher average but also a large number
of houses with rather high radon concentrations in the houses built
before 1946.

A comparison between detached houses built before and after 1946
in the 1980-82 study shows a larger spread of the concentrations
during the later building period. There are many reasons for this

(1) Higher amounts of more active building materials have been
used since the 1940s. More stone-based materials have been
used in all parts of the country, particularly in multi-family
houses but also in detached houses. Alum-shale-based aerated
concrete constituted about 50 % of the building materials used
during a part of the period. Its activity concentration
weighted for the production rate of the different factories
has been shown to have increased (Swedjemark, 1978).

(ii) The air change rates were reduced to save energy resulting in
higher radon concentrations indoors (Swedjemark, 1978). The
energy saving techniques were improved during the 1970s.

(iii) Holes around tubes for water and drainage in the bottom slab
were required by many local building authorities during the
1960s. The reason for this was that plastics entered the scene
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Figure 2a. Distribution of radon concentrations in houses built
before 1946. 1Indicated in the figure is the value exceeding
1000 Bq/m3, 1537 Bq/m3.
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Figure 2b. Distribution of radon concentrations in houses built

after 1945. 1Indicated in the figure are also two values
exceeding 1000 Bq/m3, 1312 and 3306 Bq/m3.
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as a building material in the water and drain installations
and also the large temperature gradients which could occur
between the bottom slab and the tubes during the different
seasons. Installation of drainage systems are since 1970
controlled by central regulations and the type of installation
mentioned above is not made today.

(iv) The low air pressure indoors compared with the pressure in the
soil air and outdoors probably increased due to the decreasing
of outdoor air supply in order to save energy resulting in a
higher inflow of soil air.

Another difference between the 1950s and the 1980s is that people
now live in other types of houses. 70 % of the population lived in
wooden houses in 1950 compared with 40 % today. 3 % lived in houses
built of aerated concrete based on alum-shale, in 1950. In 1980 the
figure was about 10 %. These differences are also an indication on
an increased collective radon concentration during the period.

The ground and the building materials

During the late 1970s there was a growing awareness of the impor-
tance of the ground as regards to radon concentrations in buildings.
A number of municipalities were found to be situated in areas where
problems could occur. Surveys of dwellings with high radon levels
were performed by the local boards of health. Today it is assumed
that approximately 10 % of the Swedish ground necessitate special
arrangements for protection against penetrating radon. All towns
where radon measurements took place in the 1950s have such areas.
Therefore it is reasonable to compare the 1955-56 study not only to
the country-wide 1980-82 study but also to those buildings in the
1980-82 study which were situated in the same areas as in the 1955-
56 study.

(1) Wood has been the most common building material in the largest
part of Sweden for many centuries. A study of the radon con-
centrations in these buildings may give a good understanding
of how building techniques have influenced the concentrations
in general. The frequency distribution results both for the
1955-56 study and for detached houses in the corresponding
municipalities in the measurements from 1980-82 show many low
but also many rather high levels with higher values for the
later study. The enhanced levels are mostly caused by inflow
from the ground.

(ii) For detached houses built of concrete and of brick the tenden—
cies in the comparison are the same as for the wooden houses.
Often some parts of these houses have been built of aerated
concrete based on alum shale. About 10 % of the detached
houses of today have parts of this material. For the multi-
family dwellings the corresponding value is 35 %. In the 1980-
82 study it was not possible to divide between sand-based and
alum-shale-based aerated concrete at sampling. All aerated
concrete for which the gamma exposure one cm from the wall was
above 40 pR/h was classified as alum-shale-based aerated
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concrete. The highest value measured in the 1980-82 study was
in a house of alum-shale-based aerated concrete built on
ground with high potential radon exhalation.

(iii) A good illustration of how the activity concentrations in the
building materials have increased since the 1950s is the
results of the country-wide study of gamma radiation in the
Swedish dwellings (Mjones, 1982). The average exposure was
found to have increased by a factor of two since the 1950s
(Mjbnes, 1986). The gamma radiation from the building mate-
rials reflects also other radioactive nuclides than the U-238
chain, but in Swedish building materials high concentrations
of the Th-232 chain is not common (Mdre, 1985). The increase of
the gamma radiation is therefore an indication also of an
increase in radon concentration.

Comparison of averages

Table II shows that the average radon concentrations have increased
by several factors compared with the 1955-56 measurements for all
the building materials. The average, weighted for the population,
was found to have increased by a factor of four to six. Here we must
keep in mind that the ground in the four municipalities investigated
in 1955-56 has a potential for high radon exhalation compared to the
whole country. No dwellings with extremely high radon concentration
were found however. A contributing reason for this may be the diffe-
rencies of the buildings and the habits of the inhabitants now and
then. Doors and openings to cellars were by that time always closed
thereby preventing direct inlet of radon from the ground.

3
Table II. Arithmetic means of the radon concentration in Bq/m

Homes in Building stock 1975
houses built The whole The same four
before 1946 country municipalities
four munici- as in the 1952556
palities investigation

Wood 15.2 100 131

Concrete-brick 40 70 178

Aerated concrete

based on alum shale 116b) 237 18%)

Average 24 101 158

a)

The borders of the municipalities have been changed since 1956
so that the regions are not quite comparable.

b) These averages are weighted for the proportion of houses built

of different building materials in the whole country, not for the
four municipalities. There are differences in these proportions
between parts of the country.
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Discussion

Radon increase in Swedish homes

The probabilities for an increase in radon concentration in
Swedish homes between the 1950s and the 1980s are based on

(i) a comparison between the studies 1980-82 for the whole country
and 1955-56 for the four municipalities in both studies.

(ii) a comparison between the radon concentration intervals in the
1980-82 study.

(iii) a comparison between the houses built before and after 1946 in
the 1980-82 study and between the houses in the 1955-56 study.

(iv) the development of the building materials and soil conditions.

All these comparisons support the hypothesis of an increase. The
arithmetic means and thereby the collective doses seem to have
increased by about a factor of four to six. If the aerated concrete
based on alum-shale had not been used, the country-wide average has
been estimated to be 30 % lower (Swedjemark 1985).

Here we have only discussed the concentration of the radon gas.
This is because the measurements have been made of this nuclide.
However, the health effects are referred to the short-lived decay
products. The equilibrium factor depends on the ventilation rate and
the particle concentrations.

The probability that the F-factors for Swedish dwellings
within the intervals given below are 95 % calculated from the t-
distribution based on the measurements of the day-time radon and
radon daughter levels and the air exchange rates ()A_) in 225 dwel-
lings (Swedjemark 1983) during the 1970s. Night-time measurements
may give a higher F-factor.

Low air exchapge rate 0.28 < F ¢ 0.74 F = 0.51
(A < 0.30 h

v
Average air exchange, rate 0.21 < F < 0.66 F = 0.43
(0.30 < AV < 0.60 h
High air exch?nge rate 0.21 < F < 0.47 F = 0.33
(A_>0.60 h ")

v
All air exchange rates 0.19 < F < 0.69 F = 0.44

The ventilation rate has decreased since the 1950s indicating a
higher equilibrium factor and thereby a higher radon daughter in-
crease since the 1950s than the increase of the radon gas concentra-
tion. How the particle concentrations have changed is not known.

Consequencies involving detriment to health are not discussed
in this paper.
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Comparison with other countries

In no other countries measurements of radon or radon daughter con-
centrations have been carried out in the fifties and the sixties.
There are, however, indications that radon concentrations generally
have increased in houses in temperate regions during the last
decades. To save energy the air change rates have been decreased and
for houses in which the major radon source is the building materials
this gives an approximate inverse proportional enhancement of the
radon concentration. Tightening of windows and closing of inflow
ducts reduce the air pressure indoors in comparison with the air
pressure outdoors and in the soil air with an increased suction of
soil air into the house as a result. This increase of the radon
concentration may be very high especially for houses with a bad bar-
rier or without a barrier between house and soil, which is especial-
ly common in old houses.

Energy-efficient houses have been shown to have higher radon
concentrations than others. In the Netherlands, for example, rooms
with double-glazed windows were found to have radon concentrations
twice as high as those in rooms with single-pane windows (Wolfs et
al, 1984). New York energy-efficient houses with heat storage masses
had radon concentrations 1.6 times those for conventional homes
(Fleischer and Turner, 1984) and in Sweden the same enhancement in
radon concentration is found (Nyblom, 1980).

Trends

In Sweden, requirements on future building (Swedjemark, 1986) and
the limits for existing dwellings will result in lower radon
daughter concentrations in homes and to some part it already has.
For the collective dose, however, the decrease will be very slow
because of the low building rate compared with the housing stock. It
has been estimated thaE the average for the Swedish radon daughter
concentration, 50 Bq/m~ EER, may be decreased to half that value
after about 100 years, if the requirements mentioned above are
fulfilled.

In most other countries regulations or recommendations for a
decrease of the radon daughter concentrations in homes have not been
established. In USA and Canada limits have been given only for
special cases, for example building on waste from uranium and
phosphate industries (Atomic Energy Control Board, 1977; EPA, 1979;
EPA, 1980). In Finland, there are general recommendations for homes
(Finnish Radon Commission, 1982).

A number of organizations are now working with or have submit-
ted recommendations regarding radon daughter concentrations in
homes. Examples are the International Commission on Radiological
Protection (ICRP Publication 39, 1984), the World Health Organiza-
tion and the Nordic countries (The National Radiation Protection
Authorities in the Nordic Countries, 1986). In several countries
regulations are being discussed. Therefore, the radon daughter con-
centrations in homes may decrease in the future.

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch007

7. SWEDJEMARK ET AL. Radon Levels in Swedish Homes 95

References

Atomic Energy Control Board, Criteria for radioactive clean-up in
Canada, Information bulletin 77-2 (1977).

Breslin, A.J. and George, A.C., An Improved Time-Integrating Radon
Monitor, Proceedings of the NEA specialist meeting, Paris Nov 1978,
pp. 133-137, OECD/NEA (1979).

Buren, A., Hakansson, B., Mjdnes, L., Moére, H., Nyblom, L. and
Wennberg, P., An integrating radon monitor, Report a 82-06, National
Institute of Radiation Protection, Stockholm (1982).

EPA 79 Federal Register, 44: 128, pp. 38665, Recommendations to
State of Florida regarding Florida phosphate lands. Environmental
Protection Agency, Washington DC, US (July 2, 1979).

EPA 80 Federal Register, 45: 79, pp. 87374-5. Environmental Protec-
tion Agency, Washington DC, US (April 22, 1980).

Falk, R., Hagberg, N., Hakansson, B., Nyblom, L. and Swedjemark,
G.A., Calibration, Radon and Radon Daughters in Air, Report a 82-22,
National Institute of Radiation Protection, Stockholm (1982) (in
Swedish).

Finnish Radon Commission, Final Report 1982, Finnish Centre for
Radiation and Nuclear Safety, Helsinki (in Finnish).

Fleischer, R.L. and Turner, L.G., Indoor radon measurements in the
New York capital district, Health Phys, 46: 5, pp. 999-1011,
(1984).

Hultqvist, B., Studies on naturally occurring ionizing radiations
with special reference to radiation doses in Swedish houses of
various types, Kungl. Svenska Vetenskapsakademins handlingar, Ser 4,
Band 6, Nr 3, Stockholm, Sweden (1956).

ICRP Publication 39: Principles for limiting exposure of the public
to natural sources of radiation. Annals of the ICRP, 14: 1,
Pergamon Press, (1984).

Mjdnes, L., Gamma radiation in Dwellings, Report a 81-18, National
Institute of Radiation Protection, Stockholm, (1981) (in Swedish).

Mjbnes, L., Gamma radiation in Swedish Dwellings (to be published in
Radiation Protection Dosimetry) (1986).

Moére, H.: Radionuclides in building materials, a summary of activity
concentrations in samples investigated at the National Institute of

Radiation Protection, Report 85-08, National Institute of Radiation

Protection, Stockholm (1985) (in Swedish).

Nyblom, L., Radon in the air in buildings, where heat accumulating
is made in a stone mass, Report Ri 1980-03, Department of Radiation
Physics, Karolinska Institute, Stockholm, Sweden (1980) (in Swedish).

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch007

96 RADON AND ITS DECAY PRODUCTS

Swedjemark, G.A., Radon in dwellings in Sweden, in Proceedings from
Natural Radiation Environment III, Texas 1978 (Ed Gesell, T.F. and
Lowder, W.M.), CONF-780422, pp. 1237-1259 (1980).

Swedjemark, G.A., The equilibrium factor F, Health Physics, 45:
2, pp. 453-462 (1983).

Swedjemark, G.A. and Mjbnes, L.: Exposure of the Swedish population
to radon daughters, in Proceedings of the 3rd International Confe-

rence on Indoor Air Quality and Climate, Stockholm, 1984, 2,

pp. 37-43, Swedish Council for Building Research, Stockholm (1984).

Swedjemark, G.A., Radon and its decay products in housing - estima-
tion of the radon daughter exposure to the Swedish population and
methods for evaluation of the uncertainties in annual averages,
Thesis, Department of Radiation Physics, University of Stockholm
(1985).

Swedjemark, G.A., Limitation schemes to decrease the radon daughters
in indoor air, Report 86-01, National Institute of Radiation Protec-
tion, Stockholm (1986).

Wilson, C., Mapping the radon risk of our environment, in Procee-
dings of the 3rd International Conference on Indoor Air Quality and
Climate, Stockholm, 1984, 2, pp. 85-89, Swedish Council for
Building Research, Stockholm (1984).

Wolfs, F., Hofstede, H., deMeijer, R.J. and Put, L.W., Measurements
of radon-daughter concentrations in and around dwellings in the
northern part of the Netherlands: a search for the influences of
building materials costruction and ventilation. Health Phys, 47:

2, pp. 271-279 (1984).

RECEIVED August 4, 1986

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch008

Chapter 8

Indoor Radon Measurements in Finland:
A Status Report

O. Castrén, 1. Mikeldinen, K. Winqyvist, and A. Voutilainen

Finnish Centre for Radiation and Nuclear Safety, P.O. Box 268, SF-00101 Helsinki,
Finland

Large-scale surveys indicate that the mean indoor
radon concentration in Finnish dwellings is about
90 Bq/m3. The percentages of concentrations excee-
ding 200, 400, 800 and 2,000 Bq/m3 are 11, 3.9, 1.4
and 0.5 per cent, respectively. An updated version
of the geographical distribution is presented.
Sampling and data processing methods as well as the
reasons for high concentrations are discussed.

Radon in indoor air is the main source of radiation exposure for
the population of Finland. During the second half of the seventi-
es, radon-rich tap water was thought to be the biggest source of
radon in Finnish dwellings (Castrén et al.,1977, Castrén 1978).
However, simultaneously with surveys in many other countries, large-
scale surveys in Finland clearly demonstrated that a direct influx
from the ground to the dwelling is responsible for the largest
proportion of the radiation and for the highest radon levels in
Finnish dwellings (Castrén et al.,1984, 1985).

The Finnish Centre for Radiation and Nuclear Safety is conti-
nuously conducting indoor radon surveys of dwellings. Already,
the results from about 4500 houses are in our data register, and
the number will be doubled this year. The present paper gives some
new results of analyses of our data, an updated version of the
previously published map of geographical distribution, and some of
the principles of our monitoring strategy.

Methods

The radon measurements were performed with solid state nuclear track
dosimeters. Up to 1984 we used open Kodak LR-115 dosimeters (Mike-
ldinen, 1984), and thereafter electrochemically etched Makrofol
polycarbonate sealed in a plastic cup (M#keldinen, 1986). Normally
we use an integrating time of two months to reduce the variations
due to changes in the weather. The necessity of a long integrating
period is demonstrated by Figure 1, which shows the temporal varia-
tion in a typical high-concentration house. The dosimeters are
calibrated in a controlled radon atmosphere in our laboratory and
the calibration has been checked by international intercomparison.
Simultaneous measurements have been made in some of the houses using
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different techniques and have normally been in accordance with each
other (Figure 1).

The sometimes very large seasonal variation has also been cor-
rected for. At least one measurement is supposed to be made in
winter (November-March). The correction is based on the knowledge
of typical winter-summer concentration ratios as shown in Figure 2.

Sampling is one of the key problems in conducting a nation-wide
survey. We think a truly random sampling procedure would increase
the cost and thus reduce the number of samples too much. The houses
to be measured were thus selected by the person distributing the
dosimeters, who tried to distribute them randomly over a given area.
In most cases the area was a municipality. The municipalities were
selected so as to cover the whole country evenly.

In constructing a distribution representative of the whole
country, we divided the c¢ountry into zones so that each zone was
as homogeneous as possible with respect to the mean radon concent-
ration of the municipalities. In the first analyses the results
for each zone were simply pooled. Population-weighting was used
when the zonal distributions were combined into a distribution for
the whole country. Later on we also used population-weighting when
combining the municipal distributions. The procedure is analogous
to a stratified random sampling in which the strata are defined on
the basis of the results. This sampling method makes it possible
to improve the accuracy by measuring more houses in zones in which
the concentrations are higher.

Results

Using the procedure described above we have constructed a distribu-
tion estimate for the concentrations in detached houses. When the
dwellings in multi-family houses are taken into account, we have
had to base our estimates on measurements in only 142 dwellings

in 15 towns. Thus, our present estimate of the mean indoor radon
concentration in Finland, 90 Bq/m3, is still subject to revision.

According to the present data, it is estimated that the per-
centages of dwellings exceeding 200, 400, 800 and 2,000 Bq/m3 are
11, 3.9, 1.4, and 0.5 per cent, respectively. There may also be
concentrations exceeding 4,000 Bgq/m3 in 0.01 - 0.1 per cent of
the dwellings. The scarcity of data for multi-family houses does
not disturb these estimates too much because most concentrations
higher than 200 Bq/m3 are found in detached houses.

The geographical distribution is shown on a map which is updated
by adding new localities or by changing the results for previous
ones, if necessary. The latest updated map is shown in Figure 3.

A more detailed study of the geographical distribution in a high-
radon area was made in nine municipalities in the winter 1984-85
(Castrén et al.,1985). A second study, consisting of more than
3,000 houses in 32 municipalities will be completed in 1986.

Reasons for high concentrations

The main parameters determining the indoor radon concentration in
detached houses are the effective radium concentration (product of
the radium concentration and the emanation factor) and the permea-
bility of the ground. The effects of other factors are not so easy
to ascertain from the existing data.

The geographical distribution of the external gamma background

(Figure 4) shows sonlxﬁ R%ggﬁ'gr} It%g' relcav{/ gdlfc}tlse;: l_&)r{l)ﬂglog; radon measurements.
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Figure 1. Variations in the hourly mean alpha-energy concentra-
tion during an integrating radon gas measurement of three weeks.

The alpha-energy concentration calculated from the radon level

(4860 Bq/m3) and the typical equilibrium factor (0.45) is also

given.
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Figure 3. Radon concentration in the indoor air of detached hou-
ses. The size of the symbol indicates the magnitude of the local
geometric mean. Measurements have been made in about 4,450
houses in 183 localities.
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Figure 4. The distribution of the external gamma dose rate from
measurements on Finnish roads (Lemmel#, 1984).
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The same is true of the geographical distribution of the

uranium concentration in glacial till, the most common soil type
in Finland (Geological Survey of Finland, 1985). The sometimes

very large effect of ground permeability is the main reason that
the details of the radon concentration distribution differ from

the distribution of other radiation parameters.

There is a very large seasonal variation in the houses with
the highest concentrations. The appreciably higher concentrations
in winter in these houses cannot be explained by lower ventilation
rates. The ventilation rate in many such houses tends to be higher
in winter. Therefore, the soil air influx caused by the stack effect
in winter must be so much larger than it is in the summer that it
overrides the effects of the higher ventilation rates. In general,
the temporal and local concentration variations in this type of
house are very large, and instantaneous values several times higher
than the annual average can be measured. Theoretical models of the
temporal variation of radon concentration in Finnish houses have
also been developed in our laboratory (Arvela and Wingvist, 1986).
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Chapter 9

Concentrations in Dwellings in the United Kingdom

K. D. Cliff, A. D. Wrixon, B. M. R. Green, and J. C. H. Miles

National Radiological Protection Board, Chilton, Didcot, Oxfordshire OX11 0RQ,
United Kingdom

A survey of the radon concentrations in a representat-
ive sample of more than 2000 dwellings in the UK has
been completed and provisional results are now avail-
able. On average, concentrations are 29% lower in
bedrooms than in living areas. The mean radon concen-—
tration weighted for room occupancy is 22 Bq m°.
Assuming an equilibrium factor of 0.35 and a mean
occupancy of 75%, the mean annual exposure in UK homes
is assessed as 0.08 Working Level Months (WLM) and the
mean annual effective dose equivalent as 0.43 mSv.

Special surveys have been made in small areas
where geological conditions indicated high indoor radon
concentrations. These suggest that there is a small
number of dwellings in the UK in which the average
radon concentration may exceed 1250 Bq m™?, correspond-
ing to an annual dose of 25 mSv.

The average annual effective dose equivalent received by a member of
the UK population is currently estimated to be 2150 uSv. Of this
total, 87% arises from exposure to radiation of natural origin, the
largest single contributor being inhalation of the short-lived decay
products of radon. This exposure occurs predominantly in the home.

A preliminary study of the concentrations of radon
decay-products in UK dwellings demonstrated the wide range of
exposures from this source (Cliff, 1978a). Cosmic ray exposures vary
by about 10% either side of the mean and terrestrial gamma dose rates
by a factor slightly higher than three about the mean. In contrast,
the range of exposures to radon decay-products in dwellings spanned
more than two orders of magnitude. This preliminary study
concentrated on dwellings in the major population centres of the UK
and no attempt was made to ensure that the sample represented the
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entire UK housing stock. To provide more representative data, a
national survey was initiated in 1982.

Design of the national survey

The national survey was designed to include about 2000 dwellings from
a UK housing stock of about 20 million. Although such a sample is
relatively small, it is adequate provided that selection is made
properly. A representative sample of about 13,000 addresses was
obtained from the postal address files held bg British Telecom. This
was done by selecting systematically every nt address, where n is
the total number of addresses divided by the required sample size.
This samplﬁ was divided systematically into 26 sub-samples by taking,
for the m® sub-sample, addresses numbered m + 26x, where x is an
integer from O to 496. The sub-samples were selected
representatively until the required 2000 or so houses had been
obtained. Each sub-sample was exhausted before proceeding to the
next (Wrixon et al., 1984).

The preliminary survey had been carried out using mechanical air
samplers with gross alpha-particle counting. The national survey was
conducted using passive radon gas detectors distributed and returned
by post. The detectors consisted of two discs of diethylene glycol
bis(allyl carbonate) polymer (CR-39), separated by a spacer and
enclosed in a plastic pot, 3 cm in diameter and 3 cm high (Miles and
Dew, 1982). The lid of the pot does not provide an air-tight seal,
but is sufficiently close fitting to exclude radon decay-products and
dust. The response of these detectors is proportional to the average
radon concentration over the exposure period. Detectors were issued
for exposure in the main living area and in the main bedroom of each
dwelling. Exposures were for a period of six months, followed
immediately by the exposure of replacement detectors for the next six
month period. This permitted seasonal variations in the radon
concentration to be indicated. At the completion of the survey
period, the occupier of the dwelling was requested to complete a
questionnaire from which information about the type of dwelling and
the living habits was obtained. The national survey was completed in
1985 and a full analysis of the results is being performed. The
results presented here are still therefore provisional, but it is not
expected that the final outcome will differ significantly.

Local surveys

The national survey was designed to provide a realistic estimate of
the exposure of the UK population to radon decay-products. Thus the
estimate is weighted towards the exposure received in cities and
towns. Many of these are situated in areas of sedimentary geology,
where exposures to radon decay-products are generally low. Some
areas of the UK were identified from geological data as likely to
have high indoor radon concentrations. These areas have above
average concentrations of natural radionuclides in the ground, for
example, because of the presence of igneous rocks or uraniferous
shale. Detailed local surveys of more than 800 dwellings were
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undertaken. These localities were generally small areas within
larger administrative units of the UK. Thus, the results obtained
from the local surveys within a county such as Cornwall are not
typical of the housing stock of Cornwall as a whole.

In the local surveys the concentration of radon decay-products
in room air and in outside air was determined using a Radon Decay
Products Monitor. This utilises gross alpha—counting of activity
collected on a filter during and after air sampling (Cliff, 1978b).
The concentrations of the thoron decay-products (2'2Pb and 2'?Bi)
were also measured using this instrument. Measurements were
generally confined to one ground floor room with the door closed.
One window was opened to its first fixed position to ensure that
ventilation was predominantly between the room and the outside.
Ventilation rates were measured using nitrous oxide as a tracer gas
by monitoring the reduction in concentration over time with an
infra-red gas analyser. The radon gas concentration was measured
using a scintillation cell system. After surveying each dwelling by
active sampling methods, passive radon gas detectors were left behind
to be exposed under similar conditions to those of the national
survey. Provided ventilation is solely between the room being
studied and the outside, the radon source term, K, for the room can
be determined (Cliff, 1978a).

K=3j (1+0.0748j) (C; - Co) Bqm™® h!
where j is the ventilation rate, h™?!

C; is the concentration of 2!®Po in room air, Bq m~
Co is the concentration of 2!®Po in outside air, Bq m~

3
3

Results

For the national survey, a total of 2519 householders agreed to
participate, representing a positive response rate of just over 50%
Approximately 11% of the initial participants failed to complete a
full year of monitoring because of moving house or for other reasons.
Results are therefore available for 2240 dwellings. Initial analysis
of the distribution of dwellings by type and by age reveals a slight
bias in the sample towards detached and semi-detached houses at the
expense of terraced houses and dwellings in multi-occupancy buildings
when compared with national statistics (OPCS, 1984). The comparative
figures are given in Table 1, which also shows a similar bias with
respect to age of dwelling. The bias with age is correlated with
that according to type, as terraced houses are predominantly older
and detached dwellings newer in the UK. These results will be
reviewed and any distortions resulting from bias will be corrected
for the final assessment.

An equilibrium factor of 0.35, derived from measurements made
during the local surveys, has been assumed to typify conditions in UK
dwellings. This value has been used to convert the average radon
concentrations measured in the national survey to potential
alpha-energy concentration of radon decay-products. On average,
persons in the UK spend 75% of their time in their homes and 15% of
their time elsewhere indoors (Brown, 1983). The occupancy factor of
0.75, together with an equilibrium factor of 0.35, results in an
annual exposure of 1.3 10°% J h m™® (0.0037 Working Level Months,
WLM) for an average indoor radon concentration of 1 Bq m™?
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Results from the national survey reveal a significant difference
between the average radon concentrations in the living area and that
in the bedroom. The ratio of the living room concentration to that
in the bedroom has a mean value for the UK of 1.4. However, the
ratio varies according to area, from 1.2 in London to 1.8 in
Aberdeen. On average persons in the UK spend about 34% of their time
in the living room and 41% in the bedroom (Brown, 1983). Using these
figures and the mean ratio of the living room concentration to the
bedroom concentration given above, the average annual exposure can be
calculated. Table 2 presents the average annual exposure to radon
decay-products in UK dwellings, as determined by the national survey.
The overall value for the UK is given, together with a selection of
results for cities and counties.

Table 2 includes the capital cities of the four countries
comprising the UK: Belfast (Northern Ireland), Cardiff (Wales),
Edinburgh (Scotland) and London (England). Because of the small
sample size in some areas, generalisations from Table 2 may not be
valid.

The average exposures in dwellings in London are lower than the
national mean, but those in south-west England (Devon and Cornwall)
are appreciably greater than the national mean. The latter case
reflects the local uranium mineralisation. Aberdeen, a city in which
the majority of buildings are constructed from granite, has long been
regarded as the city having the highest radiation levels in the UK.
However, the national survey indicates that exposures to radon
decay-products in Aberdeen are, if anything, below the national
average. The reasons for the comparatively low concentrations of
indoor radon in Aberdeen are not entirely clear, but there are some
possible causes: low permeability of the granite; sealing of the
ground below the underfloor ventilated space; good underfloor
ventilation.

The parameters of the frequency distributions of radon
decay-product exposure are given in Table 3. This table combines the
UK data from the national survey with those from local surveys. For
the local surveys, the number of dwellings shown is fewer than the
number surveyed actively, because only those that completed the
follow-up passive survey have been included.

Figure 1 shows the distribution of average radon concentrations
in dwellings throughout the UK averaged over 100 km squares. As seen
from the national survey, exposures to radon decay-products in
south-west England are, on average, about four times the national
mean. The local surveys, concentrating on relatively small areas
within the counties of Devon and Cornwall indicate average exposures
that are 15 times the national mean. Figure 2 shows, in histogram
from, the distribution of average radon concentrations in the living
areas of dwellings in the UK, as measured in the national survey and
in the local survey of selected parts of Cornwall.

Discussion

In order to compare exposures to radon decay-products with those to
other forms of ionising radiation, it is useful to assess the

effective dose equivalent expressed in sieverts (Sv). A conversion
coefficient of 15 Sv per J h m™®, equivalent to 5.5 mSv per WLM, has
been recommended (UNSCEAR, 1982). With this conversion factor, the
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Table I. Representativeness of the national sample

By type of dwelling. By age of dwelling.
Sample size 2199%* Sample size 1892%
Type National Sample Date of National Sample

% % construction % %

Detached house 17 24 pre 1919 25 22

Semi-detached house 31 39 1919-1944 25 24

Terraced house 32 24 1945-1964 26 26

Purpose-built flat 14 9 post 1965 24 28

Converted flats 5 3

Others 1 1

* Only those dwellings for which the relevant answers to the
questionnaire had been given are included

Table II. Annual average exposure to radon decay-products in
UK dwellings from the national survey

Place Number of Annual exposure
dwellings WLM
UK 2240 0.078
Aberdeen 16 0.059
Belfast 5 0.040
Birmingham 55 0.048
Cardiff 31 0.077
Edinburgh 32 0.053
Glasgow 28 0.042
London 255 0.053
Liverpool 53 0.042
Manchester 39 0.037
Newcastle 56 0.042
Sheffield 47 0.11
Devon & Cornwall 61 0.29
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Table III. Annual exposures to the decay-products of radon
in UK dwellings, WLM

Parameter UK Cornwall* Devon* Uplands®** Scotland*¥%*

Dwellings surveyed 2240 250 140 140 150
Arithmetic mean, WLM 0.078 1.2 1.1 0.38 0.20
Geometric mean, WLM 0.049 0.64 0.56 0.17 0.11
Geometric SD 2.2 3.0 3.0 3.4 2.7
95% fractile, WLM 0.2 3.8 2.9 1.1 0.67
99% fractile, WLM 0.3 8.4 6.4 2.7 1.4

* Local surveys of potentially high houses.
*% Parts of Yorkshire and Derbyshire.
%*%¥% Parts of Dumfries and Galloway, Grampian and Highlands.

average annual effective dose equivalent received at home by a member
of the UK public from radon decay-products is 0.43 mSv.

This value of 0.43 mSv for the average annual effective dose
equivalent for the UK as a whole is somewhat lower than the currently
used value of 0.70 mSv (Roberts and Hughes, 1984). The difference
arises partly from taking into account the lower exposure in bedrooms
revealed in the national survey. Another reason is that no allowance
is made in this survey (Table 2) for exposure received during the 15%
of the time spent indoors at other locations nor while in the open.
In assessing total population dose it seems reasonable to assume that
the exposure rate during the residual 15% of time spent indoors is
the same as that received at home.

The average concentration of radon in outdoor air in the UK is
2.6 Bq m™®. Comprehensive data on the equilibrium factor in outdoor
air in the UK is not available. Assuming equilibrium, the average
exposure to radon decay products received by a member of the UK
population during the 10% of time spent in the open is 0.0036 WLM, an
annual effective dose equivalent of 0.02 mSv.

On the basis of a conversion coefficient of 5.5 mSv WLM™!,
occupants of the vast majority of dwellings in the UK receive annual
effective dose equivalents less than 2 mSv. Even in the areas
surveyed because of their potential for high radon exposures, the
annual effective dose equivalents are unlikely to exceed a few tens
of mSv. However, in certain areas of Cornwall and Devon, annual
effective dose equivalents higher than 25 mSv may be received in a
small percentage of dwellings. In some dwellings more than 50 mSv
per year may be received.

It is noted that the ICRP has assumed a higher conversion
coefficient between annual effective dose equivalent and radon
concentration (ICRP, 1984) in recommending an action level for
remedial measures in homes, i.e. 1 mSv y~' per 10 Bq m~? of
equilibrium equivalent radon gas concentration (9 mSv per WLM). If
this conversion coefficient were applied to our regional survey data,
we would estimate, from the distribution parameters given in table 3,
that about 15% of the residents of certain areas of Devon and
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Cornwall receive more than 25 mSv effective dose equivalent per
year.

The occurrence of high concentrations of radon decay-products in
some dwellings has led members of staff of the National Radiological
Protection Board to suggest a scheme to limit doses from this source
of exposure (0'Riordan et al., 1983). In these recommendations a
distinction is made between remedial action in existing dwellings and
a design level for new buildings. It was suggested that remedial
action should be undertaken in existing dwellings where the annual
effective dose equivalent might exceed 25 mSv. New dwellings should
be designed to ensure that the annual effective dose equivalent to
the occupants should not exceed 10 mSv. These suggestions were
broadly endorsed by the standing Royal Commission on Environmental
Pollution in its tenth report (RCEP, 1984).

Further consideration is being given by the National
Radiological Protection Board and the Department of the Environment
to the need for standards in the UK and to the means of implementing
them. A decision is likely to be made before the end of this year.
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Chapter 10

Population Doses in Ireland

J. P. McLaughlin
Physics Department, University College of Dublin, Belfield, Dublin 4, Ireland

Indoor air radon concentrations measured in a randomly
selected sample of 220 Irish houses have been found to
range from about 20 Bq/m3 to as high as 1740 Bq/m3 with

a median value of 61 Bq/m”. Using current dose estimation
methods the estimated effective dose equivalents due to
radon daughter inhalation in these houses are 1.6 mSv/year
(median value) and 46 mSv/year (maximum value).
Integrating alpha track based passive detectors, which
yield both a measurement of the mean radon concentration
and of the radon daughter equilibrium (F) in each house,
are being used in this national survey.

As part of the current Radiation Protection Research Programme of
the Commission of the European Communities (C.E.C) a national
survey of indoor radiation exposure in Ireland arising from natural
radiation is being carried out. Most of the effort in this survey
is being directed towards an assessment of the doses to the general
population arising from radon and its daughters. In this paper
unless otherwise stated the term"dose" is taken to refer to effec-
tive dose equivalent. The emphasis on radon has been adopted
because a pilot survey of 278 houses, in various parts of Ireland,
carried out during 1983-85 (McAulay and McLaughlin, 1980) revealed
that indoor doses from natural radiation were dominated by those
arising from radon daughter inhalation. In the pilot survey the
estimated median value of the effective dose equivalent from radon
daughters was about 1 mSv/y while that from penetrating radiation
(gamma plus cosmic) was about 0.6 mSv/y. The doses from penetrat-
ing radiation covered a relatively short range about the median
value from approximately 0.3 mSv/y to 1 mSv/y. Those from radon
daughters were found to cover a large range having a log normal
distribution with maximum value of 31.7 mSv/y. The corresponding
indoor radon concentrations ranged from 3 Bq/m’ to a maximum value
of about 1200 Bq/m>. Approximately 107 og the dwellings had a
radon concentration in excess of 100 Bq/m” and about 4% had greater
than 200 Bq/m”, It thus appears in Ireland that while mean values
of doses from radon daughters are likely to be low a small number
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of individual households in some areas may be receiving signific-
antly high doses. The results of the pilot survey also indicated
that indoor radon concentrations in Ireland are correlated with
the geological nature of the soil subjacent to a dwelling with
construction characteristics playing a subsidiary role. On the
basis of the findings of the pilot survey it was decided to carry
out a nationwide survey of indoor radon in a random manner.

The principal specific objectives of this study are:-

(i) to obtain a representative distribution of indoor radon
concentrations in Ireland.

(ii)  to ascertain the extent to which the radon concentrations
correlate with various parameters such as geological charac-
teristics, construction type, household energy usage etc.

(iii) to determine the magnitude of individual exposures and the
likely number of households in which exposures might be so
high as to justify the development of policies aimed at
exposure limitation or reduction.

Survey Structure

In the 1983-85 pilot survey about half of the 278 houses investig-
ated were chosen in selected areas of the country where uraniferous
deposits were known to exist. Within the selected areas the houses
were chosen at random. Because of the use of selected areas the
indoor radon concentration data suite obtained in the pilot survey
cannot be considered as representative of the country as a whole.
In the new national survey, in which it is planned to investigate
indoor radon concentrations in approximately 2000 households, the
households are being selected in a random manner and are thus
expected to yield data which is representative of the national
housing stock. The selection is being made in collaboration with
An Foras Forbartha (AFF), the National Institute for Physical
Planning and Construction Research, who are carrying out a C.E.C.
supported study of energy usage in Irish dwellings. Access to the
professional competence of the AFF in the housing construction
field and also to its housing energy usage study will be of
considerable advantage to the analysis phase of the indoor radon
survey.

The selection of households is being made as follows:— A list
of 3,000 names and addresses of voters has been chosen randomly by
computer from the national electoral register. This selection is
considered to be reasonably representative of the population
distribution in Ireland both on a geographical and on a social
category basis. Each selected voter is visited by an interviewer
from the AFF. Those agreeing to participate in the AFF house
energy study are then invited to participate in the indoor radon
survey. By the end of the 1985 over 1500 households had agreed to
participate in the radon survey. The magnitude of this figure
should be considered in the context of the population size which
is presently about 3.6 million for the Republic of Ireland.
Passive radon detectors for the participating households are both
dispatched and recovered by post. Each household is sent one
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detector together with instructions regarding placing it in the
house. Participants are requested to place the detector in the
principal bedroom or a living area of the home.

In this survey it is considered that an exposure time of about
six months is the optimum for a detector to be placed in a house.
It is a sufficiently long time to obtain a "representative"
measure of the indoor radon concentration in a dwelling. The small
number of dwellings found to have a mean radon concentration
greater than about 200 Bq/m” are sent a second detector for a
further six month period thereby obtaining a measure of the annual-
ised mean radon level in such houses.

Each household is requested to complete a detailed questionn-
aire. This is designed to obtain information regarding the house
and its occupants which is considered as relevant to an assessment
of the radiological impact of radon and its daughters on the house-
hold. The questions range from those on the age distribution and
smoking habits of the household to building construction type,
ventilation and energy conservation practices used. It is made
clear to each participating household that all such information
obtained and the measured value of the radon concentration will be
treated as strictly confidential and will be used only for
statistical purposes.

Measurement Techniques

The radon detectors used in both the pilot and the main survey are
of the passive time integrating alpha track plastic variety. In
the pilot study each detector consisted of a single piece of CR-39
alpha track plastic mounted inside a closed small plastic container
or cup. Alpha track visualisation and counting was by means of
chemical etching and optical microscopy. This CR-39 based type of
passive radon detector has the advantages of simplicity, reliability
and excellent alpha particle registration characteristics. In
common with most other similar passive detectors presently available
however, it only yields information on the mean radon concentration
during the exposure period. No information is obtainable from
these type of detectors on the degree of equilibrium existing
between radon and its short lived daughters in the indoor air of a
house. An accurate value of the degree of equilibrium or F factor
of the daughters is however of importance in estimating the dose to
members of a household where only the mean concentration of radon
is known. Here the equilibrium factor (F) is considered in respect
to potential alpha energy and is defined as the ratio of the
equilibrium equivalent radon concentration to the actual concentra-
tion of radon in the air. In the national surveys of indoor radon
being presently carried out in the European Community countries an
assumed value of F between 0.35 and 0.5 is being used for dose
estimation purposes. Some recent measurements in Germany (Keller
and Muth, 1985) have shown, for the houses investigated, that the

F factor ranged from 0.3 to 0.35. It should however be noted that
most F factor measurements given in the literature are based on
short time integrating instrumental measurements in a small number
of houses.

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch010

116 RADON AND ITS DECAY PRODUCTS

For houses in a survey found to have low radon concentrations
(say less than 100 Bq/m3) a lack of precise knowledge of the F
factor may not be important as the values of the estimated doses
will be towards the lower end of the dose distribution for any
value of F. From a dose assessment perspective an important problem
may arise due to a lack of knowledge of the F factor for houses with
a high radon concentration (several hundred Bq/m’ and upwards). It
is recognised that both the radon concentration and F factor values
in a house are complex functions of the radon source, building
characteristics, ventilation regimes, aerosol size distributions
etc. (Porstendorfer, 1984). It is however reasonable to expect for
similar houses in a given area that a general tendency may exist
for both the highest radon concentrations and highest F values to
be co-associated with low ventilation rates. The use of an
assumed mean F factor, of say 0.4, for such houses where the actual
F factor may be as high as 0.6 or greater may severely underestim -
ate the doses being received by the household. It is therefore of
some importance in population dose assessment that passive time
integrating detectors should be developed capable of measuring
simultaneously both the radon concentration and the radon daughter
F factor (i.e. some form of passive "Working Level" meter is requir-
ed). Investigations both experimental and theoretical, have been
made in Poland (Domanski et al., 1982) in this direction using alpha
track plastic detectors. The general conelusion from these studies
was that the particular alpha track devices used were relatively
insensitive to changes in the F factor. It has been recently
reported (Urban and Piesch, 1981; Put and Meijer, 1985) that with
modifications in the design and etching procedures of the standard
Karlsruhe passive radon dosemeter it is possible to measure simul-
taneously radon and radon daughter concentrations. This approach
has been used in a radon survey in the Netherlands and appears
promising but will require extensive field testing and calibration
so that its performance may be properly assessed.

Some recent developments in radon daughter dosimetry (Vanmarcke
et al., 1986; James, 1986) suggest that an approximate inverse
variation of the F factor and the unattached fraction in indoor air
leads to a relatively constant lung dose per unit concentration of
radon gas. These developments raise the question of the necessity
of making F factor measurements in addition to radon measurements
in a dwelling. To abandon F measurements, if they can be conven-
iently and accurately made, purely on the basis of a currently
popular lung dose model is not however advisable. Dose models apart
the value of F for a dwelling may be considered as a useful and
informative characteristic property of dwelling air and aerosol
dynamics. It is related to the interplay of the various radon
daughter production and removal mechanisms present. Where remedial
or preventative techniques are used in a dwelling the changes in F
value that occur can be used in conjunction with radon concentration
changes as a useful characteristic in assessing the effectiveness
of the techniques used.

In order to address the F factor problem in Ireland a '"new"
passive detector is being used in the national radon survey. It
consists of a small closed cylindrical container or cup, approx-
imately 7cm in height and 5.5 cm in diameter, fitted with two
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pieces of LR-115 alpha track plastic. One piece of LR-115 is
mounted inside the closed cup and the other is mounted on the out-
side of the 1lid. This detector is thus conventional in terms of
construction but it is in its calibration and the method of alpha
track analysis used that a new approach has been adopted. Follow-
ing exposure to radon and its airborne daughters in a house the
inner piece of LR-115 yields a track density which is proportional
to the radon exposure and thus the radon concentration may be
determined. The outer piece of LR-115 yields a track density which
has a component arising from the radon activity in the air and also
has a component arising from the alpha emitting airborne radon
daughter activities in the air. A method of track density analysis
has been developed, based on laboratory calibrations, by which
these two components can be separated. In this way the detector
yields both the mean radon concentration (using the inner LR-115
track density) and the mean F factor (using both the inner and
outer LR-115 track densities), A full description of this method
will be published in due course.

The plastic LR-115 was chosen as the alpha particle detecting
medium, instead of the more sensitive CR-39 used in the pilot
survey, to avoid obtaining a track density component on the outer
piece of plastic due to plateout of radon daughters or other alpha
emitters. Preliminary results from the first phase of the national
survey using this new detector approach are encouraging and, as
anticipated, high F values are being found to be associated with
some of the highest indoor radon concentrations. It is recognised
that this F factor determination method requires refinement and
interference from other alpha emitters may need to be eliminated
in some situations. On the other hand the current practice in
Ireland as in other countries of using a single assumed F factor
value in a survey is not the most satisfactory.

The mean radon concentrations determined by the passive
detectors are based on calibrations using NBS standard radium-226
solutions and also from participation in the OECD (Nuclear Energy
Agency) /CEC radon dosimeter intercomparisons (Commission of the
European Communities, 1986) held at the U.K. National Radiological
Protection Board (NRPB). Recent calibrations of the new LR-115
based detectors, in terms of response to radon concentrations and
F factors have been carried out at the NRPB, which assistance is
greatly appreciated. For the etching and track counting procedures
used the inner LR-115 piece in the detectors has a mean sensitivity
of approximately 1.6 tracks cm™2 kBq~1 m3 hrl,

Exposure to Dose Conversion

In the radon surveys the primary quantity determined is the indoor
air mean radon activity concentration. From a radiological health
perspective it is the dose arising from the inhalation of radon
daughters that is of interest. The conversion from radon exposure
to annualised effective dose equivalent for the survey was carried
out using the factors given in Table I which are similar to those
being used in other European surveys. The occupancy and equilib-
rium factors given in this table are assumed mean values for Irish
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conditions and attempts are currently being made to obtain more
representative values of these factors. The occupancy factor used
here should be considered as an effective value, adjusted for all
members of a household. Ideally it should take into account not
only the fraction of time exposure to radon in a particular house
but also the time fraction spent in other buildings (work place,
school etc.) and outdoors exposed to mean radon concentrations
appropriate to these locations.

Table I: Factors used in Radon Daughter Dose Estimations

Occupancy Factor: 0.85
Equilibrium Factor (F): 0.45
Dose Conversion Factor = 5 mSv/WLM

(1 WLM = 1 Working Level Month = 3.5 x 10-3 J.h.m™3)

The dose conversion factor of 5 mSv/WLM being used is that
considered by a number of expert groups (OECD, 1983; UNSCEAR,1982)
as appropriate for members of the public exposed to airborne radon
daughters. It is however interesting to note that the Inter-
national Commission on Radiological Protection (ICRP, 1984) seems
to consider a dose factor as high as 10 mSv/WLM as appropriate to
members of the public. Recent studies in lung dosimetry (Cohen
et al., 1985) taking into account the observed enhanced deposition
of inhaled radon daughters at lung airway bifurations indicate that
lung doses could be 207 greater than currently estimated. In
addition doses to the upper respiratory tract (URT) from inhaled
radon daughters are now beginning to receive close study. While
it is difficult to predict the likely change in the dose conver-
sion factor when URT deposition is taken into account it is clear
that an increase in the conversion factor will occur.

Survey Results

The national indoor air radon survey commenced in the autumn of
1985. 1In this first phase of the work radon detectors were sent
to 400 randomly selected households throughout Ireland. A further
400 households are scheduled to receive detectors by the end of
April 1986. At the time of writing radon detectors from a total
of 220 households have been recovered and processed. The principal
results obtained are shown in Table II, together with the results
of the earlier pilot survey and the cumulative results for both
sets of data.

The results for the first phase of the national survey are
also presented in histogram form in Figures 1 and 2 together with
the annualised effective dose equivalents estimated using the
factors given in Table I. It is evident from the data that in the
majority of households surveyed the radon concentrations and ass-—
ociated doses are low. In a small percentage of cases however
individual households have been found with very high radon
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exposure levels for which the individual risk may be higher than
what should be accepted by the individual or society.

Table IT Radon concentrations (Bq/m3) in Irish Houses

SURVEY National Pilot Combined

(1985-) 1983-85 results
(220 Houses) (278 Houses) (498 Houses)

Radon

(Bq/m3)

Median Value 61 37 53

Min Value 17 3 3

Max. Value 1740 1189 1740

95% Fractile 296 200 222

Some of the 220 detectors recently recovered have been
analysed not only for radon exposure but also to determine the
value of F (the equilibrium factor) in the houses. A preliminary
set of such F factor results, obtained by analysing the inner and
outer LR- 115 track densities of each detector, are presented in
Table IIT for 12 houses with mean indoor radon concentrations
greater than 200 Bq/m3. In Table III are also presented radon
daughter doses estimated using the individually determined
equilibrium factor values F; together with the doses estimated
on the basis of an assumed mean F factor value of 0.45.

Table III: F Factor Values for 12 Houses

Radon Equil Dose Dose
Conc. Factor (mSv/y) (mSv/y)
(Bq/m3) F, Using F; Using F = 0.45
203 0.36 4.4 5.5
217 0.36 4.7 5.9
244 0.37 5.5 6.6
266 0.42 6.8 7.2
414 0.43 10.7 11.2
522 0.29 9.2 14.1
576 0.82 28.4 15.6
607 0.27 9.8 16.5
750 0.28 12.4 20.3
815 0.39 18.9 22.0
1487 0.76 67.5 40.2
1740 0.61 63.9 47.0

It is of interest to note that the houses with the two
highest radon concentrations have determined F factor values
substantially above the assumed mean value of F = 0.45 for Irish
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houses. These high F values result in increased values of the
estimated doses. The mean F factor value determined for the 12
houses equals 0.45 which is equal to the assumed values used in
the survey. This is probably fortuituous. In dealing with such

a small sample it is difficult to draw any general conclusions
except to reiterate that where possible for a house the mean value
of the F factor should be determined simultaneously with the mean
radon concentration so that a dose estimate representative of each
particular household may be obtained. The method now being used
to determine the F factor in the Irish survey using a passive
detector is being subjected to increased laboratory testing so
that its reliability and accuracy may be improved.

Conclusions

A general picture of radon exposure in contemporary Irish houses
is emerging from the survey date obtained to date. For a typical
house the indoor air radon concentration is likely to be between
25 and 70 Bq/m3. It is also evident that a small number of houses
exist with radon levels substantially above the mean value range.
Both in the pilot survey and in the ongoing present survey it
appears that the principal factor governing high radon levels in
Irish houses is the radon exhalation characteristics of the soil
or geological structure subjacent to a house with construction
characteristics playing a minor role.

It is recognised that substantial uncertainties still exist
in our knowledge of the microdosimetry of inhaled radon daughters
not least because significant inter - as well as intra - subject
variabilities of the human lung exist (Hofmann, 1982). Notwith-
standing this it is becoming increasingly obvious, from the present
study and studies elsewhere, that individual members of the public
are receiving continuous doses of some tens of mSv per year from
radon daughters in their homes. This is a matter of substantial
radiological health importance which must be addressed both from
the regulatory policy stance and also from the technical remedial
and preventative viewpoints. In common with other member states
of the European Community (Sinnaeve et al., 1986) this problem
of population radiation exposure is being seriously considered by
the competent authorities in Ireland but as yet no firm policy has
emerged. The findings and eventual analysis of the national radon
survey described here, when it is completed, will be an essential
input to the policy making process.
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Chapter 11

Long-Term Measurements of Radon Concentrations
in the Living Environments in Japan
A Preliminary Report

T. Aoyamal, H. Yonehara!, M. Sakanoue?, S. Kobayashi3, T. Iwasaki’, M. Mifune,
E. P. Radford’, and H. Kato’

IDepartment of Experimental Radiology, Shiga University of Medical Science,
Otsu 520-21, Japan
2Low-Level Radioactivity Laboratory, Kanazawa University, Wake, Tatsunokuchi,
Ishikawa 923-12, Japan
3National Institute for Radiological Sciences, Chiba 260, Japan
4Misasa Branch Hospital, Okayama University School of Medicine, Misasa,
Tottori 682-02, Japan
SDepartment of Epidemiological Radiation Effects Research Foundation, Hiroshima 730,
Japan

Measurements of indoor radon (Rn-222) concentrations
were carried out using bare track detectors (CR-39)

in Mihama, Misasa, Hiroshima and Nagasaki for one

year and using Terradex SF detectors in Hokkajdo for a
winter. The highest median value, 31.2 Bq/m~, was
from the Mihama survey and the lowest, 10.2 Bq/m~ was
obtained from Nagasaki. The median vglue for Misasa
(a radioactive spa area)3was 24.2 Bq/m~ and that for
Hiroshima was 23.10 Bq/m~. The values for Japanese
traditional wooden houses were unexpectedly higher
than these for ferro-concrete and prefarbricated
houses. The difference between the first and upper
floors was modest. The median value obtained from
personal ?onitoring of 25 people living in Misasa was
23.0 Bq/m”, very close to the value found in dwellings
in this area.

Radon (Rn-222) daughter exposure at home is a potentially significant
contributor to background lung cancer rates. In western countries,
an increase in the number of energy-efficient homes threatens to in-
crease the exposure of the occupants to radon and its decay products
by reducing ventilation rates. This is also true in Japan, espe-
cially in winter. Japan is situated in the temperate zone, which
results in a rather long hot and humid summer climate. Consequently,

0097-6156/87/0331-0124$06.00/0
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in relation to their size, Japanese houses have large window areas to
increase the ventilation rate. In addition, there remain many tradi-
tional wooden homes, including a clay layer in the walls and roof.

Up to the present, there has been no systematic study of radon or
radon daughters in Japanese homes. We have, therefore, measured the
distribution of radon concentrations in houses to determine the fac~
tors that influence them in Japan. For this end, long-term measure-
ments of radon concentrations in the home environment were undertaken
as a joint-study of five reserch institutions. These preliminary ob-
servations are for 5 areas of Japan for which results are available.

Methods

The plan was to measure radon concentrations in dwellings in several
cities of Honshu, including Mihama, Misasa spa, Hiroshima and in
Kyushu, Nagasaki, as shown in Figure 1. A few measurements in Hok-
kaido have also been made. Single family houses and apartment build-
ings were measured. In Hiroshima and Nagasaki, about 100 dwellings
were included, with particular reference to housing lived in during
1950 to 1980 by members of the Life Span Study population of the
Radiation Effects Research Foundation (R.E.R.F.) in order to provide
a basis for estimating the contribution of radon daughters to lung
cancer risk among A-bomb survivors during the post World War II
period. The survey of Hiroshima and Nagasaki (Radford et al., 1985)
was carried out by R.E.R.F., Shiga Univaersity of Medical Science and
Kanazawa University; the principal investigator of this survey is
Prof. Edward P. Radford of R.E.R.F.. The study on the dwellings in
Hokkaido was conducted by Dr. S. Kobayashi of National Institute of
Radiological Sciences (N.I.R.S.). In the surveyes of Mihama and
Misasa, Prof. M. Sakanoue of Kanazawa University and Dr. M. Mifune of
Okayama University led the initiative, respectively.

Measurements were made using two types of passive track-etch al-
pha dosimeters. One of them was the bare detector of CR-39. After
exposure these dosimeters were etched by 30 % NaOH at 70°C for 5
hours. The number of pits was scored under a microscope with a
television camera in Shiga University of Medical Science. Methods of
calibration and adjustment for deposition of radon daughters intro-
duced by Yonehara (Yonehara et al., 1986) were adopted. The second
detectors were Terradex type SF (Alter and Price, 1972). These
detectors consist of a plastic cup, covered by a filter to allow
entry only of gases, with a track-etch detector inside. The reading
of results was carried out by Terradex Corp. in Walnut Creek,
California, U.S.A.. The measurements of radon concentration were
carried out by both methods in each location, except for Hokkaido
where the measurements were done only by Terradex. However, the data
obtained by CR-39 detectors will be mainly presented in this paper,
because the two methods did not give identical results as separately
reported in this proceedings by Yonehara et al. (Yonehara et al.,
1986).

Detectors were usually attached to the wall of the living room
of the house or apartment in an inconspicuous location about 180 cm
from the floor and left for ten months in Hiroshima and Nagasaki, but
collected every four months in Misasa and Mihama. Measurements were
made in living rooms on the first (ground) floor, and in bedrooms on
higher floors.
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Homes that were measured had three categories of construction:
traditional wooden house which schematic structure is shown in Figure
2, ferro-concrete and prefabricted types. Wall construction was
grouped into traditional clay, wooden or printed plywood, and
concrete. Ceiling and wall materials were grouped into plasterboad
and non-plasterboard. Comparisons were also made between measure-
ments in the first (ground) floor and upper floors. Misasa spa is
one of the most highly radioactive hot springs in Japan (Furuno,
1982a, 1982b, 1982c), therefore, the dwellings in Misasa were class-
ified into houses having their own hot-spring bath, houses located
close to public hot-spring baths and others. We measured also radon
concentration at special places such as a bathroom of a hot spring
(Misasa), a thermal grotto (Misasa), a drinking hall (Misasa), a cave
(Mihama), and a cabin of a boat (Mihama). In Misasa, we also carried
out personal monitoring with CR-39 detectors worn on the clothing on
a continuing basis through a year.

Roof tile

Tatami mat |-~

iR i
_ ~ .

Figure 2. Schematic structure of Japanese traditional wooden
house. Small dots schematically indicate radon concentrationms.
Arrows indicate influxes and effluxes of radon to and from the
house.
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Results and Discussion

Frequency distributions of indoor radon concentrations measured in
Nagasaki, Hiroshima, Misasa and Mihama are shown in Figure 3. The
data for these have approximately log-normal distributions.
Nagasaki's data show the lowest median values and Mihama's the
highest; the results from Hiroshima and Misasa surveys were
intermediate. The arithmetic means and standard deviation, geometric
means, medians and ranges of radon measurements are summarized in
Table I. The medians of the distributions for Nagasgki, Hiroshima,
Misasa and Mihama are 10.2, 23.1, 24.2 and 31.2 Bq/m~, respectively.
These differences are possibly due to geology, construction material
and ventilation rate. The Hiroshima, Misasa and Mihama areas are
geologically of granitic rocks but the Nagasaki area is characterized
by extrusive rocks of igneous origin. This geological difference may
explain higher radon concentrations in Hiroshima, Misasa and Mihama
compared to Nagasaki. We could expect that granite would produce
more radon emanation than other ground substances. The Chyugoku
mountains are located between Hiroshima and Misasa, and the one of
the main uranium mines, Ningyotoge, in Japan is in this mountain
range, part of the divide between districts along the coasts of the
Pacific Ocean and the Japan Sea.

The median radon value for Hokkaido is higher than those for the
other four places, probably due to the difference in the measurement

Table I. Numbers, Arithmetic Means and S.D.s, Geometric Means,
Medians and Ranges of Rn Measurements for Dwellings in
Different areas

N Mean3 Mediag Rangg
Bq/m Bq/m Bq/m

Arithmetic S.D. Geometric

Total” 251 31.4 +  40.5 18.8 17.7 0.116-289
Hiroshima 100 43.1 +  54.0 26.2 23.1 4.59 -289
Nagasaki 93 13.6 + 11.9 9.9 10.2 0.116- 75.6
Mihama 27 43.0 +  32.8 32.4 31.2 8.33 -116
Misasa 31 37.2 +  32.4  27.7 24.2 6.71 -149
Hokkaido 7 67.0 + 71.9 40.8 35.5 11.10 -232

*: "Total" does not contain the data from Hokkaido
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Figure 3. Frequency distributions of measured indoor radon con-
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method. The survey in Hokkaido was carried out only in winter. We
also found that the average value by Terradex SF was about 2 times
higher than that by CR-39 in comparative studies in the Nagasaki,
Hiroshima, Misasa and Mihama areas. The difference in calibration
procedure for the two methods may account for these high values.

The median of the distributions for the tgtal of Nagasaki,
Hiroshima, Misasa and Mihama data is 17.7 Bq/m~. This is the same as
that for central Canada, higher than found in Poland, England and
Austria, slightly lower than that for the Netherlands, and one-half
or one-third of those for West Germany, Switzerland, Finland and
Sweden (Urban et al., 1985).

We analysed the factors which influence the radon concentration
in the dwellings. First of all, differences by house construction
are shown in Figure 4. The results were suprising because the tradi-
tional wooden house structure unexpectedly gave higher radon con-
centrations than the ferro-concrete and prefabricated houses.

As shown in Figure 2, Japanese traditional wooden houses have
clay walls and a clay layer under roof tiles. If this clay contains
radium and uranium it would emanate some additional radon. Moreover
the floor of traditional Japanese houses usually is made by tatami
mats overlying loose wooden flooring, thus it is easy for radon to
come into the house from the ground. On the other hand, Japanese
houses have large windows to increase ventilation rate in summer, and
also the sub-floor ventilation rate is usually high because of open
construction around the sub-floor space. For both these reasons the
traditional houses might have reduced concentrations of radon, but
the observations indicate that the effect of construction on radon
influx may be more important. Recently these traditional wooden
house have windows with metal sash, which may have less ventilation.
It is interesting that German traditional houses also gave higher
radon concentration than houses of other types of construction (Urban
et al., 1985). 1In Norway, radon concentrations in wooden houses are
also higher than the values found inside brick buildings, although
those in concrete houses are highest (Stranden et al., 1979).

When we compare the radon concentrations for the dwellings with
clay, concrete wall construction and wooden or printed plywood, the
values for clay walls are highest, as shown in Figure 5. The medians
of the distributions for clay, concrete wall structure and wooden or
printed plywood are 27.8, 18.0 and 11.2 Bq/m~ , respectively.

Comparison between the distribution of radon concentrations for
dwellings with plasterboard and those without plasterboard in ceiling
or wall construction is shown in Figure 6. The values of medians for
dwellings without plasterboard are higher than those with
plasterboard. The distribution for plasterboard can be divided into
two groups, but the numbers are small.

The values of the medians of the distributions in Table II indi-
cate only a modest difference between first (ground) floors and upper
floors, with the radon levels in the latter lower by about one-third.

Table III shows seasonal differences of mean radon concentra-
tions in the Mihama and Misasa areas. Mihama had higher mean values
in winter and summer than Misasa had, but Misasa had a higher mean
value in spring and autumn. Widespread use of air conditioners in
Mihama area may account for the high values in summer. In general
there was little seasonal variation in these two locations.
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Table II. Numbers, Arithmetic means and S.D.s, Geometric means,
Medians and Ranges of Rn Measurements for First Floor and
Second Floor or above

N Mean3 Medign Rangg
Bq/m Bq/m Bq/m

Arithmetic S.D. Geometric

43.4 20.0 18.6 0.116-289
2.82 - 84.1

First floor 205 33.6
Second floor 53 18.8
or above

I+]+
—
~
[e e}
—
w
w
—
N
Eal

Table III. Seasonal Difference of Mean Radon Concentration
(Arithmetic) in Mihama and Misasa Area

Winteg Spring/Agtumn Summer

Bq/m Bq/m Bq/m

Mihama 53.4 37.9 43.1
Misasa 35.6 44.8 34.2

As mentioned before, Misasa is one of the most highly radioac-
tive hot springs in Japan (Furuno, 1982a, 1982b, 1982c).
Nevertheless, the results from Misasa were lower than those from
Mihama and almost the same as those from Hiroshima. Of course, spe-
cial places such as the thermal grotto and drinking hall in Misasa as
well as a cave in Mihama show very high radon concentrations as shown
in Table IV. It is interesting that the bathroom of a hot spring did
not show a very high radon concentration. The high ventilation rate
to reduce humidity in this room may explain this rather low radon
concentration.

Table IV. Radon concentration in special places

N Radon conc. Bq/m3
Bath room of hot spring (Misasa) 2 (Arithmetic mean) 54.3
Thermal grotto (Misasa) 1 2080
Drinking hall (Misasa) 1 190
Cave (Mihama) 1 248
Cabin of a boat (Mihama) 1 7.3
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The level of radon concentration in the dwellings having their
own hot-spring bath is also not high compared with conventional
houses or those located close to public hot-spring bath as shown in
Table V. This lack of difference may also be attributable to a high
ventilation rate in the bath room.

Table V. Numbers, Arithmetic Means and S.D.s, Geometric Means,
Medians, and Ranges of Rn Measurements for Dwellings with
Different Relationships to Hot-spring Baths, and Persons
Living in Misasa Area

N Mean3 Mediag Rangg
Bq/m Bq/m Bq/m

Arithmetic S.D. Geometric

Having own 15 38.7 + 31.2 28.9 23.3 8.74 - 107
hot spring
Close to public 7 41.8 + 49.1 27.8 17.3 12.5 - 149
hot spring
Conventional 238 30.0 + 40.1 17.8 17.0 0.116- 289
Personal 25 31.8 + 39.5 22.4 23.0 8.30 - 205
monitoring

Personal monitorings of 25 people livigg in the Misasa area were
carried out. The median value is 23.0 Bq/m~ which is very close to
the value found for the dwellings of Misasa as shown in Tgble V.
However, the range of the values is from 8.30 to 205 Bq/m~ and the
significant correlation between the values obtained from personal
monitoring and those from dwellings measurements is not found at 5 %
level. It seems, therefore, that we need more personal monitorings
and to compare the results from personal with those from dwellings
before making a decision whether personal monitoring is necessary or
not.

Conclusions

Measurements of indoor radon concentration were carried out using
bare track detectors (CR-39) in Mihama, Misasa, Hiroshima and
Nagasaki for about one year and using Terradex SF in Hokkaido for a
winter in Japan. The data for those have log-normal distributions.
The medians of the distribution for Nagasaki, Hiroshima, Misasa and
Mihama were 10.2, 23.1, 24.2 and 31.2 Bq/m~. These differences are
possibly due to geology, construction material and ventilation rate.
The three Honshu areas are geologically granitic but Nagasaki is i

an area of extrusive rocks. The median for Hokkaido was 35.5 Bq/m™,
but the survey was carried out only in winter and the comparative
studies in the places other than Hokkaido indicated that the average
value by Terradex SF was about 2 times higher than by CR-39, probably
due to a different calibration procedure. The values for Japanese
traditional wooden houses were unexpectedly higher than these for
ferro-concrete and prefabricated houses. There was only a modest dif-
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ference between first and upper floors, with the radon levels in the
latter lower. Unexpectedly, the results from Misasa spa, which is
one of the most highly radioactive hot springs in Japan, were lower
than those from Mihama. Personal monitoring for 25 people living in
the Misasa area were carried out. The median was 23.0 Bq/m~, which
was very close to the median value for the dwellings. However, the
significant correlation between the values from personal monitoring
and those from the dwellings was not found.
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Chapter 12

Effects of Aerosol Polydispersity
on Theoretical Calculations of Unattached Fractions
of Radon Progeny

Frank Bandi, Atika Khan, and Colin R. Phillips

Department of Chemical Engineering and Applied Chemistry, University of Toronto,
Toronto, Ontario M5S 1A4, Canada

Theoretical calculations of unattached fractions of
radon progeny require prediction of an attachment
coefficient. Average attachment coefficients for
aerosols of various count median diameters, CMD, and
geometric standard deviations, Og, are calculated
using four different theories. These theories are:
(1) the kinetic theory, (2) the diffusion theory, (3)
the hybrid theory and (4) the kinetic-diffusion
theory. Comparisons of the various calculated attach-
ment coefficients are made and the implications of
using either the kinetic or the diffusion theory to
calculate unattached fractions for aerosols of various
CMD and o, are discussed. Significant errors may
arise in use of either the kinetic theory or the dif-
fusion theory. Large and unacceptable errors arise in
calculating unattached fractions of a polydisperse
aerosol by characterizing the aerosol as monodisperse.
Unattached fractions of RaA are calculated for two
mine aerosols and a room aerosol.

Theoretical calculations of unattached fractions of radon or thoron
progeny involve four important parameters, namely, 1) the count
median diameter of the aerosol, 2) the geometric standard deviation
of the particle size distribution, 3) the aerosol concentration,
and 4) the age of the air. All of these parameters have a signifi-
cant effect on the theoretical calculation of the unattached frac-
tion and should be reported with theoretical or experimental values
of the unattached fraction.

The two fundamental theories for calculating the attachment
coefficient, B, are the diffusion theory for large particles and
the kinetic theory for small particles. The diffusion theory pre-
dicts an attachment coefficient proportional to the diameter of the
aerosol particle whereas the kinetic theory predicts an attachment
coefficient proportional to the aerosol surface area. The theory

0097-6156/87/0331-0137$06.00/0
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which is usually adopted is the kinetic theory. However, when the
diameter of the aerosol particle, d, is of the order of the mean
free path, %, of gas molecules (Knudsen number, £/d = 1), neither
the diffusion theory nor the kinetic theory is correct in its
assumptions. A hybrid theory has been used in this region and may
be applied over the whole particle-size spectrum, since it con-
verges to the kinetic theory for small particle sizes and to the
diffusion theory for large particle sizes.

_ In this study, values of the average attachment coefficient,
B, (averaged over the entire particle size spectrum) are calculated
using a combination of the above theories. Unattached fractions
are then calculated for uranium mine and indoor air particle-size
distributions and aerosol concentrations.

Classical Diffusion Theory

The original theory of diffusional coagulation of spherical aerosol
particles was developed by von Smoluchowski (1916,1917). The
underlying hypothesis in this theory 1is that every aerosol particle
acts as a sink for the diffusing species. The concentration of the
diffusing species at the surface of the aerosol particle is assumed
to be zero. At some distance away, the concentration is the bulk
concentration.

Solution of this diffusion problem, assuming quasi-steady
state coagulation, leads to an attachment coefficient of the form:

B(d) = 2mdD (1)

d = diameter of aerosol particle
D diffusion coefficient of the diffusing species.

In addition to the quasi-steady state assumption, the other
assumptions required to arrive at equation (1) are: 1. the aerosol
itself does not coagulate; 2. there is a fully developed con-
centration gradient around each aerosol particle; and 3. the con-
centration of unattached radon progeny atoms is much greater than
the concentration of aerosol particles (in order that concentration
gradients of radon progeny atoms may exist). This last assumption
is usually not valid since the radon progeny concentration is
usually much less than the aerosol concentration.

From equation (1) it can be seen that application of the dif-
fusion theory leads to the conclusion that the rate of attachment
of radon progeny atoms to aerosol particles is directly propor-
tional to the diameter of the aerosol particles.

Kinetic Theory

The kinetic theory of radon progeny attachment to aerosol particles
assumes that unattached atoms and aerosol particles undergo random
collisions with the gas molecules and with each other. The attach-
ment coefficient, B(d), is proportional to the mean relative velo-
cities between progeny atoms and particles and to the collision
cross section (Raabe, 1968a):
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B(d) = md_ /2 + a/2)2 /32 + GPZ (2)

The attachment coefficient is a function of the aerosol par-
ticle diameter, d, and mean velocity, V_, as well as the unattached
progeny diameter, d_, and its mean velotity V. Since in most
situations d_ << d and v > Vp, equation (2) reduces to

B(d) = m&/4 (3)

where the radon progeny mean velocity can be calculated from

- <8k'1’>1/ 2
v = e———
™Tm

where T is the absolute temperature, k is Boltzmann's constant and
m is the mass of the unattached radon progeny.

From equation (3) is is clear that the kinetic theory predicts
an attachment rate of radon daughters to aerosol particles propor-
tional to the square of the diameter of the aerosol particle.

szrid Theory

When the radius of an aerosol particle, r, is of the order of the
mean free path, %, of gas molecules, neither the diffusion nor the
kinetic theory can be considered to be strictly valid. Arendt and
Kallman (1926), Lassen and Rau (1960) and Fuchs (1964) have derived
attachment theories for the transition region, r = %, which, for
very small particles, reduce to the gas kinetic theory, and, for
large particles, reduce to the classical diffusion theory. The
underlying assumptions of the hybrid theories are summarized by Van
Pelt (1971) as follows: 1. the diffusion theory applies to the
transport of unattached radon progeny across an imaginary sphere of
radius r + % centred on the aerosol particle; and 2. kinetic theory
predicts the attachment of radon progeny to the particle based on a
uniform concentration of radon atoms corresponding to the con-
centration at a radius of r + %.

The attachment coefficient, B, corresponding to the hybrid
theory can be shown to be (Fuchs, 1964)

r; + ra D; + Da
B(ry,rp) = 16 3 3 C (4)

where the subscripts 1,2 represent the radon progeny and the aero-
sol particles respectively and

r. = radius of species x (x = 1,2)
D = diffusion coefficient of specles x (x = 1,2)
C = — 1 — , a correction factor, where
r 4D
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_ rl1 + r2 _ D1 + D2 7
r = —— D= —m@m8m— Gr = G% + G% Py

8. = /8¢ + 6%
The thickness, 8y, of the boundary layer corresponding to the spe-
cies x, the mean velocity of x, Gy, and the diffusion coefficient,

Dy, can be calculated from the equations:

D. = kTB
X X
where Bx, the mobility, is defined as:

- AL Q% -
B = (1 + T + T exp| brx/l])/6nm:x

A, Q and b are the constants 1.246, 0.42 and 0.87, respec-—
tively (Fuchs, 1964)

n = viscosity of the medium
£ = mean free path of the gas molecules
8k \/2
G =|— where m_ is the mass of the species x
X mm X
N S 3_ ez e 2y
6x 6rX lx {(er + lx) (4rx + 2x) } zrx

where £X, the apparent free path of particles, is calculated from
2. =G, m B
X X X X

Fuchs' attachment coefficient can be simplified by making
various assumptions:

1) the velocity of radon progeny is much greater than that of
the aerosol particles. (G »> Gz so that G =Gy = V)

2) the radius of the aerosol particles is much greater than
that of the radon progeny. (rp >> r) so that T =ry/2 =
d/4)

3) the diffusion coefficient of radon progeny is much greater
than that of the aerosol particles. (D) >> D2 so that D =
D1/2 = D/2)

4) 84, the thickness of the boundary layer is approximately
equal to the mean free path, %, of gas molecules in air.

Using the above assumptions, equation (4) can be written as a func-
tion of aerosol diameter:
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wwd?2D(d/2 + &) (s)

B(d) = —

2
Y+ 4D(d/2 + 0)

Kinetic-Diffusion Approximation

For small particle sizes the kinetic theory is applicable, whereas
for large particle sizes the diffusion theory applies. A useful
approximation is therefore to use the kinetic theory in the small
particle range and the diffusion theory in the large size region.
The attachment coefficient then takes the form:

B(d) = md%/4 for 0<d<d;
B(d) = 2mdD for d; < d < =

This approximation may be considered to be an alternative to the
hybrid theory. The value of d) can be found by equating the
attachment coefficients for the diffusion and kinetic theories
(d; = 8D/¥).

The dependence of the attachment coefficient on diameter for
the diffusion theory (eqn. (1)), kinetic theory (eqn. (3)), and
hybrid theory (eqns. (4) and (5)) is shown in Figure 1 for gz = 1
and D, v and % equal to 0.054 cm?/s, 1.38 x 10* cm/s and 6.5 x 10
cm, respectively. The value of D depends on the composition of the
gaseous environment since radon progeny may be encumbered by
clustering of the molecules. The value of 0.054 cm?2/s is represen-—
tative of the experimentally observed range of values (Table I).
Similar comments may also be made about the value of v.

In calculating B(d) using Fuchs' theory, D and V for radon
progeny are used as above. It is also assumed that the aerosol
particles are spherical and of unit demsity. It may be noted that
assuming a higher density for the aerosols does not change the
results appreciably. Fuchs' model is calculated for

)

T = 296 K _
n = 18.3x 10 ° poise (viscosity of air at 296 K and 1 atm)
k = 1.380662 x 10 16 g ecm?/s? K

Fuchs' model the radius and mass of the radon progeny are 4.9
x 1078 cm and 5.46 x 10 22 g, respectively, for the above mentioned
values of D, v and the other parameters. These calculated values
are higher than would be expected for 218Po, suggesting that
clustering occurs.

From Figure 1 it can be seen that Fuchs' theory and equation
(5) predict similar attachment coefficients. Equation (5) is
therefore used in calculating average attachment coefficients.

Although the three theories described above are not the only
available theories (Table II) they are considered to be the most
important.

Average Attachment Coefficients

The average attachment coefficient B can be calculated for the dif-
fusion and the kinetic theory from the equation:
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Figure 1. Attachment coefficient vs CMD (Gg =1)
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Table I. Summary of Experimental Results for the Diffusion
Coefficient of 218po
Reference D _ Gas* Remarks*#*
(em?2 5™ 1)
Raabe (1968b) 0.047 air, RH=15% D applies to neutral
Po species only.
0.034 air, RH=35% Radon concentration was
high (5.55 x 103 Bq/m3)
Thomas (1970) 0.053 dry air The average age of 218po
0.085 air, RH=20% was 15-29 sec
Raghunath and Ventilation rate:
Kotrappa 0.0648 air, RH=10% 6 air changes per hr
(1979) 0.0436 air, RH=90% 6 " " "
0.0811 air, RH=10% 60 " " oo
0.0803 air, RH=90% 60 " " "o
0.0725 air, RH=10% 6 " " v
0.0713 air, RH=90% 6 " " "
0.0955 air, RH=10% 60 " " "
0.0913 air, RH=90% 60 " " oo
Busigin et 0.10 air, RH=0% D applies to neutral
al. (1982) 0.028 air, RH=8% 218pg gpecies. The
0.043 air, RH=15% radon concentration was
0.046 air, RH=100% not held constant
0.048 air, RH=0%
0.035 air, RH=8%
0.065 air, RH=15%
0.076 air, RH=1007%

* Gas at room temperature (20°C) and pressure.

*% Unless otherwise stated, no attempt was made to measure the
diffusion coefficient of charged and neutral species separately.
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Table II. Attachment Coefficient Studies Reported in the

Literature

Attachment Coefficient

Aerosol Characteristics and Remarks

_ mR2y(1 + /7y)
B = RV
1 +

4D

= q2/2RKT
temp. (K)
= Boltzmann's
constant
TR2 = collision
cross—-section
1+ /F§ = electrostatic
enhancement
factor due to
image forces

where

R H<
n

R2
Beiv
R = particle radius
h = V/4D
V = mean gas kinetic
velocity
D = diffusion coeff.
g = mR2Y
1+Eo_1
\') 1+ 6%

R

Theoretical mean:
1.58 x 10 © cm3/s

Experimental mean:_
(1.41 * 0.03) x 10 ©
cm3/s

Aerosols generated by electrical

heating of a coil of nichrome wire

Aerosol Size Range: 0.01 - 0.08 um
(radius)

Aerosol Concentration: 102 - 10%/cm3

42.1 cm long diffusion tube preceded
the filter for complete collection of
unattached progeny products of 222pq

Best fit to data found for 90% 218po
as neutral and 10% as carrying a unit
charge.

Reference: McLaughlin (1972)

Monodisperse DOP and latex spheres
mixed with 220Rn

Aerosol Size Range: 0.04 - 0.6 mm
(radius)
Aerosol Concentration: 103 - 10%/cm3

Particle sizes separated by diffusion
batteries. Value of h found to =
7 x 10 */em

Reference: Lassen and Rau (1960)

Natural aerosol mixed with 220py

Aerosol Size Range: 0.06 - O.1 um
(radius)
Aerosol Concentration: 3 x 10%/cm3

Attachment coefficient is for neutral
daughter products. A cylindrical
capacitor used as a mobility analyzer.

Reference: Mohnen (1967)
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Attachment Coefficient

Aerosol Characteristics and Remarks

BaRb

b =1 for 0.25-1.35 um
b = 1.34 for 0.1-0.33 im

Polydisperse fluorescein aerosol
separated into different size groups

by aerosol centrifuge)

Aerosol Size Range: 0.1 - 1.35 im
(radius)

Aerosol Concentration: 10° - 106/cm3

No difference found between the

attachment coefficients of charged and

neutral atoms

Reference: Menon et al. (1980)

% § is a function of particle radius and mean free path of daughter

products.
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B o= 3 [ &an@ad@)

where d(d)

small change in diameter

n(d) = aN(d) (number distribution function)
d(d)

N(d)

number of particles whose diameters are less than or
equal to d

Since real particle distributions tend to be log-normal, a
diameter parameter u is defined as:

u = 1nd

and a distribution centred about a value u with a standard
deviation ou is defined as:

n(u) = exp[-(u - 5)2/203]

2T ¢
u

Then, for the kinetic theory:

_ © N exp[-(u-u)?2/20?]
B = % f % e2u Y 4qu (6)
—» 21 o
u
and for the diffusion theory:
- @ —(u-u)2
3 - L ] o emlulNeml-(wd?l,, ™
- /f?cu

Noting that Count Median Diameter (CMD) = exp[u] and Geometric
Standard Deviation (o0 ) = exp[o ], equations (6) and (7) can be
solved to give: & v

B(kinetic) = 4ﬂ(cmn)2exp[z(1nog)2] (8)

B(diffusion) = 21rD(CMD)exp[(1nog)2/2] 9)

For the diffusion-kinetic approximation, a similar approach
leads to the equation:

1 _ -]
vd2n(d) d(d) + J 2mdD n(d) d(d) (10)

x
4 a4

wl
1
0 —na

which can be expressed as:
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B = % %‘; a ‘}1 (exp[u])? exp[-(u-u)?2/202] du
/2m g - u
+ 2N explu] expl ~(u-u)%/20 2] du (11)
/ﬁ Uu uj u

where u; = In(d;).

Solution of equation (11) gives:

B(kin-dif) = ‘g—" (cMp) 2 exp[2(1ncg)2] ‘1 + erf[

1n(d,/CMD) - 2(1ncg) 2”
Y2 1no
g

1n(d1/cMD) - (1no )2
E—|t a2

+ wD(CMD) exp[(lno )2/2] [1 - erf [
g V2 1n Gg

For d; = 0, equation (12) reduces to the diffusion theory, and for
d; = », to the kinetic theory.

The average attachment coefficient for the hybrid theory is of
the form:

_ © —211 vD exp[3u] exp[-(u-t—l)2/20u2]
B = f — . — du
- _Lvex4[2u] + 2Dexp[u] + 4D% 2m o
® - exp[-(u-u)?/20 2]
+ f mvDRexp(2u] . U e (13)
- __L_vex4[2u] + 2Dexp[u] + 4D& 2w %
By letting

u-202-u
" S
/20
u

in the first integral, and defining z as

u-302-1
—_

/20
u

solution of equation (13) gives:
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B(hybrid) /T v DL(CMD) 2 exp[2(lncg)2] .

f exp[-x2]dx/|

&<

(cMD) 2 exp[4(1ncg)2] exp[z/f(lnog)x]
+ 2D(CMD)exp[2(1n6g)2] exp[/f(lncg)x] + 4D1]

+ /n

<1

p(cMp) 3 exr>[9/2(1nog)2] .

o«

f exp[-z2]dz/[

~<

(cMp) 2 exp[6(1ncg)2] exp[2V2(1n og)z]

+ 2D(CMD) exp[3(1ncg)2]exp[/E(lnog)z] + 4D4] (14)

These integrals can be solved by Hermite integration in which:

}, =2 tx) d ~ni £(x,)
_me X X iglwi Xi

where w, = weighting factor
X, = abscissae (zeros of Hermite polynomials)

A four point (n = 4) approximation is adequate since B does not
change much when 5 and 6 point approximations are used. It is
apparent that if og =1 (a monodisperse aerosol) equation (14)
reduces to the hybrid theory with the CMD in place of the diameter.

Equations (8), (9), (12) and (14) are used to calculate the
attachment coefficient for various values of g and CMD.

Unattached Fractions of Radon Progeny

In order to calculate the theoretical unattached fraction of radon
progeny the appropriate differential equations must be developed to
describe the net formation of unattached radon progeny. The
system may be visualized schematically for RaA as illustrated in
Fig. 2. It is assumed that there is no flow into or out of the
system or removal by electric fields. The equations which describe
the system presented in Fig. 2 are:

dNo
f f
T = )‘].Nl - ()‘S + )\2 + AW )sz (15)
dNo
a a
T = AN2p - (2 + AN, (16)
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RADON (Nj)

149

attaches to

decays at a rate Aj

surfaces at a rate

A a
w
]

attaches to UNATTACHED RaA| attaches to ATTACHED RaA
&—— surfaces at a rate — | ——aerosols at a rate —P
f
AW sz A N28
s
decays at a rate Ap decays at a rate Ap
Legend

N; - number of radon atoms
sz - total number of unattached RaA atoms
Nza - total number of attached RaA atoms

A1,A2 - decay constant of radon and RaA, respectively

As - attachment constant of free RaA to aerosols
Xwa - attachment constant of attached RaA to surfaces
wa — attachment constant of free RaA to surfaces

Figure 2. Fate of RaA.
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N1 = number of radon atoms
sz = number of unattached RaA atoms
N7 = number of attached RaA atoms
A1,A2 = decay constant of radon and RaA, respectively
EX = attachment constant of free RaA to aerosols
A ® = attachment constant of attached RaA to surfaces

A = attachment constant of free RaA to surfaces

Equations (15) and (16) can be solved for sz and Nza (assuming
A1N; is approximately a constant) to give:

AN, ANy
Nap = | N2 +-—% exp - (Kft) = 17)
o £ f
with sz = number of unattached RaA atoms at t = 0
o
K, = A +af+2
f s w 2
ANy
AIN{A A N2e ~ X
Np. = |N - 0 £ exp(-K_t)
2, 2a K_K K - K PL™Rq
f"a a £
ANy
)‘S szo- K )‘INIAS
TR -X exp(-K¢t) + —x— (18)
a f fa
with N = number of attached RaA atoms at t = 0
ao
a

Ka = AW + )\2

The unattached fraction of RaA (FA) can be calculated as:

% (19)
F, = —————
A sz + Nza

The unattached fraction of RaA is independent of the radon con-
centration since the factor ANj cancels out.

If the system has attained equilibrium, the unattached frac-
tion of RaA can be expressed as (with the use of equations (17),
(18) and (19)):
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Ka
FA = T+ 1
a S

(20)

Equation (20) is valid for t (the age of air) > 20 m1n. Equation
(20) can be simplified further by assuming that Aw <K Ay (T
3.05 min, Ay = 0.00379 s 1) and therefore K; = Ap. This assuéptlon
is reasonable since Pogorski and Phllligs (1984) report Aw for
radon progeny in a chamber as 0.00008 s 1 and Porstendorfer (1984)
estimates Ay for radon progeny indoors to be between 0.000028 s
and 0.000083 s ! depending on the ventilation rate.

Equation (20) can be rewritten as:

A2

AT AR 2D

F

The rate of attachment of radon progeny to aerosols, As’ is
expressed as:

A = B
s
where B = attachment coefficient (cm3/s)
N = concentration of aerosols (particles/cm3)

The rate of attachment can be calculated using the various attach-
ment models presented in the previous section (for specific values
of CMD, o, and N).

F1na§1 the theoretical unattached fraction for RaA can be
calculated u51ng Ag, t (age of air) and equations (17), (18) and
(19).

Results -

Results are presented in Figures 3 through 7 and Table III.

Figures 3 and 4 show the variation of the attachment coef-
ficient with count median diameter for the diffusion, kinetic,
hybrid and kinetic-diffusion theory for geometric standard
deviations of 2 and 3 respectively.

Figure 5 illustrates the effect of the geometric standard
deviation on the attachment coefficient using the hybrid theory.

In Figs. 6 and 7 the attachment coefficient is plotted against
the geometric standard deviation using the four theories, for count
median diameters of 0.2 um and 0.3 um respectively.

Theoretical unattached fractions of RaA using average aerosol
concentrations and count median diameters as found in track and
trackless Canadian uranium mine are presented in Table III. The
reported uranium mine aerosol properties are: N = 120,000
partlcles/cm and CMD 0.069 pm for a trackless mine and N =
60,000 part1c1es/cm and CMD = 0.055 um for a track mine (Khan et
al., 1986). Also presented in Table III are the theoretical unat-
tached fractions of RaA for a typical room aerosol of CMD = 0.1 um
and aerosol concentrations of N = 10,000 particles/cm and 2,000
particles/cm3. Calculations were made assuming that the unattached
RaA fraction had attained equilibrium.
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Table III. Theoretical Unattached Fractions of RaA

Attachment theories

Conditions
GSD (Gg) Kinetic Diffusion Hybrid Kin-Diff

1 0.161 0.033 0.168 0.161 Track mine

2 0.069 0.026 0.087 0.071 N = 60,000
particles/cm3

3 0.017 0.018 0.040 0.030 CMD = 0.055 um

1 0.058 0.013 0.062 0.058 Trackless mine

2 0.023 0.011 0.031 0.024 N = 120,000
particles/cm

3 0.005 0.007 0.015 0.011 CMD = 0.069 um

1 0.259 0.100 0.285 0.259 Indoor air

2 0.118 0.081 0.175 0.134 N = 10,000
particles/cm3

3 0.030 0.058 0.095 0.074 CMD = 0.1 um

1 0.636 0.358 0.666 0.636 Indoor air

2 0.401 0.305 0.515 0.437 N = 2,000
particles/cm3

3 0.135 0.234 0.343 0.285 CMD = 0.1 Mm
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Discussion

The most complete theory for aerosol coagulation is that of Fuchs
(1964). Since the attachment of radon progeny to aerosols can be
considered as the coagulation of radon progeny (small diameter par-
ticle) to aerosols (large diameter particle), it is reasonable to
use Fuchs' theory to describe this process. The hybrid theory is
an approximation to Fuchs' theory and thus can be used to describe
the attachment of radon progeny to aerosols over the entire aerosol
size spectrum.

If it is accepted that the hybrid theory is the most complete
theory for attachment of radon progeny to aerosols, the magnitude
of the error involved in using exclusively either the kinetic or
the diffusion theory can be seen from Figs. 3-7 and Table III.

Figures 3 and 4 show the variation of the average attachment
coefficient with CMD. It can be seen that for particles of CMD
less than 0.06 um and o, = 2 the kinetic theory predicts an attach-
ment coefficient similar to the hybrid theory, whereas for CMD
greater than about 1 pm the diffusion theory and the hybrid theory
give approximately the same results. For a more polydisperse aero-
sol (Og = 3) the kinetic theory deviates from the hybrid theory
even at a CMD = 0.01 um. The diffusion theory is accurate for a
CMD greater than about 0.6 im. These results are easily explained
since as the aerosol becomes more polydisperse, there are more
large diameter particles (CMD > 0.3 pm) which attach according to
the diffusion theory. In contrast, the kinetic theory becomes more
inaccurate as the aerosol becomes more polydisperse.

The kinetic-diffusion approximation predicts an attachment
coefficient similar to the hybrid theory for all CMDs and for both
0, = 2 and 3 (Figs. 3 and 4). The advantage of this theory is that
the average attachment coefficient can be calculated from an analy-
tical solution; numerical techniques are not required.

Figure 5 shows the variation of the hybrid theory with CMD for
various 0y. It is obvious that assuming an aerosol to be mono-
disperse when it is in fact polydisperse leads to an under-—
estimation of the attachment coefficient, leading in turn to large
errors in calculation of theoretical unattached fraction.

The variation of attachment coefficient with g for CMD = 0.2
pm and 0.3 um is shown in Figures 6 and 7. Again it is apparent
that the kinetic theory or diffusion theory are correct only at
certain CMD and 0,. Neither is applicable under all circumstances.
It is also evident that the kinetic-diffusion theory is a good
approximation to the hybrid theory under all circumstances.

Unattached fractions of RaA (at t = «) for two mine aerosols
and for a typical room aerosol are shown in Table III. It is
usually assumed that the attachment of radon progeny to aerosols of
CMD < 0.1 um follows the kinetic theory. In Table III it is
apparent that the hybrid and kinetic theories predict similar unat-
tached fractions for monodisperse aerosols. However, for more
polydisperse aerosols, the kinetic theory predicts lower unattached
fractions than the diffusion theory and thus the diffusion theory
is the more appropriate theory to use. It is also evident that the
kinetic-diffusion approximation predicts unattached fractions simi-
lar to those predicted by the hybrid theory in all cases.
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Conclusions

Calculation of the attachment coefficient is required for theoreti-
cal prediction of the unattached fraction of radon progeny. The
hybrid theory, which is a form of Fuchs' theory with certain justi-
fiable assumptions, can be used to describe attachment to aerosols
under all conditions of o, and CMD.

The kinetic theory and the diffusion theory may be used for
certain aerosol distributions. However, these two theories begin
to deviate from the hybrid theory as the aerosol polydispersity
increases. Use of either the kinetic theory or the diffusion
theory may therefore result in large errors.

Although unattached fractions predicted using the kinetic and
diffusion theory for high aerosol concentrations, such as mine
atmospheres, are comparable, the same cannot be said for unattached
fractions predicted at low aerosol concentrations, such as indoor
air. For low aerosol concentrations, neither the kinetic nor the
diffusion theory predicts unattached fractions close to those pre-
dicted by the hybrid theory. Exclusive use of either of these two
theories results in large errors.

Although the hybrid theory is the most correct theory to use
in the prediction of unattached fractions, the error in using the
kinetic-diffusion theory in place of the hybrid is small. The
kinetic-diffusion theory has the advantage that the solution is in
analytical form and thus is more convenient to use than the hybrid
theory, which must be solved numerically.

Finally, whenever theoretical or experimental unattached frac-
tions are reported, the aerosol characteristics ¢y, CMD and N must
also be reported to allow proper interpretation o% the results.
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Chapter 13

Intercomparison of Different Instruments
That Measure Radon Concentration in Air

Michikuni Shimo, Takao lida, and Yukimasa Ikebe

Department of Nuclear Engineering, Faculty of Engineering, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya 464, Japan

An intercomparison of different instruments for
measurement of radon concentration was carried out.
The instruments include an ionization chamber, the
charcoal-trap technique, a flow-type ionization
chamber (pulse-counting technique), a two-filter
method, an electrostatic collection method and a
passive integrating radon monitor. All instruments
except for the passive radon monitor have been
calibrated independently. Measurements were performed

. 3 ,.
over a concentration range from about 3.5 Bq/m~ (in

outdoor air) to 110 Bq/m3 (in indoor air). The
results obtained from these techniques, except the
two-filter technique, are comparable. Radon daughter
concentration measured using a filter-sampling
technique was about 52 % of radon concentration.

There are various techniques for measuring radon concentration in
air (Budnitz, 1974). Needless to say, a value obtained with a given
instrument should be the same one with another method. The data
from an instrument assured of "exchangeability" is useful. The
authors have thought that an intercomparison between devices is
necessary and important to ensure exchangability between instruments
operating by different principle. From this viewpoint, an
intercomparison between various instruments for measuring radon
concentrations was planned and carried out in natural concentration
levels using outdoor and indoor airs.

The measuring techniques are (see Table I): (1) an jonization
chamber method ——- measurement of ionization current obtained from ion-
ization chamber which was directly filled by sample gases (DSC), (2) a
charcoal-trap method -- the method for sampling radon gas with a cooled
activated charcoal and for measuring activity of alpha particle from
radon and its daughters with ionization chamber (ACC), (3) a flow-type
jonization chamber method —- the method for directly drawn air samples
into a pulse-counting flow-type ionization chamber (PFC), (4) a two-

0097-6156/87/0331-0160$06.00/0
© 1987 American Chemical Society

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Instruments That Measure Radon Concentration in Air 161

SHIMO ET AL.

13.

JuswaInSeaw © SYjuow om3 :dwTl pasodxs ‘wWITI-ND

I03TUOW uopey

‘patyTprunyap ‘parrdde A 08T- :burTduwes o5T3e3S0I3OIT wid putrjeabajul sarssed
(by)Suz :1030939p ‘painsesuw ATsSnonutluod ‘paTITpPTWeRyYsp I03TUOW
‘patrtdde A 000g- :2pOI3OST3d ‘uTW/¥ G0 9381 MOTZ wyd uopey OT3e3S0I309TH
painseau uJ, pue uy
41 X133w01309ds-p 10 HuTjunod sso1b ‘193TTJ SueIquau
$13937TF ‘ayr :aurl buridwes ‘utu/y QOF :93I MOTJ dL POY3ISH I33TTJI-OMT
putzunoo asTnd-p pue JuauwWdINSEIU Iaqurey)
juaIINd ‘painseaw ATsnonurijuod ‘utu/y Z~T 931 MOTJF odd uotjeziuol adAL-MmoTd
Iaqueys UOT3IRZTUOT O3UT paragsuexrl’ Iyl :awrl burduwes POY3IdMN
15,€L~ :°*dusy patdues ‘utw/y G :33eI MOTF ‘bg :TeODIRYD 0}0) 4 Te0d1ey) PI3IRATIOV
JusauwR INSEeaU poulan
juaIIno ‘i1aqueyd pajendeas ue 03 paTdues AT3d0a1Tp osa I2queyd UOTIRZTIUOI
syIeWaY Toquis POY3IdW/JuUBUNIFSUT
$3UdWNIJSUT UOPBI SNOTIBA jo uostiedwodiajul °I 9Tqel

€TOUD'TEE0-/86T-0/TZOT"0T :10p | /86T ‘G Aseniged :9%eq uoedljdnd

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch013

162 RADON AND ITS DECAY PRODUCTS

filter method (TF), (5) an electrostatic radon monitor —-- the method
for sampling with electrostatic collection (ERM), and (6) a passive
radon monitor -- the electrostatic integrating radon monitor with
cellulose nitrate film (PRM). Also, measurements with air filter
(namely, filter-pack method, FP) (Harley, 1953; Shimo, 1985) was si-
multaneously carried out and the results compared with those obtained
by using the other methods.

Measurement Method

Ionization Chamber Method (DSC). The ionization chamber is one of
the most common instruments for measuring radon gas. The chmaber
was cylindrically shaped and had a 1.5 liter volume. Air samples

were drawn through a dryer filled with CaCl2 and a filter to remove

water vapor, radon daughters and aerosols, so that only the parent
radon gas is admitted to the chamber. The radon gas subsequently
decays and reaches equilibrium with its daughters in 3.5 hours after
entry into the chamber. The ionization currents are measured with a
vibraing reed electrometer.

We have made the DSC the standard method for the radon
measurement, The calibration procedures have been described
elsewhere (Shimo et al., 1983); Briefly, the Rn-222 emanating from a
standard Ra-226 hydrochloric acid solution (37 kBq) contained in a
bubbling bottle entered a large stainless steel container (937 2).

A small part of radon gas in the container was transfered into the
ionization chamber (1.5 &). The radon concentration in the container
was controlled by varying the storage time of radon in the bubbling
bottle.

Therefore, a relationship between the radon concentration Q

exp
(Bq/m3) and the ionization current I (fA) was experimentally
obtained;

Qexp =18.3 I ¢D)

On the other hand, the radon concentration Q (Bq/m3) can
theoretically be calculated as follows:
W
= 2
Q eEVE I (2)
f=1f x£,xf, (3)

where W is the energy needed for making one ion pair production by
alpha particle in air, 35.5 eV; I, measured currents (fA); e,

elementary unit of charge 1.602 x 10-19 coul; E, total alpha energy
from Rn, RaA and RaC, 19.17 MeV; V, the effective volume of the

chamber (m3), and f, a correction factor. The factor f is £xf,xf,3
£: correction for decay during the measurement, f2: correction for

the wall loss (loss of ionization due to the wall of chamber)
(Tachino et al. 1974) and f3: correction from the columnar
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recombination (Boag, 1966). For the DSC using a 1.5 { volume
chamber, the value of f is 0.46 (f =0.987, f =0.47, and f3—0 .985).

Therefore, the calculated radon concentratlon Q. al (Bq/m ) is

Q. = 16.81 (4)
From equations (1) and (4), it is clear that the results of
calibration agreed with the theoretical calculation within 8.4
percent., Finally, we have used the experimental results for the
relationship between radon concentration and ionization current.

The sensitivity of the DSC is about 40 Bq/m3.

Charcoal-Trap Method (ACC). The Charcoal-Trap Method has been used
for sampling radon gas in the atmospheric air and for measuring radon
emanation rate from the soil surface by some researchers (e. g.
Kawano and Nakatani, 1964; Megumi and Mamuro, 1972). The trap
contained about 5 grams of activated granular charcoal in a brass
tube. The coolant system consisted of a mixture of dry-ice and
ethanol to keep the temperature at -73°C during air sampling at 5
2/min. The absorbed radon gas was purged using argon gas at 800°C
and then transfered into an ionization chamber. The radon activity
in the chamber was measured at about 4 hours after transference in
the same manner as the DSC (Shimo et al., 1983). The collection
coefficient of the ACC was evaluated to be 0.88%0.05.

Flow-Type Ionization Chamber (PFC). The Flow-Type Ionization
Chamber Method (PFC) has been developed for continuously measuring
radon gas in the atmospheric air. The detail of the device has been
described elsewhere (Shimo, 1985). Briefly, measurements are
continuously carried out by drawing air through the detector at 1.0
~ 2,0 2/min. The ionization currentdue to alpha particles from
radon and its daughters is detected with a vibrating reed
electrometer (VRE) in the same manner as the DSC. The sensitivity

of the current method of this device was about 10 Bq/m;. Thus to
detect a lower concentration of radon, a pulse-counting technique
was used; The output signal of the VRE was detected into a
differential amplifier, and a signal from an alpha particle is
distinguished from background currents due to gamma-radiation and
cosmic rays and counted. The alpha-counts in an hour, C is obtained
by the following formula:

= QIVf (5)

where Q is the radon concentration (Bq/m3); T, the counting time

(sec); V, the volume of chamber (m3) (12.72 x 10 3m3) and f, a
correction factor.

The current measurement was calibrated using the same way as the
DSC, and good agreement between the expreiment and theoretical
calculation was obtained. The PFC was simultaneously able to detect

over the range of 10 ~ 100 Bq/cm3 of radon concentration using the
current and pulse-counting methods. Therfore, the calibration of
the pulse-counting technique was performed by using the result of

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch013

164 RADON AND ITS DECAY PRODUCTS

the current measurement carried out simultaneously with convienient
radon concentration; This gave the relationship between the radon

concentration Q (Bg/cm3) and counts C (counts/hr):
Q = 0.0418 C (6)

The sensitivity of the pulse-counting method is about 0.2
Bq/m".

Two-Filter Method (TF). The Two Filter Method was first introduced
by Thomas and LeClare (Thomas and LeClare, 1970). A modified 66.3
liter decay chamber was used with a filter on each end. Air was
sampled at 40 %/min. The inlet filter removed all of the radon
daughters and aerosol particles but allowed radon gas to pass.
During the transport in the chamber, radon atoms decay to form RaA
atoms. The RaA atoms except those diffused to the wall of the
chamber are collected on the exit filter. The sample collected on
the exit filter is removed and counted. The present method is able
to simultaneously measure radon and thoron concentrations by

alpha spectroscopic technique (Ikebe et al., 1979).

The radon concentration in air, Q (Bq/m3), is obtained from the
equation

_ . C 1
Q= & 7

where C is the total alpha counts in the measured time; €, the
counting efficiency; {, the emerging efficiency of the alpha
particles from the filter; n, the collection efficiency; q, the flow
rate; F, a constant decided from the decay constants of radon or
thoron and progeny, the flow rate and sampling and counting times,
and k, a calibration factor.

The calibration of this method was performed with Rn-222 and
Rn-220 emanating from standard Ra-226 and Th-228 solutions,
respectively. It is defined that the calibration factor is the
ratio of experimental counts to one expected from used radon and/or
thoron gases by using Equation (7); The calibration factors of
radon and thoron were evaluated to be 0.8l and 0.51, respectively.

Electrostatic Radon Monitor (ERM). The Flow-Type Electrostatic
Sampling Instrument (the electrostatic radon monitor) was first
developed by Dalu and Dalu, 1971 (Dalu and Dalu, 1971). In the
present study a modified version developed by Iida (1985) was used.

A 15 liter, semispherical sampling vessel with a flow rate of
0.5 &/min was used. The electrode (38 mm diameter) in front of the
ZnS(Ag) scintillator was placed in the center of the bottom and was
set at -3,000 V relative to the vessel wall. Since the ERM is
sensitive to water vapor (Porstendorfer et al, 1980; Dalu et al.,
1983), the air sample was passed through a dehumidefier to maintain
the relative humidity in the chamber less than 2.9 %.

The radon concentration in air Q (Bq/m3) is estimated from the
following equation:
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5
c(m) -z, c'(1-i)

1 (8)
Q= VF(1) k

where C(I) is the total alpha counts in the measured time interval
I; C'(I-i), the expected alpha counts from previous sampling period
i; V, the volume of sampling vessel (m); F((I), a constant
determined from the decay constants of radon progeny, the flow rate
and sampling and counting times, and k, the calibration factor.

The instrument was calibrated using a 1.5 liter flow-type
ionization chamber: The calibration factor was evaluated to be
0.318.

Passive Integrating Radon Monitor(PRM). Many types of passive
integrating radon monitors have been developed (Urban and Piesch,
1981; Alter and Fleischer, 1981; Iida, 1985). The authors developed
a sensitive device, PRM, for measuring natural radon concentration
levels by electrically collecting Rn-222 progeny on an electrode
behind which a cellulose nitrate (CN) films was set (Ikebe et al.,
1985). A window for ventilating air was provided in the bottom
wall. The PRM detects alpha particles only from Po-218 and does not
detect those from Po-214 because of an aluminized mylar sheet in
front of the electrode, the geometrical arrangement between the
aluminized mylar sheet and CN films, and eching time. An electrode
at the center of the cylindrical vessel (140 mm diameter, 100 mm
height) is set at -180 V relative to the vessel wall. The PRM is
also sensitive to water vapor for the same reasonin as the case of
the ERM (Negro and Watnick, 1978; Kotrappa et al., 1982; Annanmaki
et al., 1983)., Therefore, approximate 150 g of drying agent (P205

powder) was put on the bottom of the vessel for remeving water vapor
from the sampled air. 3

The radon concentration in air Q(Bq/m”) is obtained from the
equation

_ D-B
Q=37 (9)

where D (cm-z) is etched pit density; B (cm_z), background density;
K, the conversion factor, and T (h), exposure time. The conversion

factor was estimated to be (4.75 * 0.41) x 10_2 (cm-2/(Bg mm-3 hr))
from comparing with the value by using the DSC.

Detection Limits of Instruments. The measuring range of those six
instruments are shown in Figure 1. All of the instruments except
for the DSC are able to detect the minimum radon concentration at 1

3 . . . ..
Bq/m~. Since the radon concentration in outdoor air is several

Bq/m3 (e.g. Shimo and Ikebe, 1979), five out of six techniques
(excluding the DSC) are comparable of detecting radon in the outdoor
air. The DSC can only be used when the radon concentration is

higher than 40 Bg/m>.
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Experimental Procedure

Several measurements were simultaneously carried out with four
instruments, excluding the ERM and the PRM. The experimental
arrangement is shown in Figure 2. The pathways 1 and 2 were used
for sampling outdoor and indoor air, respectively. Air sampled from

3 . .
a 66.3 m” room was exhaused back to indoors to keep indoor radon
concentration relatively constant. The indoor radon concentration

ranged from 5 Bq/m3 to 110 Bq/m3 (pathway 2 in Figure 2).

The sampling time of the DSC was very short because the air was
sampled into an evacuated chamber (1.5 liter volume); However, the
ACC and the TF were sampled during 1 hour at the flow rate of
5 &/min and 40 %/min, respectively. The current measurements of the
DSC and the ACC were made beginning at 3 hours after end of
sampling; The measurement of the TF was performed during the 4096
seconds immediately after the end of sampling. The PFC was operated
continuously in this work and the radon concentration has been
estimated from the counts per hour. The FP was operated with a 15
min sampling-time and a 40 min counting-time, so that a value was
obtained once an hour.

The simultaneous measurements were performed in 5 rounds with
more than 8 measurements for the four instruments except the DSC
(one measurement) made in each round. The indoor measurement with
the ERM was continuously made in the laboratory together with the
PFC for several months afer making simultaneous measurements using
the five devices. These results were compared with each other.

The measurements with the PRM was performed over the two years
following the period mentioned above. The PRM was exposed for two
months for each measurement. This approach gave an average
concentration in two months. The results obtained in outdoor and
indoor air were compared with the corresponding data from the PFC
and the ERM.

Results and Discussion

Figure 3 is an example of simultaneous measurements of radon
concentration in indoor air. The measurements shown in this figure
were made under changing condition; the indoor radon concentration
increased after the room had been closed tightly.

Table 2 is a summary of the experimental results from all
methods; This table gives the ratio of each concentration obtained
from the DSC, the PFC, the TF, and the FP to that from the ACC, and
the ratio of each value from the ERM and the PRM to that from the
PFC. The results in Table 2 show that good agreement was obtained
between the DSC and the ACC. However, the ratio of the results from
the PFC to that of the ACC was 1.15 * 0.33. Furtheremore, the value
obtained from the TF was usually smaller than that from the ACC, and
the mean value was 0.68 * 0.18. The value obtained from the FP was
smaller than that obtained from the ACC. This results is because
radon and its daughters are usually at non-equilibrium state in the
atmosphere.

On the other hand, a good agreement between the ERM and the PFC
was obtained., Also, the value from the PRM agreed with that from
the PFC, whereas the simultaneous measurements between the ERM and
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the PFC and between the PRM and the PFC were independently performed
from other devices. One can indirectly compare values obtained from
these two methods to those from other methods through the PFC.
Finally, it was concluded that the values obtained by the DSC, the
ACC, the PFC, the ERM and the PRM except fro the TF agreed with each
other,

Conclusion

An intercomparison between different instruments for measurement of
radon concentration was carried out using indoor and outdoor air as
sampling gas. Consequently, the values obtained by using the PFC,
the ACC, the ERM and the PRM based on the DSC agreed with each
other. However, the value obtained with the TF was smaller than
those obtained with other methods.

The availability and suitability of those devices are briefly
descrived as follows; In high radon concentration, greater than 10
times outdoor levels, the DSC is suitable because air can simply be
sampled in a short time. On the other hand, the ACC is useful for
very low concentration but the operation is troublesome. For
continuously measurement of the radon concentration over long
period, the PFC and the ERM are available. The TF can be used for
obtaing the radon and thoron concentrations. The PRM is useful for
simultaneously obtaining many radon values at various locatioms.
The FP may be used to estimate a rough radon concentration.
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Chapter 14

Improving Bare-Track-Detector Measurements
of Radon Concentrations

H. Yonehara!, H. Kimura/, M. Sakanoue?, E. Iwata?, S. Kobayashi’, K. Fujimoto’,
T. Aoyamal, and T. Sugahara?

Department of Experimental Radiology, Shiga University of Medical Science,
Otsu 520-21, Japan
?Low-Level Radioactivity Laboratory, Kanazawa University, Wake, Tatsunokuchi,
Ishikawa 923-12, Japan
3National Institute for Radiological Sciences, Chiba 260, Japan
4Health Research Foundation, Kyoto 602, Japan

The accuracy of the measurement of radon concentra-
tions with bare track detectors was found to be un-
satisfactory due mainly to the changes of the deposi-
tion rate of radon progeny onto the detector as a
result of air turbulence. 1In this work, therefore, a
method was developed which can correct the contribu-
tions of the deposition to the track densities by
classifying the etched tracks according to their
appearance, i.e. round or wedge shaped. Using this
method, about 30% improvement in the error of measure-
ments was achieved. The calibration coeff}cient ob§
tained by experiment was 0.00424 tracks/cm”/h/(Bq/m”),
which agreed well with the calculated value. Com-
parison was also made of the present method with other
passive methods, charcoal and Terradex, as to their
performance under the same atmosphere.

Various types of dosimeters have been developed for the estimation
of exposures to radon (Rn-222) and its progeny in dwellings. Most
of the dosimeters are the passive integrating monitor type using

a —track etch detectors. They are classified into bare detectors,
detectors with a diffusion chamber, and those using electrostatic
devices. The detectors with a diffusion chamber (Alter and
Fleischer, 1981; Urban and Piesch, 1981) are covered with a filter
or a membrane in order to prevent the entrance of radon progeny and
thoron (Rn-220), and they are considered to be accurate. However,
they are somewhat expensive and their sensitivity is not so high.
While those using electrostatic devices (Kotrappa et al., 1982;
Ikebe et al., 1984) are useful for precise measurements of low level
radon, they are too expensive to make long-term measurements at
numerous locations. The bare track detectors had been studied
before the two other types of detectors were developed (Rock et al.,
1969; Alter and Fleischer, 1981). The devices are suitable for
measurements in a large number of dwellings, because the detectors
are very inexpensive and can be sent and set up easily. The
materials used for alpha particle detection are an allyl diglycol

0097-6156/87/0331-0172$06.00/0
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carbonate, called CR-39, or cellulose nitrate (CN). CR-39 is the
most sensitive material at present and the energy range of a -rays
which can produce tracks is wide. The bare detectors are sensitive
not only to airborne activities but also to activities deposited on
the surface of detectors. As the deposition rate of radon progeny
onto the surface of detectors varies largely with the turbulence of
air and the unattached fraction of radon daughters, the calibration
coefficient is not constant in various locations. In this work a
method was developed which can correct the errors due to the varia-
tion of the deposition rate of daughters and the equilibrium factor
F in the measurements by the bare CR-39 detector. Measurements of
radon concentrations using this method were performed at 251 dwell-
ings in Japan for about one year (Aoyama et al., 1986).

Outline of the Method

The sources of a-rays which produce the tracks on the bare CR-39
detectors are divided into airborne activity and activity deposited
on the surface of the detectors. The relationship between time-
averaged radon concentration (Co) and the track density (T) on the
bare track detector is represented by

T=Kcot=(de+Kda+Ka)cot
and de, Kda’ [(a are given by

c c

£ 1 f 2
K., ={G, + 1 -P)G,}V f, —— +G,V f
df 1 3 g 1 AICO 3 g 2 AZCO
c
f 3
+ G,V f (@))
3 g 3>\3C0
a C1
Kga =16 *+ (1 = P) G5}V, (1 - £) —=—
170
c c
a 2 a 3
+G6,V (1-f) —“%—+6,V°Q-f,) —— (2)
3 g 2 A ,Co 37g 3 X 5Cq
c c
1 3
K. =E, +E + E, —=— 3
0 1
a Co 3c0
_ o £ a
where E1 = E1 f1 + E1 (1 - fl)’
E, =E,% £, +E.2 (1 - £,)
3 3 3 3 37

total calibration coefficient,
de = calibration coefficient for activity of unattached

daughters deposited on the detector,
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Kda = calibration coefficient for activity of attached

daughters deposited on the detector,

Ka = calibration coefficient for activity of airborne
nuclides,

Ci = time-averaged activity concentration of nuclide i,

Ai = decay rate constant of nuclide i,

Gi = geometrical detection factor for a deposited nuclide i,

Ei = geometrical detection factor for an airborne nuclide i
depending on a variation of the activity concentration
with distance from the detector,

Eif = Ei for unattached daughters,

Eia = Ei for attached daughters,

fi = unattached fraction of a daughter i,

\Y £ deposition velocity for unattached daughters,

ve-= deposition velocity for attached daughters,

P = permanent recoil loss probability from the detector for
Pb-214 atom,

t = exposure time,

the subscripts i = 0, 1, 2, and 3 denote Rn-222, Po-218, Pb-214
and Bi-214 (or Po-214), respectively.

According to the UNSCEAR 1982 report, it can be assumed that
the equilibrium factor F ranges from 0.3 to 0.7 and f1 ranges from
0.01 to 0.1. It has been reported that ng ranges from 0.1 to 0.5
cm/sec (Scott, 1983). Taking the variations of F, f1 and ng into
consideration, the variation of K is too large to be neglected.

Thus the bare detector can be applied only in the dwellings where
the variations of those factors are small.

Figure 1 shows a microphotograph of tracks produced by radon
and its progeny. It is evident from Figure 1 that the tracks can be
classified into round (R) and wedge-shaped (W) tracks. The charac-
teristic for the formation of the two types of tracks was studied by
experiment and the results are shown in Figure 2. This figure shows
the cross section of the solid in which the a-rays produced the two
types of tracks. In this figure, the distance corresponds to the
residual range of a-ray at the incidence point P in the unit of cm
of air equivalent thickness (r). If an o-ray which enters the

detector through the point P stops in region R, it produces a round
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Figure 1. Microphotograph of tracks on the detector produced
by radon and its progeny. R shows round tracks and W shows
wedge-shaped tracks.
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Figure 2. Characteristic for the formation of the two types of
track. The solid circle shows the result obtained by the
experiment, and the dashed line is an approximation presented
by Fleischer (Fleischer, 1984). (6 :critical etching angle;
r:residual range of alpha particle at the incidence point P

in cm of air).
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track. If it stops in region W, it produces a wedge-shaped track.
It can be seen from this figure that whether a round track or a
wedge-shaped track is produced is related to the incidence angle and
the residual range of the a -ray at the incidence point on the sur-
face of detector. It can be shown that for the tracks produced by
the deposited Po-218 and Po-214, the ratios of the round track den-
sity and the wedge-shaped track density to the total track demnsity
are 0.60 and 0.40, respectively. If the respective ratios for air-
borne activities are denoted as a and b, the round track density
(Tr) and the wedge-shaped track density (Tw) are represented by

T
r

0.60 Td + a Ta

]
]

0.40 Td +b Ta
where Td and Ta denote total track densities produced by deposited
activities and airborne activities, respectively. From the above
simultaneous equations, Ta is given by

T = —1—('.rr - 1.5Tw) (4

a-1.5b

While Ta is also represented by

C1 C3
= ' ' '
T, (E0+El CO+E3 co)cot (5)
[ £ 1a _
where E)' = E f1 + By (1 fl)
v _ £ 1a _
E3 = E3 f3 + E3 (1 f3)

and E'i denotes detection factor for the total track density caused
by airborne nuclide i, including that for the density of wedge-
shaped track; Ei'f and El.'a denote Ei' for unattached and attached
daughters, respectively. We define here the corrected track density
(TC) as

TC =T, - 1.5 Tw (6)
From Equations 4, 5, and 6, the relationship between TC and C0 can

be represented by
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'1’C = Kc c0 t
' G v G
KC=(a—l.5b)(E0+E1 Co +E3—6-5—)

The calibration coefficients K and [(c were calculated on the follow-
ing assumptions:

(1) The concentration of radon gas in air is assumed to be constant

regardless of the distance from the surface of detector.

(2) The variation of concentration of a daughter i with distance (x)

from the surface of a detector is assumed to be given by

C;'(x) =¢; (1 -e X/ A/ D) (7

where C,'(x) = concentration of a daughter i at the point which is
a distance x away from the surface of the detector,

Ci = concentration of a nuclide i in free air,

D diffusion coefficient.

Equation 7 is an approximation used by Fleischer (Fleischer, 1984).
(3)The value of D is assumed to be 0.05 cmZ/s for unattached
daughters, and assumed to be 1 x 10_5 cmz/s for attached daughters.
(4)The concentrations of unattached Pb-214 and Bi-214 (Po-214) are
3= 0).

(5)The deposition velocity of attached daughters (Véa) is assumed
to be constantly 1% of ng (Jacobi, 1972).

assumed to be negligible (f2 =0, f

(6)The permanent recoil loss probability from the detector for Pb-
214 atom is assumed to be 0.5 (P = 0.5) (Jonassen, 1976).
The values of the detection factors obtained by calculation using

these assumptions and the data of Figure 2 are shown in Table I.

Table I. The Detection Factors Obtained by Calculation

f a a |f
E, E, E, E, E,' E,
0.00176  0.000614  0.00195  0.00249 0.00182  0.000625
1a X [] '
B Eq ¢, Gs ¢, Gy
0.00207  0.00308 0.116 0.0367 0.0763  0.0260
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In Table I, Gi denotes the geometrical detection factor for the
round track produced by a deposited daughter i and Gi' denotes that
for the wedge-shaped track. The variation of Kc and K calculated
using the values in Table I are shown in Figure 3. 1In the calcula-
tion of K, it was assumed that the wedge-shaped tracks are not
counted in the conventional method of track counting. Although K
varies largely with the equilibrium factor (F), the unattached frac-
tion of Po-218 (fl), and the deposition velocity of unattached
daughters (ng), KC varies slightly with these factors. According
to the previous studies, it can be assumed that the mean value and
standard deviation ( S.D.) for F are 0.5 and 0.2, those for f1 are
0.06 and 0.05, and those for ng are 0.3 and 0.2 cm/sec,
respectively. Under these assumptions, the mean value of K is
0.00737 tracks/cmzlh/(Bq/m3) and the relative errors (1 S.D.) due to

the variations of F, f, and ng (vga) are 17%, 22%, and 28%,

1
respectively, and the combined error due to the variations of these

factors is estimated to be 39%. On the other hand the mean value of
K, is 0.00375 and the errors due to F, fl’ and ng (Vga) are 13%, 1%,

and 0%, respectively, and the combined error is 137%.

Detector and Procedure after Exposure

The detectors were 5 x 2.5 cm pieces of CR-39 (Solar Optical Japan,
Osaka, Japan) which were fixed on cardboard. They were set up on
the wall or in the other places in the dwellings to be investigated.
Following exposure, the CR-39 pieces were etched in 30% solution of
NaOH at 70°C for 5 hours. The tracks were scored at total mag-
nification of x1210 usjng T.V. assisted optical microscopy. The
counting area was 3 cm~ at most, corresponding to 750 microscope
fields.

Experimental Calibration

The six experiments for calibration were madg in two chambers. One
was a laboratory with a volume of §bout 23 m~ and the other was a
cellar with a volume of about 15 m”. Both chambers were closed
tightly in order to reduce changes in the radon concentration. The
radon concentrations were measured by a grab sampling method using
activated charcoal in a column set in dry ice and ethanol (Shimo et
al., 1983). The activities of Pb-214 were measured with a solid
state detector(ORTEC Ge-LEPS). The detector was calibrated with
reference sources and the total system of measurement was cross-—
calibrated with a grab sampling method using an ion chamber. The
concentrations of the radon daughters were also measured with a fil-
ter method using ZnS scintillation counter. The counter was
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Figure 3. Variation of calibration coefficients, Kc and K,
derived from the calculation.
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calibrated with a standard uranium source. These measurements were
made every day or at least every third day. In the two experiments,
a fan was used in order to observe the effect of the increase of the
deposition velocity of the daughters. The velocity of wind of the
fan was 171 cm/sec. The conditions and results of the experiments
are shown in Table II. The relationships between the time-averaged
radon concentrations and the track densities per unit time are shown
in Figure 4. It can be seen from this figure that a linear
relationship exists between the average radon concentration and the
corrected track density (T ) obtained by the present method.
However, as regards the conventional method, a linearity exists only
in the case when the fan was off, and the track densities T in the
turbulent atmosphere were higher than those in the still atmosphere.
The calibration coefficients K and K were calculated with a multi-
step method of linear regression analysis (Skinner and Nyberg,
1983). According to the experimental data, the calibratiog coeffi-
cients K and K were 0.00424 and 0.0172 tracks/cm”/h/(Bq/m”),
respectively. The mean value of K determined from the experimental
data is higher by 13% than that prgviously derived purely on the
basis of calculation.

Error Estimation

The total error for the measurements with the present method is made
up of various errors as follows:

(1)The statistical error of the track counting,

(2)The error due to ambiguities in classification and discrimination
of tracks,

(3)The error due to the parameters such as F, fl’ and ng (Vga),
(4)The error due to the variations of the background, the condition
of chemical etching, and the batch variation of the materials,
(5)The error due to the ratio of thoron concentration to radon.

As there are few data on the ratio of thoron concentration to radon,
we have assumed that the value is constant and is equal to 0.14,
Error(4) and Error(5) are assumed to be negligible for the error
calculation. The error due to ambiguities in classification and
discrimination of tracks according to the shape or the size was
assessed by experiment and the relative error (1 S.D.) was less than
10%. The relative error due to the variations of F, fl’ and ng
(Vga) is less than 13% as described in the previous section. The
combined error due to these factors is estimated to be 16%. The to-
tal error can be obtained by combining this error and Error(l). If
we use the definition that the lowest detectable limit is the radon

concentration at 50 % relative S.D., the lowest detectable
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Table II. Conditions and Results of Calibration Experiment

Volume of Duration Average Radon F Fan Tc + S.E. T + S.E.
Chamber Conc. + S.E.
( m3 ) ( Days ) ( Bq/m3 ) ( tracks/cmzlh )( tracks/cmZ/h )
23 20 98.0 + 9.2 0.44 off 0.386 + 0.016 1.12 + 0.05
23 25 70.7 + 7.8 0.54 off 0.304 + 0.018 0.733 + 0.010
23 14 60.7 + 4.6 0.61 off 0.271 + 0.021 0.672 * 0.025
23 15 40.3 hd 2.4 0.37 on 0.164 :_0.01& 1.25 + 0.06
15 5 688 + 73 0.62 off 3.03 +0.28 7.54 + 0.624
15 8 540  + 32 0.37 on 2.17 + 0.18 13.9 + 0.411
102.. I L "TIII‘ T |Illll| T 1 |l|llll T 1 T 11177
—_ : A Conventional Method .
£ T=0.0172 Co
°é - =0.91
L
3
T owE =
E C ]
5 [ ]
[~]
T L ]
5 R |
a
.‘E 3 @Present Method 7
§ T¢=0.00424 C,
x 100 | r=0.97 -
8 - .
= N -
-1
10 L4l Lol Lol L1
102 10° 104 108
Average Radon Concentration (Bq/ m3)
Figure 4. Relationships between the time-averaged radon

concentration and the track densities per unit time.

Error

bars represent standard error of track counting.
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limit after exposure over 3 months is estimated to be 1.2 Bq/m3. In
this calculation it has been assumed that the area of counting
fields for the sample is 3 cmz, that for the background is 11 cmz,
the round track density due to hacksround is 22 tracks/cmz, and the
wedge-shaped track density due to background is 0 tracks/cmz, which
are the practical or the average values for application in our

experiments.

Comparison with Other Methods

In order to assess the accuracy of the present method, we compared
it with two other methods. One was the Track Etch detector manufac-
tured by the Terradex Corp. (type SF). Simultaneous measurements_
with our detectors and the Terradex detectors in 207 locations were
made over 10 months. The correlation coefficient between radon con-
centrations derived from these methods was 0.875, but the mean value
by the Terradex method was about twice that by our detectors. The
other method used was the passive integrated detector using ac-
tivated charcoal which is in a canister (Iwata, 1986). After 24
hour exposure, the amount of radon absorbed in the charcoal was
measured with Nal (Tl1) scintillation counter. The method was
calibrated with the grab sampling method using activated charcoal in
the coolant and cross—calibrated with other methods. Measurements
for comparison with the bare track detector were made in 57 indoor
locations. The correlation coefficient between the results by the
two methods was 0.323. In the case of comparisons in five locations
where frequent measurements with the charcoal method were made or
where the radon concentration was approximately constant, the cor-
relation coefficient was 0.996 and mean value by the charcoal method
was higher by only 12% than that by the present method.

Discussion

Calibration Coefficients. Two mean values of the calibration coef-
ficient K  are presented. 2The mean3value of K_obtained by calcula-
tion was 0.00375 tracks/cm“/h/(Bq/m”), and thaf obtained by experi-
ment was 0.00424. Taking account of the ambiguities in the assump-
tions for the calculation and the experimental errors, there is no
significant difference between the two values of K . If the am-
biguities and the experimental errors are negligibfe, the difference
is due to the variation of the ratio of thoron concentration to
radon. When the ratio is assumed equal to 0.14, the mean value of

K obtained by calculation agrees with the experimental result.
There are very few data for this ratio in dwellings. From a small
study, Schery (1985) reported that the mean value and S.D. for the
ratio were 0.23 and 0.37, respectively. If the values could be ap-
plied to a dwelling which has a general distribution, the mean value
of K is calculated to be 0.00458 and the combined error due to the
variations of the ratio, F, and f, is calculated to be 29%.
Comparison with Other Methods. We compared the present method with
other methods. The reason for poor correlation between the charcoal
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method and the present method seems to be due to the large variation
in radon concentration with change in period and position of the
measurement and due to change in ratio of thoron concentration to
radon. Because these two methods agree with each other at various
locations where the measurement with charcoal method were frequently
made or the radon concentration was approximately constant, the ef-
fect of the variation in ratio of thoron concentration to radon
seemed not to be so significant. However, we need to further inves-
tigate the reason for the difference in these methods.

On other hand, we found a good correlation between the results
by the present method and those by the Terradex detector. However,
the mean value obtained by the Terradex detector were about twice
those by the present method. The reasons for this significant dif-
ference are unknown and may be due to errors in the calibration ex-
periments and in the conditions during the measurements. 1In the
calibration experiments the effect of existence of thoron in the
chambers could be one of the reasons. As regards the condition in
the measurements, methods for subtraction of background tracks and
deposition of dust onto the bare detector could be candidates.
However, we do not have enough data to determine the reasons for
some of this difference.

Conclusion

Using the present method, the bare CR-39 detector becomes useful for
the long-term measurements of radon concentrations in various
dwellings. The present method is useful for laboratories which wish
to measure radon concentrations at low cost. The practigal calibra-
tion coefficient K  equals to 0.00424 tracks/cm”/h/(Bq/m”).
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Chapter 15

Determination of Radon-220 and Radon-222
Concentrations in Fumarolic Gases

Kyouko Yamashita, Hideki Yoshikawa, Makoto Yanaga, Kazutoyo Endo, and
Hiromichi Nakahara

Department of Chemistry, Tokyo Metropolitan University, Setagaya-ku, Tokyo 158,
Japan

A radiochemical method for the determination of Rn-220
in fumarolic gas is studied. Both condensed water and
non-condensing gas are collected together and Pb-212 is
precipitated as PbS. After dissolving the precipitate
in conc.HCl, it is mixed with an emulsion scintillator
solution for activity measurements. As Pb-214 is
simultaneously measured, the observed ratio of Pb-212
/Pb-214 gives Rn-220/Rn-222. This method is superior
to the method of directly measuring Rn-220 for the
samples in which Rn-220/Rn-222 ratios are less than
unity. This method and the previously proposed direct
method were applied in the field, and new data
obtained. An attempt was also made to understand the
formation and transport of radon underground.

The Rn-222 concentrations in the soil gas, fumarolic gas, atmosphere,
and in the underground water have been measured extensively for the
studies of seismology, uranium mining, environmental science and
geochemistry. 1t has been known that its concentrations are often
very high in fumarolic gases and in the underground water, the reason
for which is, however, not clarified yet.

Rn-220 is another isotope of radon and belongs to the thorium
decay series. Due to its short half life of 55.6 s, reports on its
concentrations in those gases and in natural water are still scant.
They are also important for a better estimate of our exposure to
natural radioactivity and also for the geochemical study of the forma-
tion of those radon isotopes and their underground movement.

In the previous paper(Yoshikawa et al., 1986), we proposed a

0097-6156/87/0331-0186$06.00/0
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method for the direct determination of Rn-220 and Rn-222 in fumarolic
gases by use of the toluene extraction of radon followed by radioac-
tivity counting with a portable liquid scintillation counter that
could be carried to the field. However, because of the finite sampling
time and its short half life, an assumption had to be made in order to
obtain an absolute concentration at the time of ejection to the ground
surface as discussed in detail in ref.(Yoshikawa et al., 1986) and
described briefly in the following.

In the present work, an indirect method for the determination of
Rn-220 in fumarolic gases has been studied that measures essentially
the activity of Pb-212, the progeny of Rn-220, together with a further
investigation on Rn-220 and Rn-222 concentrations at various sites.

An attempt is also made for understanding of the Rn-220 and Rn-222
data, namely, the formation and transport of the radon gas
underground.

Direct determination of Rn-220 and Rn-222

The direct method reported in ref.(Yoshikawa et al., 1986) will be ex-
plained briefly so that the reader may understand the reason why an
indirect method is proposed in the present work. )

A fumarolic gas sample quickly collected into a syringe is shaken
with a toluene-PP0 scintillator solution, and the radioactivity of the
extracted radon is measured by a portable liquid scintillation counter
that has three single channel analysers with an automatic print-out
and recycle counting system. The decay and growth of the radio-
activity is followed for about 20 min during which the activities due
to Rn-220, Po-216, and Rn-222, Po-218, Pb-214, Bi-214, Po-214 are
mainly observed. The absolute value of the sum of these activities
can be obtained by the integral counting method even when the sample
contains some quenchers(Homma and Murakami, 1977; Murakami and
Horiuchi, 1979). The observed decay and growth curve is then analyzed
by the following equation.

ACt) = AT £(1) + AR g(1) (1

where A(t) is the activity observed at time t; Al“ and A§“ are the
activities of Rn-220 and Rn-222 at the end of the solvent extraction,
and f(t), g(t) are the functions that take care of the decay and
growth of Rn-220, Rn-222 and their progenies.

As the process of the gas sampling and the solvent extraction has
to be carried out quickly (within 3 min at the longest) for the direct
measurement of the Rn-220 decay, accurate measurements of the gas
volume and the temperature are not possible. Therefore, the co-
existing Rn-222 is used as a tracer for the determination of the gas
volume and the solvent extraction efficiency; that is, another gas
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sampling is carried out slowly with a cooling device and the gas
volume of the non-condensing gas is accurately measured. Then, the
solvent extraction is repeated twice to obtain the extraction ef-
ficiency of radon into the toluene. As the Rn-222 concentration
should be the same for the rapidly and slowly collected samples, the
activity of Rn-220 per unit volume of the non-condensing gas AIStaI
can be evaluated as follows :

Tn
ATn = Ao x ARn 2
total ARn total
0

where AIStaI and A%Stal are further corrected for the decay to give
the Rn-220 and Rn-222 concentrations at the end of the gas sampling.
In order to obtain the Rn-220 concentration in the fumarolic gas at
the time of the ejection into the atmosphere, a reasonable assumption
has to be made on the amount of Rn-220 decayed during the gas
sampling. In ref.(Yoshikawa et al., 1986) it is assumed that the
ejection rate of the non-condensing gas is constant with the con-
centrations of Rn-220 and Rn-222 unvaried. Then, the correction fac-
tor is

Arpt 7 (- exp(C-Aq,7)) 3

where T is the sampling time. As this factor becomes as large as 2.5
for =180 s, it may introduce the largest ambiguity in the direct
determination of Rn-220. Some results of field work performed in this
work are shown in Table 1., and the decay and growth of the total ac-
tivity is shown in Figure 1 as an example.

Indirect determination of Rn-220

As discussed above, the correction for the decay of Rn-220 during the
gas sampling introduces the largest ambiguity in the direct determina-
tion of Rn-220. Therefore, another indirect method of measuring the
radioactivities of Pb-212 and its progeny has been investigated in the
present work. An advantage of this method is that the gas sampling
does not have to be carried out fast. Thus the gas volume can be made
large so long as the condensed water as well as the non-condensing gas
is collected into a sampling bottle quickly. Moreover, the radioac-
tivity measurement does not have to be performed at the sampling site.
However, the disadvantage is the decreased sensitivity in the activity
measurement due to the longer half life of Pb-212, i.e., the half life
of 10.64 hr is about 690 times larger than that of Rn-220. The
measurement of Pb-212 actually has a meaning somewhat different from
the direct measurement of Rn-220, and it is expected to give some in-
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formation on the amount of Rn-220 initially drifted from the source
into the up-stream of the gas if the decay products of Rn-220 stay in
the gas stream and come up to the surface.(See below later section,

“ Formation and transport of radon” ) In the present work, lead
isotopes were chemically separated from the sample gas as lead sulfide
since the formation of lead sulfide was inevitable under the presence
of HoS in the fumarolic gas. The lead sulfide was then dissolved in a
small amount of concentrated HCI and mixed with the Insta Gel(emulsion
scintillator solution, Insta Gel, Packard Inc.) for the liquid scin-
tillation counting. The chemical yield and the volume of the col-
lected non-condensing gas were obtained from the measurement of the
activities of Pb-214 and its progeny which were in radioequilibrium
with their precursor Rn-222 whose concentration was determined
separately by the direct method.

Gas collection and sample preparation. The fumarolic gas was col-
lected either by a separatory funnel half-immersed into the water or
by a doubly sealed stainless pipe driven into the vent of the volcanic
gas. It was led through a short polyethylene tube into a vacuum
bottle in which was added beforehand 25 ml of the 0.2 N HCl solution
containing 20 mg Pb2t as a carrier. After the collection of the non-
condensing gas and the condensed water, the bottle was tightly sealed
and left for more than 4 hrs until the radioequlibrium was established
within the bottle between the Pb-212 and its decay products. During
this standing time, the Pb-214 and its decay products initially
present at the time of the sampling would decay out and they would at-
tain a new radioequilibrium with their precursor Rn-222. The bottle
was then vigorously shaken and, when necessary, a few milliliters of
the 0.2 N HCI solution saturated with HyS were added to ensure the
lead sulfide precipitation. The solution was filtered with a filter
paper with suction and an aliquot amount of the 0.2 N HCl solution
saturated with HyS was further used to wash the bottle and the
precipitate quickly. The time of the separation of Pb-214 from Rn-222
was recorded at this point. The lead sulfide precipitate was then
dissolved in a small amount of hot conc.HCl (less than 2 ml in
volume) on the filter paper and the filtrate was collected in a 25 ml
low-potassium counting vial. After adjusting the volume to 10 ml with
water, 12 ml of Insta Gel was added and the vial was shaken vigorously
until a single layer of transparent emulsion was obtained. In the
above chemical procedure, Pb and Bi are expected to behave similarly.

Radioactivity measurement The radioactivities of lead isotopes and
their decay products were measured with TRICARB # 3380 liquid scintil-
lation counter (Packard Inc.). The radioisotopes concerned, and their
decay charateristics are shown in Figure 2. In the case of the direct
method, the absolute radioactivity can be obtained by the integral
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counting method(Homma and Murakami, 1977; Murakami and Horiuchi, 1979)
in which the activities of Rn-220(a) - Po-216( &) and Rn-222(a) -
Po-218(a) - Pb-214(B ") - Bi-214(B8 ) - Po-214(a ) are measured.
However, in the present case it is doubtful if the integral counting
method can be applied to the absolute measurement of Pb-212 and its
decay products because the maximum B~ray energy of Pb-212 is only
0.33 MeV. According to ref.(Horrocks, 1966), this method does not
give an absolute activity for B7-ray energies less than 0.25 MeV.
Furthermore, the half life of Po-212 is short compared to the gate
width of the sum-coincidence circuit, and its a-ray pulse is
suspected to be summed up with the B -ray pulse of Bi-212.

In order to know the quenching effect and the number of decays
actually observable per decay of Pb-212 for the Insta Gel sample which
contains Pb-212 and its decay products in radioequilibrium, the fol-
lowing experiments were performed.

(i) The Rn-220 gas produced from a Th-228 source (confirmed to
be free from the nuclides belonging to the uranium series) was ex-
tracted into a toluene-PP0 solution(Yoshikawa et al., 1986) and the
activities of Rn-220-Po-216 and Pb-212-its decay products in
radioequilibrium were measured by the liquid scintillation counter
using the integral counting method. The result was

Apb'lpb / ATn'ATn = 1.47 = 0.07 (€))

where Ap, is the activity of Rn-220 ; App is the sum of the activities
of Pb-212 and its decay products, and Apand Apy are the decay con-
stants of Rn-220 and Pb-212, respectively. As expected, only 1.47
decays per decay of Pb-212 was found counted in the case of the
toluene-PP0 solution. 1t is to be noted that Pb-212 as well as Rn-220
are all extracted if the HCl -Insta Gel solution is used.

(ii) The Pb-212 was extracted into a 1.5 M HDEHP(Di-2-ethylhexyl
phosphoric acid)-toluene solution from the 0.01 M HCl solution con-
taining Ra-224. In order to know the effect of the composition of the
scintillator solution on the counting efficiency, 100 u1 each of the
Pb-212-HDEHP toluene solution was added to the toluene-PPO vials and
HC1-Insta Gel vials for counting by the integral counting method. The
average ratio of the count observed for the HCl-Insta Gel (cocktail of
2 ml conc.HCIl + 8 ml H20 + 12 ml Insta Gel) to that for the toluene
-PPO solution was found to be 1.03 £ 0.047.

(iii) In order to see the quenching effect, the amount of HCl in
the HCI-Insta Gel cocktail was varied from 1.0 ml to 2.5 ml, and the
activities of Pb-212 and its decay products were counted by the in-
tegral counting method. 1t was found that the quenching effect could
be corrected by the integral counting method within the above varia-
tion of the HCI content.

From these experiments it was concluded that when Pb-212 and its
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decay products were in radioequilibrium within the HCl-1nsta Gel
vial,(1.45 * 0.10) decays per decay of Pb-212 were actually counted
by the integral counting method. In Fig.3 is shown an example of the
decay-growth curve of Pb-214, Pb-212 and their progenies. Pb-212 and
its progeny decay with the half life of Pb-212 while Pb-214 and its
progeny decay with the half lives of Pb-214 and Bi-214, namely, 26.8 m
and 19.7 m. The latter decay can be expressed by

ACt) = AD exp(- A t) + 2A3 exp(- A ot)

20,
Ay-dy

+ A‘l’{exp(- 7«1 t)-exp(- )«2 )} 5)

where A and A§ are the activities of Pb-214 and Bi-214 at the time of
the separation from Rn-222, and A | and A9 are the decay constants of
Pb-214 and Bi-214, respectively. In the present chemical procedure,
Af and A§ can be considered to be equal. The first part of the decay
curve in Figure 3. was analyzed by Equation 5. to obtain AY. The long
component decayed with the half life of Pb-212 and gave the absolute
activity of Pb-212 when divided by a factor of 1.45 as discussed
above. From the activity ratio of Pb-212 / Pb-214 multiplied by 690
(App / Aqp in Equation 4.), the activity ratio of Rn-220 / Rn-222 at
the time of sampling could be evaluated by correcting for the decay of
Rn-222 during the time between the gas sampling and the chemical
separation of Pb-214. Finally, the Rn-220 concentration in the gas
was obtained by multiplying this ratio with the Rn-222 concentration
observed by the direct method.

Results and discussion Some results of the indirect method obtained
in the field work are shown in Table 11., and they are compared with
those of the direct method. Results of the two methods are barely in
agreement within one standard deviation. The correction factor of
Equation 3. used in the direct method was found not in a large error
when the sampling time was less than about two half lives of Rn-220.
1t was also demonstrated that the indirect method was superior for the
determination of Rn-220 in a sample in which the ratio Rn-220 / Rn-222
was small. In the direct method, the decay analysis of Equation 1.
where the build-up of Po-218 (T1/2 = 3.05 m), Pb-214 (T, = 26.8 ",
and Bi-214 (71/2 = 19.7 m) is taken into account brings about a large
uncertainty in the evaluation of the Rn-220 concentration even when
the activity itself is not small whereas the decay analysis of Equa-
tion 5 gives an unambiguous result since the half lives of Pb-214 and
Bi-214 are quite different from that of Pb-212. The lower limit of
the Rn-220 concentration that can be determined by the indirect method
is calculated to be 0.4 nCi/l for the condition that one-liter of gas
is sampled and that the radioactivity measurement of Pb-212 is con-

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch015

15. YAMASHITA ET AL. Concentrations in Fumarolic Gases 195

104 a
B Pb-214+Bi-214
103 —
w u
- »
2
z »
= 2
@ 10
i -
a -
n -
— =
5 B
8 Pb-212
]01 := i T”}:- 10}64 hr
]00 | | | | 1

0o 2 4 6 8 10 12 14 16
TIME AFTER SEPARATION OF Pb(hr)

Figure 3. Decay curves of Pb-212 and Pb-214. Filled symbols and
open ones correspond to the observed activities, and those of Pb-
214 and Bi-214 obtained by subtraction of the broken line from the
filled symbols, respectively. Straight line and broken line rep-
resent the decay of Pb-214 and Bi-214, and the decay of Pb-212,
respectively.
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tinued for 50 min and the net count should be more than two standard
deviations of the background (45 cpm in this work) of the liquid scin-
tillation counter.

Formation and transport of radon

There have been some speculations on the origin of radon in spring gas
and volcanic gas (lwasaki, 1969). As shown in Table I, concentrations
of Rn-222 and Rn-220 are found as high as 76 nCi/1 and 1300 nCi/t,
respectively, and the Rn-220/Rn-222 ratio becomes more than 100 at
some places. |t has been known that the elemental content of Th-232
in igneous rocks is about 4 times as large as that of U-238 on the
average and in terms of radioactivity, their concentrations are both
about 1.3 pCi/g(Evans and Raitt, 1935). Besides, the effective mean
free path of Rn-220 in water and in air is much smaller than that of
Rn-222(Fleischer and Mogro-Campero,1977). The guestion is, then, how
to explain the high concentrations of Rn-220, Rn-222 and the large
Rn-220/Rn-222 ratio of more than unity in fumarolic gas. In the fol-
lowing an attempt is made to explain the formation and transport of
radon in the fumarolic gas from the data of this work and those in
literature observed at Tamagawa Hot Spring located in Akita
Prefecture, Japan. This hot spring has been well known for the
radioactive mineral, Hokutolite, which is a mixed crystal of BaSO4 and
PbSO4(Minaui, 1964). The fumarolic gas is ejected from the orifices
of the hot spring at the bed of a stream at several locations along
the flow. The temperature and the pH of the stream water is 97°C and
1.2, respectively, and Hokutolite grows on the surface of andesite
rocks and on the bank of the stream. An enormous amount of sulfurous
sinter is precipitated in a wide area at the bottom of the stream.
Many investigations have been carried out on chemical compositions of
the water and the gas(lwasaki, 1959) and also on radnoactnvntles The
major cations in the water are Al +(116 230 mg/1), Ca +(127 -227 mg/1),
Fe3*(73-113 mg/1), Mg2*(49-101 mg/1), Na*(6d- 114 mg/1), k¥(15-78 mg/1)
whereas anions are C17(2670-3410 mg/1) and SO4 “(1142-1440 mg/1). The
chemical composition of the noncondensing gas is C05(60-85 %), HyS(4-
37 %), SOz(Iess than 0.2 %), and non-acidic gas(1- 36 %, hereafter
called R-gas). Radioactivities of radium isotopes in the water and in
Hokutolite were measured by Saito et al.(Saito et al., 1963) and their
results are cited in Table 111. The activities contained in the sul-
furous sinter were measured in this work by 7 -ray spectrometry and
the results are shown in Table IV. From the results in Tables 111 and
1V, the activity ratios of Ra-224 to Ra-226 and Ra-228 to Ra-226 are
found to be not much different in the water, and in the sulfurous
sinter. The smaller ratio in Hokutolite is known to be due to the
slow sedimentation rate of the mineral which results in the survival
of Ra-228 only at the surface of the mineral(Saito et al., 1963). The

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch015

198 RADON AND ITS DECAY PRODUCTS

Table 111. Activities of radium isotopes at Tamagawa hot spring

Ra-226 Ra-224/Ra-226 Ra-228/Ra-226
Spring water 0.51~0.73 dps/! 8.0~9.4 14
Hokutolite (5yr) 58 dps/g 6.4 -

Table 1V. Activities in sulfurous sinter

Th-232 series U-238 series
Nuclide dps/g Nuclide dps/g
Ac-228 (Ra-228) 18 * 2 Ra-226 1.1 % 0.2
Pb-212 18 £ | Pb-214 1.4 %= 0.1
Bi-212 18 = 0.7 Bi-214 1.26 = 0.09
T1-208 15 £ 2
Ave. 18 £ 0.5 Ave. 1.29 £ 0.09
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constant ratios of the radium isotopes in water and in the deposit
reveal that the ordinary chemical distribution of radium between two
phases takes place. |t is highly probable that the sediment at the
bottom of the stream or underground is the source of radon isotopes in
the fumarolic gas. As the half life of Rn-220 is very short, it is
difficult to explain the observed high concentration of Rn-220 in the
gas unless it comes out to the gas phase quickly without the process
of diffusion within solids or water. The fraction of radon atoms that
came out to the air or to the water from fine particles was observed
in the present work as shown in Table V for monazite sand and the sul-
furous sinter. The fact that the fraction found in the air is the
same for both Rn-220 and Rn-222 clearly indicates that radon atoms
come out of the solid by the recoil process. |If it is assumed that
the sediment which contains a large amount of Ra-228 and Ra-226 with
the activity ratio of roughly 14 to 1 is the source of radon found in
the gas, the Rn-220/Rn-222 ratio is expected to be at most about 10
when radioequilibrium is assumed within the respective decay series.
The decay products of Ra-228, namely, Ac-228, Th-228 and Ra-224 are
all expected to co-precipitate with PbSO; and BaSO; under the chenmical
condition described above(Kahn, 1951). Then, the large ratio of Rn-
220/Rn-222 has to be explained by the build-up time of radon in the
gas. Let us assume that radon and thoron atoms recoil out into the
gas phase with the build-up time 7 from the sediment which contains
their parents Ra-226 and Ra-228. The true meaning of 7 would be the
contact time of the gas with the source sediment. Small gas bublles
will grow larger as they go through the porous sediment and finally
loose contact with the source, joining into the main stream of the gas
that comes up from the bottom. When the time required for the
transport of the radon-containing gas to the ground surface 7, after
loosing the contact with the source is taken into account, the follow-
ing equation is obtained for the activity ratio of Rn-220(T) and Rn-
222(R). '

At np 1-expC-Aprp)  exp(-AqTy) ®
AR ng 1 -exp(-AgTy)  exp(-ApTy)

where np and np are the average number of radon atoms transfered into
a unit volume of gas bubbles per unit time. The ratio ny/np may be
taken to be the activity ratio of Ra-228/Ra-226 in the source if a
direct recoiling or a fast transfer of radon atoms into the gas phase
is assumed. The small gas bubbles can be either the ones formed
within the sediment or those strayed from the main up-stream of the
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gas into a huge body of the porous sediment. After spending the time
T within the sediment, the bubbles will drift toward the main stream
of the fumarolic gas and are diluted with the bulk of the gas. Equa-
tion 6. can be further simplified if exp(-Ap7y) % 1, and { 1 -
exp(-At7p) } 5 1. (1 is long enough for the complete build-up of
Rn-220 and 74 is much shorter than the half life of Rn-222.)

ATexp( A T T t) nT 1 (7)
AR nR 1 - exp(-xkrb)

If the activity ratio Rn-220/Rn-222 of 136 observed by the indirect
method at Ohbuki (see Table 11) is taken to be the value of the term
on the left hand side of the equation, and the Ra-228/Ra-226 ratio of
14 in Tables 111 and 1V is assumed for ny/ng, the build-up time 7 is
evaluated to be 14 hours. If ny/np is as small as one, T becomes
one hour. For explanation of the absolute concentration of Rn-220 and
Rn-222, a knowledge of nt, ng is required. Let us assume, using the
result of Table V, that one out of two hundred decays of Ra-224 and
Ra-226 within the sediment brings about one atom of Rn-220 and Rn-222
in the gas bubble that has strayed from the main gas stream into the
sediment. Activities of Rn-220 and Rn-222 per cubic centimeter of the
non-condensing gas observed at Ohbuki are 6.5 dps and 0.048 dps,
respectively (see Table 11), and those of Ra-228 and Ra-226 per gram
of the sulfurous sinter are 18 ggs and 1.3 dps, respectively (Table
1V). Then, as np = 6.5 atoms/cm® sec and ng = 0.47 atoms/cmS* sec Gif
Ty, = 14 hrs), the amount of the sediment required for one cubic cen-
timeter of the non-condensing gas to make contact within a unit time
in order to explain the observed concentrations is only 72 g for Rn-
220 and Rn-222. If the buildup time is 1 hr (“T/“R = 1), ng becomes
6.5 atons/cn3'sec, and, therefore, the amount of the sediment required
is 1000 g.

As the time required for the gas bubbles to be in contact with
the sediment, and the amount of the sediment from which radon atoms
have to be gathered into the gas bubble per unit time are not
unrealistic, the concentrations of Rn-220 and Rn-222 observed at
Ohbuki, Tamagawa hot spring may be explained by the model discussed
above, namely, by the model of the presence of the source enriched in
Ra-228 and Ra-226 near the surface supplying Rn-220 and Rn-222 to the
gas coming up from somewhere deep underground although the explanation
of the observed Ra-228/Ra-226 ratio in the sediment has to be sought
for as a next problem.
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Chapter 16

A Critical Assessment of Radon-222 Exhalation
Measurements Using the Closed-Can Method

Christer Samuelsson

Department of Radiation Physics, University Hospital, Lund University, 221 85 Lund,
Sweden

The immediate response to closing an exhalation can is a
depressed radon exhalation rate of the sample en-
closed. Ignorance of this phenomenon, which is predicted
by the time-dependent diffusion theory, may cause
serious underestimation of the free and undisturbed
exhalation rate of the sample. The rate of change in
exhalation rate is initially maximal. For intermediate
sample thicknesses (0.2L < d < 0.5L, L= diffusion
length) the closed-can method does not give the free
exhalation rate if the radon growth is measured after a
few hours because of the rapid change from free to
steady state bound exhalation. If only a decay
correction is applied to a leaking can, the free ex-
halation rate may be underestimated by more than the
factor {1+(pd/h)}, where p and h are the sample porosity
and outer volume height of the can, respectively. The
temporal evolution of the exhalation after closing a
leaking can is complicated and the use of completely
radon-tight cans is highly recommended. Systematic
experimental investigations of the temporal behavior of
the radon exhalation from porous materials in closed
cans are badly lacking.

In a large survey of radon transport phenomena (Colléet al., 1981)
several exhalation measurement methodologies were reviewed. One of
the laboratory techniques in that review, perhaps the most common
one for exhalation measurements of small porous samples, will be
scrutinized in this contribution. I am referring to the closed-can
accumulation method, which means that the sample to be investigated
is enclosed in a can and the exhalation of radon is determined from
the radon growth in the air inside the can.

At the time of the NBS review (Collé et al., 1981) in 1981 no
one had applied the results of time-dependent diffusion theory to
the accumulation closed-can method. Therefore neither the review nor
the earlier contemporary state-of-the-art papers (e.g. Jonassen,
1983) could describe properly or quantify the influence from radon

0097-6156/87/0331-0203$06.00/0
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leakage or 'back diffusion'. A phenomenological description of the
temporal behaviour of the radon exhalation from a sample inside an
accumulating can, is the main issue of this paper.

The time-dependent diffusion theory, with boundary conditions
relevant to the accumulating closed-can method, was already at hand
for radon-tight cans in 1971 (Krisiuk et al., 1971), but the practi-
cal consequences were not drawn until 1983 (Samuelsson and Petters-
son, 1984). Lamm and collaborators (Lamm et al.,1983) verified the
theoretical results of Krisiuk and extended the theory to leaking
vessels. For the purpose of diffusion-length determination the time-
dependent diffusion theory model has been utilized by Zapalac
(1983). Dallimore and Holub (1982) have fitted their radon exhala-
tion results from closed-can samples allowing radon equilibrium
buildup, to a time-dependent diffusion-flow model. The flow was
measured and calculated for a sudden opening of the can into a
larger volume system. In their paper the pressure difference over
the sample was always zero.

The objectives in the following talk are to discuss qualita-
tively the time behaviour of exhalation in closed cans and then
compare these qualitative reasonings with the exact results of the
time-dependent diffusion theory. The theoretical results are, to a
large extent, presented in diagram form only. Readers interested in
the exact equations behind these diagrams are referred to the paper
by Lamm (Lamm et al., 1983).

The Sample/Can Geometry and Conditions before Closure

In order to simplify the situation, we assume that our porous sample
under investigation covers the bottom of an open straight-walled can
and fills it to a height d (Figure 1). Such a sample will exhibit
the same areal exhalation rate as a free semi-infinite sample of
thickness 2d, as long as the walls and the bottom of the can are
impermeable and non-absorbant for radon. A one-dimensional analysis
of the diffusion of radon from the sample is perfectly adequate
under these conditions. To idealize the conditions a bit further we
assume that diffusion is the only transport mechanism of radon out
from the sample, and that this diffusive transport is governed by
Fick's first law. Fick's law applied to a porous medium says that
the areal exhalation rate is proportional to the (radon) concentra-
tion gradient in the pores at the sample-air interface

E(t)= —Dea—%%z—*—t-) (1)
where Do is the effective diffusion coefficient

z is the height within the sample (cf. Figure 1)

Cc(z,t) is the concentration of radon in the pore
volume and

t 1is the time.

If we assume that the air surrounding the sample is perfectly mixed,
the concentration of radon in the outermost pores (z=d) is always
the same as in the air outside the sample. Let us leave the sample
in the open can long enough to stabilize the initial conditiomns. The
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t d+h
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Figure 1. A semi-infinite slab of thickness 2d in open air has
the same areal exhalation rate as the open surface of the sub-
sample of thickness d in an open can. The height coordinate is
denoted by z. When the can is closed the outer volume height is h.
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sample is then in a steady state exhaling into free air and the
radon concentration at z=d and outside the sample is zero. Our task
is now to determine this so-called free exhalation rate, an
exhalation undisturbed by the can. We will try to execute our task
by closing the can at time zero (t=0), with the intention that, from
the initial increase in radon inside the can, we shall be able to
calculate the free and undisturbed exhalation rate. How we collect
the radon from the can without disturbing the ongoing exhalation is
not our main concern for the moment. We simply postulate that this
can be done, without introducing pressure changes, dilution etc.,
and turn back to our main issue: does the time-dependent diffusion
theory permit us to measure the free exhalation rate by the
technique outlined? This question will be addressed in the following
sections.

The Initial Phase after Closure i

a Non-Leaking Can

At time zero, when the can is closed we have an depth concentration
gradient, the 'driving source' so to speak, in the outer layer of
the sample corresponding to free exhalation rate. Let us now imagine
what happens during the first few seconds after closing the can.
Assume, just for simplicity, that the free exhalation rate
corresponds to one thousand radon atoms per second. In a first
approximation we have then, after one second, 103 radon atoms in the
outer volume of the can. The decay probability per atom is only
2.1-1076 51, This means that, as a very good approximation, we can
neglect the decay correction during the first few, say 5 minutes.
After these 5 minutes we have accumulated 3-10° radon atoms in the
outer volume of the can. The corresponding concentration is 3-107
atoms (or about 100 Bq) per cubic metre, if the outer volume (dead
space volume) is say 10 litres. Will this radon concentration
significantly affect the free exhalation rate? Well, we cannot
settle that question until we know the radon concentration
distribution in space and time in the pore volume, and to obtain
that we must solve the time-dependent diffusion equation. One
obvious conclusion however, can be drawn from the qualitative
discussion above: one cannot exclude the possibility that the free
exhalation rate is significantly lowered during the first few
minutes after closing the can.

Consulting theoretical calculations we see that this is exactly
what the diffusion theory predicts (cf. Figure 2). In the example in
Figure 2 the free exhalation rate has decreased by about 20 % within
4 minutes after closure. The corresponding radon concentration-depth
profile is shown in Figure 3. A significant change in the concentra-
tion gradient at the surface is seen. The deeper situated pores are
not affected at all in the short time perspective shown.

From Figure 3 we have that the radon concentration after 4
minutes is about 6.5 Bq m~3 in the outer volume of the can. Let us
assume that the can has a horizontal cross section area of 0.2 mZ,
The outer volume is then 20 litres and the concentration 6.5 Bq m~3
corresponds to a mean exhalation rate of 2.7 mBq m2 s , which is
lower than the free exhalation rate by a factor 3.15/2.7= 1.17.

If our mission is an experimental determination of the free
exhalation rate we are in difficulties. Still with the sample in
Figure 2 as an illustration, we see that even if we take a grab
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Figure 2. The areal exhalation rate as a function of time after
closing the can. Sample geometry and data as shown (theory).
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Figure 3. The internal radon concentration of the sample in
Figure 2 at time of closure (corresponding to free exhalation
rate) and four minutes after closure of the can (theory).
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sample from the can volume as early as 4 minutes after closure we
underestimate the free exhalation rate systematically. We may in
addition run into sensitivity problems. In total we have only 0.12
Bq of radon in 20 litres of air. Which is a measurable amount as a
whole, for instance in a large ionization chamber or concentrated
into a small ZnS bottle, but poor counting statistics would be
expected unless we have detectors of extremely low background and
long counting times at our disposal. The only 'light in the dark' is
the fact that the radium content of the fictive sample in Figure 2
is rather low. 'Problematic' building materials may contain a factor
of ten, or even a hundred, higher concentrations of radium.

The conclusion from the experiment illustrated in Figures 2 and
3 is thus that the exhalation rate will change so rapidly after
closure that only a mean exhalation rate, significantly lower than
the free exhalation rate, can be measured. This problem can be
solved if we choose our sample geometry differently or make another
approach to the grab sampling from the can. These things will be
dealt with in the next section.

The Intermediate and Final States in a Non-Leaking Can

One, or actually two questions must be raised in connection with the
exhalation behaviour exemplified in Figure 2. For how long will the
exhalation decrease and what is the final steady-state exhalation
value? The latter question is the easier one, as the quotient free
exhalation rate, Eg, to final steady-state exhalation with the can
closed, Ep, is (cf. Figure 2 for the notation):

Eg/Ex= 1 + {pL tanh(d/L)}/h (2)

For a thin sample (d<0.5L), like that in Figure 2, the quotient is
equal to (1+a)/ o where o equals h/(pd), the outer to inner volume
ratio. Applying Equation 2 to our case in Figure 2 the steady-state
exhalation rate is simply half of the free exhalation rate.

In order to answer the former question, how long does it take
to change from the free to final steady-state exhalation, we must
again consult detailed diffusion theory. It can be shown (Samuels-
son, 1984) that the reshaping of the radon depth-concentration
gradient is characterized by an exponential sum of the form

;exp{-(yiL/d)Z)\t} exp{-At} (3)
i

where the yj:s are the non-trivial solutions to the. transcendental
equation -Qy;= tan yj. (For all non-leakage cases the roots yj
increase monotonically with a difference approximately equal to w,
starting somewhere in the interval n/2 -->7). For thin samples,
L/d>>1, all terms in the sum die out very rapidly. This is equiva-
lent to a very rapid change from the free to final steady-state
exhalation rate in the closed can. As the time-dependent exhalation
rate in the can asymptotically approaches the final steady-state
exhalation, a convenient measure is the 95 or 99% (gradient) reshap-
ing time, which is the time it takes for the exhalation to reach
within 5 and 1%, respectively, of its final value. The sample il-
lustrated in Figure 2 has a 99% reshaping time of 80 minutes. Theo-
retically calculated 95% reshaping times as well as the ratio Eg/Ep
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(cf. Equation 2) are exemplified in Table I. (Samuelsson and Pet-
tersson, 1984). For samples comparable in thickness, or thicker than
the diffusion length, the reshaping times can be of the order of
days.

Table I. The 95% gradient reshaping times (see text) for different
combinations of sample thickness, d, outer volume height, h, and
diffusion length, L. The quotient free exhalation rate, Eg, and the
final steady-state exhalation rate, Ep, is also given.

Sample Outer Can Diffus. Free to final Reshaping
Thickness volume height length steady state time
height exhalation
d h h+d L Eg/Ep t(95%)
cm cm cm cm minutes
2 48 50 100 1.02 5
10 40 50 100 1.13 80
40 10 50 100 2.90 570
2 48 50 20 1.02 70
10 40 50 20 1.12 1840
40 10 50 20 1.96 6260
2 13 15 100 1.08 4
10 5 15 100 2.00 50
2 13 15 20 1.08 90
10 5 15 20 1.92 1180

(Reproduced with permission from Ref. Samuelsson and Pettersson,
1984. Copyright 1984, Nuclear Technology Publishing).

If we continue to explore what happens to our thin (thin rela-
tive to the diffusion length that is) sample in Figure 2, there is
one feature of the time-dependent diffusion theory that is very
important, and perhaps a bit unexpected. The outer volume radomn
concentration continues to grow even if the final steady state
exhalation has been reached. If we, for a moment, forget that we had
an exhalation up to twice the final one during the initial 80 min-
utes, we can use the rule of thumb for a constant supply of atoms
into a closed space: it takes about three half-lives until we reach
saturation activity. For radon it thus takes nearly two weeks for
the maximum concentration in the outer volume to be reached. This
maximum is close to 7500 Bq m~3 for the model sample illustrated in
Figure 2. One can say that after the reshaping of the depth-concen-
tration gradient in the pores, the system is in a sort of equilib-
rium with a parallell increase in concentration in the pores and
the outer volume. During this period the radon concentration in all
pores, irrespective of depth, and in the outer volume as well is
increased by the same absolute amount during an arbitrary time
interval. In other words, the radon concentration-depth gradient
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(the concentration derivative with respect to z) is kept constant,
but the whole radon concentration distribution in the pores in-
creases uniformly for all depths z until the maximum saturated value
is reached. We shall have this time-behaviour of the pore concentra-
tion distribution in mind, when we in the next section come to
explain the exhalation behaviour in the case of a leaking-can sys-
tem.

The reshaping time for the sample in Figure 2 is of the order
of one hour. The mean exhalation rate during time periods about one
magnitude larger than the reshaping time will deviate insignificant-
ly from the final steady-state exhalation rate, Ep. This fact opens
up the possibility of an indirect determination of the free exhala-
tion rate, Eg. In our case in Figure 2 we for instance take a grab
air sample from the can 10 hours after closure, calculate the mean
exhalation rate, which will be very close to Ey, and then Equation 2
will give the free exhalation rate, Eg. The knowledge necessary to
use this method is the outer to inner volume ratio, a, and the
thickness d of the sample in relation to the diffusion length, L.

If we choose o much larger than 1 (thin samples d<0.5L) or
h>>pL (thick samples d>>L), the final steady-state exhalation de-
viates very little from the free exhalation rate and we do not need
to know the reshaping time or use Equation 2 for corrections. An air
grab sample taken at any time (and corrected for radioactive decay
if necessary) after closure, will yield the free exhalation rate to
a good approximation, provided that the can is perfectly radon-
tight.

The 'thin sample' case is illustrated in Figure 4, in which the
time behavior of the exhalation rate is given with the outer volume
height as parameter.

The Exhalation in Leaking Cans

For a leaking can (leak rate constant, vs~1) the time behaviour of
the exhalation is complicated. Equation 2 has to be revised to

Eg/Ep= 1 + {pL tanh(d/L)}/hy %)

where yis the leakage factor (defined in Figure 2). As in the non-
leaking case we assume that the air in the outer volume is perfectly
mixed. It follows from this that the elimination of atoms in the
outer volume is a first order process, with an elimination rate
constant equal tov+A.

From Equation 4 we see that the final steady-state exhalation,
Ep, is dependent on the leakage factor,y, in a simple fashion. An
increased outer height, h, is simply exchangeable with the same
factorial increase in leakage factor: a fact we will use later on.
The effect of leakage on the reshaping process is more complicated,
and it would take too much time and space here to give the detailed
analytical results. I will instead present some plausible guesses of
how the exhalation rate ought to behave after closing a leaking can,
and then check these guesses with the predicted results from time-
dependent diffusion theory.

Let us again start from the 20 cm thick sample depicted in
Figure 2. The best thing to do is to stay with this sample just as
it is, i.e. as a non-leakage case, and then compare it with another
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Figure 4. The areal exhalation rate as a function of time after
closing the can, for various value of outer volume height, h. The
sample is the same as in Figure 2 (theory).
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sample having the same free exhalation and the same final steady-
state exhalation rate, Ey, but in a leaking can. Say that we choose
a leakage factor, Y, equal to 2. According to Equation 4 we must
reduce the free air height above the sample to 5 cm, if the two Ep:s
are to be the same. The two cases just described are denoted by 'a'
and 'b' in Figure 5.

The initial behaviour of the exhalation during the few minutes

in case 'a' have been dealt with above (cf. Figure 2). In the
leaking case 'b', the initial depression of the exhalation rate must
be even faster and more pronounced due to the smaller outer volume.
In fact, during the first few minutes, when the probability of both
decay and leakage can be neglected, our leaking can 'b' will behave
similarly to the corresponding non-leaking can, in Figure 5 denoted
by 'c'.
In the time interval following the fast initial reduction in
the exhalation rate, the leaking can 'b' will not be in equilibrium
with the outer volume radon concentration increase, as was the case
for the radon-tight can 'a'. The reason for this is that the in-
crease in radon concentration in the outer volume, compared with the
non-leakage case, is not fast enough due to radon atoms leaking out.
The net result of this is that the radon concentration-depth grad-
ient in the sample pores will start to slowly increase again, i.e.
the exhalation increases. This process continues until the final
steady-state exhalation is reached.

Theoretically obtained exhalation curves versus time for the
three cases 'a', 'b', and 'c' just discussed, are shown in Figure 5.
The logarithmic scale should be noted, extending the actually very
fast initial decrease in exhalation disproportionately. The compli-
cated behaviour of exhalation in leaking cans, together with the
difficulties connected with the construction of cans with a repro-
duceable leakage factor, lead me to the conclusion that in all
serious closed-can exhalation measurements, leaking cans must be
avoided. To be considered radon-tight a can must have a leakage rate
constant that is negligable compared with the decay rate constant,
A, for radon-222 (\= 2.1 1076 s-1).

Figure 6 displays exhalation rate curves versus time for the
sample in Figure 2, with the leakage factory as the variable para-
meter. Large leaks make the final steady-state exhalation rate
deviate less from the free exhalation rate, in accordance with
Equation 4. It must be remembered, however, that the radon activity
accumulating in the outer volume is dependent on y, the exhalation
rate is only the strength of the radon 'source' feeding this volume.

Exhalation Experiments

What kind of experiments can be done to elucidate the special
features of the time-dependent diffusion theory as applied above?
One of several possibilities is to choose a sample/can geometry in
such a way that the initial change in slope of the outer volume
concentration as a function of time is pronounced. This is
equivalent to saying that the final exhalation rate should be
significantly lower than the free exhalation rate and that the
gradient reshaping time should be fairly short, of the order of
hours. Results from such an experiment are displayed in Figure 7.
Notice the characteristic constant slope (about 11 kBq n~3 h-1) of
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Figure 6. The areal exhalation rate during the first 200 hours
after closure, from the porous sample in Figure 2, with the leak-
age factor yas the variable parameter (yis defined in Figure 2)
(theory).
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Figure 7. Radon concentration growth in the outer volume during
the first fifteen hours after closure. The exhalation can is
radon-tight (y= 1). The exhalation material is dry sand mixed with
11 % ground uranium ore by weight. The diffusion length, L, is l.4
m, the sample thickness, d, is 26 cm and the outer volume height,
h, is 4.0 cm. Other parameters of the sample are as follows:
porosity= 0.47, radium concentration= 1180 Bgq kg'l, emanation
fraction= 0.33, bulk density= 1710 kg m-3 (experiment + theory).

o radon concentration in grab samples taken from
the can (expt.)

——®— grab samples corrected for dilution effects in
the can

o outer volume radon concentration as predicted by
time-dependent diffusion theory

— — — outer volume radon growth corresponding to free
exhalation rate
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the growth curve, after the initial gradient reshaping period (about
one hour in the figure). This slope corresponds to the final steady-
state exhalation rate, En. Using Equation 2 we can conclude that the
free exhalation rate indicates a slope of about 46 kBq n~3 h-1l. As
expected from the time-dependent diffusion theory discussed above,
this value cannot be obtained from the type of single experiments
exemplified in Figure 7. The initial depression of the free
exhalation rate is far too rapid for that.

In order to experimentally check the validity of the time-
dependent diffusion theory as applied to the closed-can method,
extensive systematic investigations of radon exhalation, with care-
fully controlled parameters, are needed. To the author's knowledge
no such investigations have yet been performed.

Conclusions

Increased insight into the temporal behaviour of the radon
exhalation from porous materials, after closing an exhalation
vessel, can be gained from mere qualitative arguments, based on
Ficks first law. Assuming instantaneous outer volume mixing, the
exact solution of the time-dependent diffusion equation fully
supports the predictions arrived at qualitatively and provides the
exact time scale for the initial reduction in the free exhalation
rate. For certain common sample/can geometries the initial change in
radon exhalation after closing the exhalation can is far too rapid
to permit a direct experimental determination of the free exhalation
rate from the initial radon growth in the outer volume of the can.
This problem can be avoided, sacrificing sensitivity, if the outer
volume is made so large that the final steady-state exhalation rate
approximates the free exhalation rate. The free exhalation rate can
also be determined indirectly by applying a correction factor to a
measured final steady state exhalation rate. This latter aproach is
not necessarily 'slow', since for certain exhalation can geometries,
the final steady state exhalation rate is achieved within one to a
few hours after closing the can. The temporal evolution of the
exhalation after closing a leaking can is complicated and the use of
completely radon-tight cans is highly recommended. Systematic
experimental investigations of the temporal behaviour of the radon
exhalation from porous materials in closed cans are badly lacking.
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Chapter 17

Underground Measurements of Aerosol and Activity
Distributions of Radon and Thoron Progeny

Atika Khan/, Frank Bandi/, Richard W. Gleasure/, Colin R. Phillips/, and
Philippe Duport?

IDepartment of Chemical Engineering and Applied Chemistry, University of Toronto,
Toronto, Ontario M5S 1A4, Canada
2Atomic Energy Control Board, P.O. Box 1046, Ottawa, Ontario K1P 559, Canada

Aerosol and activity distributions of 218po, 21l%pb,
214Bi and 212pb were determined in two different
underground mining environments by means of an opti-
mized time delay counting scheme and diffusion bat-
teries. In one environment, diesel equipment was
operating, and in the other electrically powered
equipment. The two environments differed signifi-
cantly in total aerosol concentration. In the diesel
environment, in particular, aerosol concentrations
were unsteady and fluctuated with vehicular traffic
and mining activities. As measured by radon progeny
disequilibrium, the age of the air ranged from about
25 min to 60 min. Thoron Working Levels were of the
same order as radon Working Levels. Data are reported
on the aerosol and activity size distributions in both
the diesel and the electric mine.

Most previous measurements of aerosol and activity size distribu-
tions in uranium mines have focussed on radon progeny (Chapuis et
al., 1970; Cooper et al., 1973; George et al., 1977). Thoron pro-
geny measurements have been made in Canadian uranium mines, but for
trackless mine conditions only (Busigin et al., 1981). Since the
characteristics of aerosols and aerosol concentrations in trackless
mines are generally different from those in track mines because of
the presence of diesel exhaust in the former, separate measurements
of aerosol size and activity distributions are needed in the two
types of mines. The measurements presented here were undertaken in
order to evaluate the aerosol concentrations, radon and thoron pro-
geny Working Levels, aerosol size distributions and activity size
distributions of 218po, 2l4pp, 214Bi and 212pb in two operational
hard rock uranium mines, one a track type mine and the other a
trackless type. The age of the air was obtained approximately from
the radon progeny concentrations.

0097-6156/87/0331-0219$06.00/0
© 1987 American Chemical Society
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Experimental Technique

The aerosol size distribution for mine aerosols can be represented
adequately by the function (Davies, 1974):

- 2
1 1 {1n(d/d)
n(d) = ———— exp [ -5 |—F—"— (1)
d/27 1n cg 2 <vln °g )

An aerosol size distribution can, therefore, be described in terms
of the count median diameter, d, and the geometric standard
deviation, o_. These parameters were obtained from experimental
data using a®diffusion battery method (Busigin et al., 1980). A
diffusion battery is an assembly of a number of cylindrical or rec-
tangular channels. The relative penetration of aerosols through
different sizes of diffusion batteries at specified flow rates
allows the aerosol size distribution to be calculated.

Three diffusion batteries (Busigin et al., 1981) were used in
conjunction with a portable (Environment One) condensation nuclei
counter (minimum detectable particle size of 0.0025 im) and a flow-
regulated Dupont pump (Model P-4000). The number of diffusion bat-
teries used was a compromise between the 1deal and the practical.
Although the ideal number of diffusion batteries is greater than
three, the practical limit was three owing to the available tem-
porary arrangements for making measurements in operating uranium
mines, and the number of available personnel, pumps and counters
for simultaneous operation of all batteries. For the measurements,
air was first drawn through the sample port of the condensation
nuclei counter by the pump to record the total aerosol con-
centration. The sample port was then connected to each of the
three diffusion batteries in turn and the number of aerosol par-
ticles penetrating each battery obtained. The penetrations g3,
gy and gg through the diffusion batteries (nos. 3, 4 and 5) were
then calculated from the ratio of the number of aerosols measured
with and without a battery. An(ﬂstimal fit of the Kth approxima-
tion of the size distribution n (d) to the actual distribution
n(d) wgs then obtained using diffusion battery data. An approxima-
tion n (d) to n(d) is obtained as

nk In (4/d¢%)\2
K "] 1 o
n (d) = % —x x|~ 3| — % (2)
4 o=1 V2w d ln ¢ In o
a a
T .
where 2 ha = 1, q is the number of lognormal distributions
a=1

summed and r are the parameters associated with

x® (K)
a

y O and h(K)
a a
the lognormal size distributions of the Kth approximation.

The penetration probability of a particle passing through the dif-
fusion battery is given by (Busigin et al., 1980)
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© -biu
P = ] a, e (3)
. i
i=1
where u = 2 WLD/FH for a rectangular plate diffusion battery
W = width of each rectangular plate (cm)
L = length of each rectangular plate (cm)
D = diffusion coefficient of the particle (cm?/s)
F = volume flow rate through a single channel in the
diffusion battery (cm3/s)

2H = spacing between two plates (cm) (2H << W)

The penetration constants a

and b1 for parallel plate diffusion
batteries are:

i

0.006¢

a; = 0.91035, ap = 0.5314, a3 = 0.01529, ay

by 124.5

1.88517, by = 21.4317,  bs = 62.3166, by

The experimental diffusion battery penetration, g;, is related to
the theoretically calculated penetration probability, Pj(d) by

g. = | P.(d) n(d) d(d) %)
3 o 1

where n(d) is the required aerosol size distribution given by eqn.
(1).
The optimization calculation is aimed at minimizing the dif-
fefﬁsce between g. as given by equation (4) and the approximation
where J

g.® o 7 ) 2™ a@ (5)
i 5 3

The dimensions of the diffusion batteries are given in Table I. At
a sampling rate of 3 L/min, diffusion battery (D.B.) no. 3 would
remove 50% of the 0.03 m particles, D.B. no. 4 would remove 50% of
the 0.08 pm particles and D.B. no. 5 would remove 50% of the 0.2 m
particles.

The count median diameter, d, and the geometric standard
deviation, Og, were calculated by using the experimental diffusion
battery penetration values, g4, as input for a computer program
based on the optimization procedure described earlier (Busigin et
al., 1980).

Three different experimental protocols were used throughout
the work. Two protocols were used to determine the activity size
distribution, the first protocol, based on individual progeny, for
the bulk of the measurement days (Jan 29 to Feb 6) and the second,
based on Working Level, for the last two days (Feb 7 and 8). The
third experimental protocol was used for general determination of
Working Levels from Jan 29 to Feb 6.
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Table I. Dimensions of Diffusion Batteries

D.B No. of Width Length Spacing between
+Be DO. channels (cm) (cm) plates (cm)
3 25 10 19 0.08
4 50 10 30 0.04
5 140 10 43 0.04
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Activity Size Distribution - First Experimental Protocol. For
determination of the activity size distribution of the individual
progeny in the first experimental protocol, the concentration of
the radioactive species of interest is used to find the penetration
fraction through the diffusion batteries. The experimental method
consists of drawing air through 0.8 im pore size Millipore Type AA
filters placed in magnetic filter holders at the air exit ends of
the diffusion batteries. An open face filter holder with a similar
filter is used as a reference. Air is drawn simultaneously through
the reference filter and the three diffusion batteries for ten
minutes. The filters are then counted in Trimet alpha counters
according to a counting schedule based on optimization with respect
to minimum uncertainty in measurement of each of 218po, 214pp,
214Bi and 212pb., The fluctuations in flow rate and concentrations
during sampling were taken as 5% each. Two samples per day could
be obtained using this schedule of 10 minutes sampling and sub-
sequent counting at 2-4, 9-12, 85-95 and 240-250 minutes after
sampling. Equations (5a-d) were used to calculate the con-
centrations C(1), C(2), C(3) and C(4) for 218po, 21l4pp, 214Bji and
212Pb, respectively.

nvc(l) =

0.146577 I(1) - 0.135175 I(2) + 0.039193 I(3) - 0.02596 I(4)
nve(2) =

-0.0167797 I(1) + 0.009946 I(2) + 0.022673 I(3) - 0.017961 I(4)
nve(3) =

-0.0072511 I(1) + 0.035622 I(2) - 0.017533 I(3) + 0.012187 I(4)
nvec(4) =

-0.000011941(1) + 0.0000433I1(2) - 0.0001868 I(3) + 0.005955I(4)

(5a=-d)

In equations (5a-d), the I(j) are the counts obtained in the
jth counting interval, and n and V are the counting efficiency
(cpm/dpm) and the sampling flow rate (L/min) respectively.

Activity Size Distributions - Second Experimental Protocol. For
the last two days of measurements (Feb 7 and 8) the second experi-
mental protocol was used to determine the activity size distribu-
tion in terms of Working Levels. In this, the sampling and
counting schedules were adjusted in order to increase the number of
samples obtained per day from two each to four each, for both radon
and thoron progeny. The scheme consisted of 5 minute sampling
followed by 2-7 minute counting for radon progeny and 15 minute
sampling followed by 270-285 or 330-345 minute counting for thoron
progeny.

The radon progeny Working Levels for calculation of activity
distributions were calculated using the equation:

= I (2-7)
RaWL = 555235 w (6)
where 235 is the weighting factor dependent on the decay equations

and sampling and counting periods were 5 min each.
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The thoron progeny Working Levels for calculation of activity
distributions were calculated as:

I (330-345) %)

WL 15 x 15 x 13 nV

where 13 is the weighting factor dependent on the decay equations
and sampling and counting periods were 15 min each.
The first sample of the day was counted at 270-285 minutes after
sampling in order to allow counting to be completed in the
underground working period. Equation (7) was used to calculate the
thoron progeny Working Level in this case, with I(330-345) replaced
by I1(270-285).

The concentration of 212Pb was calculated from:

c _ I (330-345)
212py 2.22 xV x 15 x 15 x exp(=Ap1pp, X 337.5) X n

_ 1(330-345)
= 345.78 Vn_ (®)

where 1/2.22 is the conversion factor from dpm to pCi/L, 337.5 min
is the time from the end of sampling to the mid-point of the
counting interval, and sampling and counting periods are 15 minutes
each.

For the first sample of the day, this concentration was given

by:

~ 1(270-285)
C212pp, = 369.14 vn )

where the time elapsed from the end of sampling to mid-counting
interval is 277.5 min and other parameters are the same as for eqn.
(8).

The activity size distributions were determined from the
calculated penetration values in the diffusion batteries using the
method outlined for aerosol size measurement (equation (6) for
RnWL and equations (8) and (9) for 222pb concentration).

Working Level Measurement — Third Experimental Protocol. Working
Levels of radon and thoron progeny were determined separately from
those used for activity size distributions four times per day
during the entire measurement period except the last two days. The
method consisted of sampling air for ten minutes through an open
face filter holder containing a 0.8 m pore size filter. The
filter was then counted at 2-7 and 340-350 minutes after sampling
in accordance with an optimized two-count scheme for determining
radon and thoron progeny Working Level (Khan and Phillips, 1986).
The following equations were used for the calculations:

I (2-7) 1(2-7) (10)

10 x 5 x 235 xVn 11750 Vn

RnWL
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where 235 is the weighting factor dependent on the decay equations,
the sampling period is 10 min and the counting period is 5 min.

I (340-350) _ I1(340-350) (11)

oL T0 x 10 X 13 xVn _ 1300 Vn

where 13 is the weighting factor dependent on the decay equations
and sampling period and counting period are 10 min each.

The I's represent the counts obtained in the counting interval
(minutes) given in brackets, and V and n are the pump flowrate and
the counter efficiency, respectively.

On the last two days, Working Levels determined by equations
(6) and (7) for activity size distribution were used.

Results

The Working Level data for both track and trackless mines are
listed in Tables II(a) and II(b). The aerosol concentrations
recorded frequently (every ten to twenty minutes) during each
measurement day are plotted in Figs. 1 and 2 for the track mine and
Figs. 3 and 4 for the trackless mine. The concentrations of

218py, 21l4pp, 214Bi and 212pb obtained from the reference filter
sample for activity size distribution measurements are listed in
Table III. The approximate age of the air based on the radon pro-
geny concentration ratios (Evans, 1969) is also given in Table III.
Because air streams from different airways are likely to mix in the
mine, the age of the air calculated in this way reflects only the
progeny ratios, not the physical age of the air stream or streams.
The activity size distribution and aerosol size distributions found
in the two mines are shown in Table IV.

The mean values of the activity and aerosol median diameters
together with the best estimate of the standard deviation, Oh-1°
based on the total number of measurements made for each parame%er,
are listed in Table V. Figures 5-8 show representative size
distributions.

Discussion

It is only possible to compare results from the track mine with
results from the trackless mine on the understanding that neither
results can be considered to be typical of the relevant mine since
the variation within each mine, as a result of vehicular traffic,
non-similar sampling locations, etc., is extremely great. For pur-
poses of identification, the data are however referred to as per-
taining to either the track or the trackless mine.

The thoron progeny Working Level was found to be about the
same as the radon progeny Working Level in the track mine but lower
than the RoWL found in the trackless mine (Table II). The aerosol
concentrations were much lower (40,000-80,000 aerosols/cm3) in the
track mine than those found in the trackless mine (80,000 to
>300,000/cm3). Further, the aerosol concentrations were fairly
stable in the track mine (Figs. 1 and 2) whereas in the trackless
mine (Figs. 3 and 4) sharp transients occurred due to heavy vehicu-
lar traffic. Measurements in the trackless mine are therefore
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Table II(a). Working Levels of Radon and Thoron Progeny
(based on eqns. (10) and (11))

Mine Date Time RnWL TnWL
Track Jan 29 11.25 0.09 0.12
13.40 0.08 0.09
Jan 30 10.10 0.11 0.15
12.25 0.09 0.12
Jan 31 11.20 0.14 0.17
13.35 0.20 0.20
Feb 1 11.50 0.55 0.49
14.05 0.48 0.35
Trackless Feb 4% 11.05 0.36 -
Feb 5 10.00 0.24 0.21
12.15 0.29 0.22
Feb 6 11.25 0.31 0.20
13.40 0.31 0.19

* Filter blown away with wind before the second count for TnWL
could be obtained.
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Table II(b). Working Levels of Radon and Thoron Progeny

(based on eqns. (6) and (7)

227

Date Time RnWL TnWL
8.40 - 0.22%
8.55 - 0.22%
9.10 0.37 -
9.20 0.36 -—
9.40 0.33 -
9.50 0.30 -
10.10 0.33 -

Feb 7 10.20 0.32 -
10.40 0.28 -
10455 0.34 -
12005 - 0020
12.20 — 0.20
12.40 - 0.20
13.15 - 0.20
13.40 - 0.19
13.55 - 0.20
8.30 — 0.20%
8445 0.27 -
8.55 0.30 -
9.15 0.28 -

Feb 8 9.35 0.28 -
9.55 0.34 -
12.00 - 0.20
12,20 - 0.19
13.30 - 0.19

* Slightly overestimated due to modified counting interval in
order to enable counting within the allowed working period.
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Figure 3. Aerosol concentrations for Feb. 4 (trackless mine).
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subject to greater uncertainties due to the rapid changes in the
sampling environment over short periods of time (<10 minutes). The
greater uncertainty is reflected in the measurement data listed in
Tables II-IV where fewer data are reported for the trackless mines
than for the track mine. Because the duration of some transients
were similar to the measurement period, some data in the trackless
mine had to be rejected.

The aerosol and activity size distribution data shown in Table
V indicate that the activity median diameters for aerosols to which
218py and 21%pb are attached is about the same as the count median
diameter of the general aerosol itself in both track and trackless
mines. The activity median diameters of 212pb and radon progeny
(in terms of RnWL) are higher by about 30-40% than the aerosol
diameter. The activity median diameter of the aerosols carrying
214Bi is the same as the overall aerosol distribution count median
diameter for the track mine but higher than the aerosol diameter
for the trackless mine. The RnWL activity size distribution was
not determined for the track mine. The results in Table V indi-
cate, however, that the RnWL distribution would probably be the
same as the aerosol size distribution in the track mine but
somewhat higher than the aerosol size distribution in the trackless
mine because of the larger 21Bi attached aerosol diameter (Table
V).

The aerosol distributions are calculated in terms of a single
mode, without attempting to resolve them into a major large mode
and a minor very small (unattached) mode. The unattached mode is
very much smaller in diameter (of molecular cluster dimensions)
than the major mode of the aerosol and in underground mines its
peak height is very small. To resolve such a mode would require
more than the three diffusion batteries used for the measurements.

The larger size of 212pb in both the track and trackless mine
may be due to the longer half-life of 212Pb, which allows 212pb
atoms to spend more time in the vicinity of aerosols than any of
the other measured radon decay products. A longer contact time
would lead to increased coagulation of aerosols and larger particle
sizes.

Conclusions
The conclusions may be summarized as follows:

a) Aerosol concentrations measured in the track mine were found
to be consistently lower (40,000-80,000/cm3) and more stable
than those measured in the trackless mine (80,000 to
>300,000/cm3).

b) The thoron progeny Working Levels found in the track mine
(0.09-0.49) were in general about the same as the radon pro-
geny Working Levels (0.08-0.55). In the trackless mine,
however, the thoron progeny Working Levels (0.19-0.22) were
lower than the measured radon progeny Working Levels
(0.24-0.36).
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c) The average age of air determined from progeny ratios was
25-60 minutes in the track mine and 35-40 minutes in the
trackless mine.

d) The radon progeny activity size distributions in the track
mine were in general similar to the aerosol size distribution,
with average activity median diameters of 0.054 m for 218po
and 21%Bi aerosols and 0.05 im for 21%Pb aerosols. The count
median diameter for the aerosol was 0.055 mum. In the
trackless mine, the average activity median diameters of 0.073
ym and 0.07 um for 218po and 2!%Pb aerosols were about the
same as the average count median diameter of the aerosol
(0.069 um). However, the average activity median diameter of
214%pp (0.085 ym) aerosols and the average activity median
diameter of aerosols to which radon progeny were attached
(0.089 um) were both greater than the aerosol diameter.

e) The 212pp activity median diameter was larger than the aerosol
diameter for both the track mine (0.07 im compared to the
aerosol diameter of 0.055 ym) and trackless mine (0.l im com—
pared to the aerosol diameter of 0.069 m).

f) All aerosol and activity size distribution activity median
diameters were in the range 0.05 to 0.1 mm for both track and

trackless mines.
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Chapter 18

Chemical Properties of Radon

Lawrence Stein

Chemistry Division, Argonne National Laboratory, Argonne, IL 60439

Radon 1is frequently regarded as a totally inert ele-
ment. It 1is, however, a "metalloid” -- an element
which lies on the diagonal of the Periodic Table be-
tween the true metals and nonmetals and which exhibits
some of the characteristics of both. It reacts with
fluorine, halogen fluorides, dioxygenyl salts, fluoro-
nitrogen salts, and halogen fluoride-metal fluoride
complexes to form ionic compounds. Several of the
solid reagents can be used to collect radon from air
but must be protected from moisture, since they hydro-
lyze readily. Recently, solutions of nonvolatile, cat-
ionic radon have been produced in nonaqueous 8ol-
vents. Ion-exchange studies have shown that the radon
can be quantitatively collected on columns packed with
either Nafion resins or complex saltf. I.'l:l it_g ion_:}_c
stig_e, radorh_'_is able to displace H', Na', K', Cs,
Ca“", and Ba ions from a number of solid materials.

Since the discovery of the first noble gas compound, Xe+Pth
(Bartlett, 1962), a number of compounds of krypton, xenon, and
radon have been prepared. Xenon has been shown to have a very rich
chemistry, encompassing simple fluorides, Xer, XeF4, and XeF6;
oxides, Xe03 and Xe04; oxyfluorides, XeOFz, Xe0F4, and Xe02F2;
perxenates; perchlorates; fluorosulfates; and many adducts with
Lewis acids and bases (Bartlett and Sladky, 1973). Krypton com-
pounds are less stable than xenon compounds, hence only about a
doz-e,:_n h_ave befn _prepared: Ker and derivatives of Ker, such as
KrF SbF6, KrF VF6, and KrF TaZFll' The chemistry of radon has been
studied by radioactive tracer methods, since there are no stable
isotopes of this element, and it has been deduced that radon also
forms a difluoride and several complex salts. In this paper, some
of the methods of preparation and properties of radon compounds are
described. For further information concerning the chemistry, the
reader is referred to a recent review (Stein, 1983).

0097-6156/87/0331-0240$06.00/0
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Clathrate Compounds

Radon forms a series of clathrate compounds (inclusion compounds)
similar to those of argon, krypton, and xenon. These can be pre-
pared by mixing trace amounts of radon with macro amounts of host
substances and allowing the mixtures to crystallize. No chemical
bonds are formed; the radon is merely trapped in the lattice of
surrounding atoms; it therefore escapes when the host crystal melts
or dissolves. Compounds prepared in this manner include radon
hydrate, Rn 6H20 (Nikitin, 1936); radon-phenol clathrate,
Rn 3C6H501-I (Nikitin and Kovalskaya, 1952); radon-p-—chlorophenol
clathrate, Rn 3p-C1C¢H,OH (Nikitin and Ioffe, 1952); and radon-p-
cresol clathrate, Rn 6p-CH3C6H4OH (Trofimov and Kazankin, 1966).
Radon has also been reported to co-crystallize with sulfur dioxide,
carbon dioxide, hydrogen chloride, and hydrogen sulfide (Nikitin,
1939).

Radon Difluoride

Most chemical experiments with radon have been carried out with
isotope 222Rn (half-life 3.82 days), which decays by a-emission as
shown in Figure 1. The B- and y-emitting daughters 21%Pb and
21481 as well as the a-emitting daughters 218Po and 21%Po, grow
into radioactive equilibrium with the parent within four hours. We
have used the 1.8 MeV y-ray of 214Bi, which can be measured conven-
iently through the walls of glass or metal apparatus, to determine
the position of radon in tracer experiments, since the bismuth fol-
lows the radon as it moves from one location to another.

Figure 2 shows a Monel vacuum line, constructed with Autoclave
Engineers Type 30 VM6071 valves and a 0-1000 torr Helicoid pressure
gauge, which 1is currently used for the preparation of radon com—
pounds. The radon is obtained from a Pyrex bulb containing an
aqueous solution of radium chloride (approximately 30 mCi of
226RaCl, in dilute HCl). The bulb is suspended in a plastic cup
surroum?ied by lead bricks and is attached to the line by a Kovar-
Pyrex seal. In a typical experiment, approximately 0.1 to 1.0 mCi
of 222Rp is pumped from the bulb through a bed of Drierite, con-
densed in a cold trap at -195°C, distilled in vacuum from the trap
at 23°C to the reaction vessel at =195°C, mixed with a fluorinating
agent, and allowed to react at either room temperature or an ele-
vated temperature. The reaction vessel may be a closed-end Monel
tube, as shown, or a Kel-F plastic test tube.

When radon is heated to 400°C with fluorine, a nonvolatile
fluoride is formed (Fields et al., 1962, 1963). It has been de-
duced from the chemical behavior that the product is radon diflu-
oride, RnF,. (Products of the tracer experiments have not been
analyzed because of their small mass and intense radioactivity.)

Rn + F) — RnF, (1)
400°C
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Figure 1. The decay scheme of radon-222.
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Figure 2. Monel vacuum line for the preparation of radon com-
pounds.
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The compound can be reduced with hydrogen at 500°C to quantita-
tively recover elemental radon.

RoF, + H, —# Rn + 2HF (2)
500°C

If a large amount of radon, such as 10 mCi, is mixed with fluorine
in a small vessel (e.g., a 30 ml Kel-F test tube), the fluorination
occurs spontaneously in the gas phase at room temperature or in
liquid fluorine at -195°C. The activation 1is provided by the in-
tense o radiation, which produces large numbers of ions and excited
atoms.

Complex Fluorides

Radon reacts spontaneously at room temperature with many solid com—
pout_.l_ds that contain oxidizing cations, such as BrF2 IF6, 02, and
N2F (Stein, 1972, 1973, 1974; Stein and Hohorst, 1982). Xenon
also reacts with a few compounds of this type which have very high
oxidation potentials (Stein, 1973, 1974). The xenon products have
been analyzed by Raman and mass spectrometric methods and shown to
congist of xenon (II) complex fluorides.

Xe + 203SbFy —> XeF*sp,F]| + 20, (3)
+ap o +opp—

Xe + NyF*SbFy —> XeF'SbFy + N, (4)

Xe + BrFgAsFy —> XeF*AsFg + Brfg (5)

By analogy, radon is believed to form the following products.

Rn + 203SbFy —> RaF 'Sb,F; + 20, (6)
Rn + NyF'SbFy —> RnF'SbFg + N, (7
Rn + N,F3Sb,F]; —> RF'SbyF]| + N,F,) (8)
Rn + ClFjSbFy — RnF'SbFg + C1F (9)
Rn + BrF3SbFy —> RoF'SbFy + BrF (10)
Rn + BrFjTaFy —> RnF'TaFg + BrF (11)
Rn + BrFjBiFy —> RnF'BiFg + BrF (12)
Rn + BrFiSbyF]; —> RnF'SbFy + BrFjSbF (13)
Rn + IF¢SbFy —RnF'SbFg + IFg (14)

Hydrolytic Reactions of Radon Compounds

Radon difluoride 1is quantitatively reduced to elemental radon by
water in a reaction which is analogous to the reactions of krypton
difluoride and xenon difluoride with water. Complex salts of radon
also hydrolyze in this fashion.
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KrF, + Hy0 —>Kr +1/,0, + 2HF (15)
XeF, + H,0 —> Xe +1/,0, + 2HF (16)
RnF, + H,0 —> Rn +1/202 + 2HF (17)
RnF'SbFy + H,0 —» Rn + 150, + HF + HSbFg (18)

This behavior provides evidence that in each of the compounds,
radon is in the +2 oxidation state. When higher-valent xenon
compounds, such as XeF4 and _XeF6, are hydrolyzed, water-soluble
xenon species (Xe03 and Xe06 ) are produced (Malm and Appelman,
1969). We have observed no radon species corresponding to these
xenon species in hydrolysis experiments.

Russian scientists (Avrorin et al., 1981, 1985) have reported
that reactions of complex mixtures of radon, xenon, metal fluo-
rides, bromine pentafluoride, and fluorine yield a higher fluoride
of radon which hydrolyzes to form RnOj. However, efforts to con-
firm these findings have been unsuccessful. In similar experiments
which have been carried out at Argonne National Laboratory (Stein,
1984), it has been found that radon in the hydrolysate is merely
trapped in undissolved solids; centrifugation removes the radon
from the liquid phase completely. This is in marked contrast to
the behavior of a solution of XeOj3, which can be filtered or cen-—
trifuged without loss of the xenon compound. Hence there 1s no
reliable evidence at present for the existence of a higher oxida-
tion state of radon or for radon compounds or ions in aqueous solu-
tions. Earlier reports of the preparation of oxidized radon spe-
cles in aqueous solutions (Haseltine and Moser, 1967; Haseltine,
1967) have also been shown to be erroneous (Flohr and Appelman,
1968; Gusev and Kirin, 1971).

Solutions of Ionic Radon

Stable solutions of radon difluoride can be prepared in nonaqueous
solvents, such as halogen fluorides and hydrogen fluoride (Stein,
1969, 1970). Radon reacts spontaneously at 25°C or at lower
temperatures with each of the halogen fluorides except IF5. It
also reacts with mixed solvent-oxidant pairs, such as HF-BrFi, HF-
BrF5, and IFS-BrF3, and solutions of K2N1F6 in HF.

Rn + 2C1F —> RnF, + Cl, (19)
Rn + BrF — RnF, + BrF (20)
Rn + BrFg — RnF, + BrF; (21)

Rn + IF; —> RnF, + IFg (22)
Rn + NiF%-—PRnFZ + NiF, + 2F~ (23)

Electromigration studies, which have been carried out with a Kel-F
plastic cell (Figure 3), have shown that radon is present in many
of these solutions as a cation (Stein, 1970, 1974). When the cell
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is filled with inactive solvent and a solution of radon difluoride
is added to the center leg, the application of a D.C. voltage to
the nickel electrodes causes the radon to move to the cathode. In
a pure conducting solvent, such as bromine trifluoride, the follow-
ing ionization occurs:

RnF, === RoF* + F~ (24)

RoFt = Rt + F~ (25)
In a solution containing added electrolyte, however, dissociation
may be suppressed, and the radon may form anionic complexes.

Recently, a search has been conducted for solvents which are
less hazardous to handle than halogen fluorides and hydrogen fluo-
ride and which can be used to prepare solutions of the cationic
species. Two have been found that are highly oxidation-resistant
and suitable for this purpose: 1,1,2-trichlorotrifluoroethane and
sulfuryl chloride. Solutions of cationic radon prepared by oxidiz-
ing 222Rn with halogen fluorides in these solvents have been shown
to be stable when stored in capped FEP Teflon bottles at room tem-
perature for several weeks (Stein, 1985). Because of their ease of
preparation and relative safety, solutions of this type can be used
most readily to study reactions of radon.

Ion-Exchange Reactions of Cationic Radon

Figure 4 shows the behavior that 1is observed when a solution of
cationic radon in 1,1,2-trichlorotrifluoroethane is passed through
a column packed with KPF6. The radon displaces potassium ion and
adheres in a narrow band at the top of the column. It can be
washed repeatedly with dilute BrF3 in the halocarbon solvent, then
eluted rapidly with 1.0 M BrF4 in sulfuryl chloride. The radon
daughters remain on the column during elution and decay in situ;
new daughters are generated in the radon-containing eluant frac-
tions.

We have found that similar behavior occurs when the column is
packed with other salts of Group I elements, such as NaSbF64
Na3A1F6, or K2N1F6, or with Nafion ion-exchange resins (H  or K
forms). In batch equilibration experiments, using 1 g amounts of
solids stirred with 5-15 ml volumes of solutions, we have found
that the radon ions can also be collected on the compounds CsBrF4,
Ca(BrF4)2, and Ba(BrFA)Zﬂ Thus ii is fppa{ent ghat,zin its oxi:
dized state, radon can displace H', Na', K', Cs', Ca®', and Ba
ions from a number of solid materials.

By measuring the distribution coefficient, Kd, of cationic
radon on Nafion resin (H+ form) in BrF3-trichlorotrifluoroethane
solutions as a function of the concentration of BrF3, we have been
able to show that the charge on the radon cation is +2 and that the
parent molecule is RnF,. This physico-chemical methoq+makes use of
the fact that_PrF3 produces the univalent cation BrF,, which com—
petes with Rn for sites on the resin. The following equilibria
occur in this system (R~ represents the anion of the resin):
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NICKEL «—NICKEL
CATHODE —» ANODE

</—— INACTIVE
SOLVENT OR
SOLUTION

RADON ION MIGRATION

Figure 3. Kel-F plastic electrolysis cell. Reproduced with per-
mission from Stein, L., Ionic Radon Solutions. Copyright 1970
the American Association for the Advancement of Science.

Solution
of Radon //]<— Radon Band
Fluoride [

~

Bed of K™PF

Effluent Fractions

Figure 4. The ion-exghange behavior of cationic radon on a
column packed with K PFg.
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Ra?* 4 20'R == RaZP@R), + 20 (26)
BrFy + H'R™ == BrFjR™ + H' (27)

2BrFy + Ra?*(R7), 5= 2BrFiR” + Rn’* (28)

Many finely divided solids will partly remove trace amounts of
radon from solution by physical adsorption, but we have found that
removal by ion-exchange is much more efficient. The distribution
coefficient, K,, of cationic radon ranges from about 90 to 4000
ml/g on ion-exchange materials that have been tested thus far in
dilute BrFj-trichlorotrifluoroethane solutions. In contrast, the
coefficient 1s less than 10 ml/g on materials which do not undergo
ion-exchange with the radon species, such as LiF, MgF,, PbF, Al,04,
and Ce0,.

These studies show that radon can be classified as a metalloid
element, together with boron, silicon, germanium, arsenic, anti-
mony, tellurium, polonium, and astatine. Like these elements,
radon lies on the diagonal of the Periodic Table between the true
metals and nonmetals (Figure 5) and exhibits some of the character-
istics of both (Stein, 1985).

Possible Applications of Radon Chemistry

Tests in the laboratory with radon-air mixtures have shown that two
reagents, dioxygenyl hexafluoroantimonate (OZSng) and hexafluoro-
iodine hexafluoroantimonate (IF6SbF-) are particularly well suited
for trapping radon (Stein et at., 1977; Stein and Hohorst, 1982).
In the form of powders or pellets, both compounds remove more than
99% of the radon from air at low or moderate flow rates. The air
must first be dried by passage through a bed of desiccant, however,
since the compounds are decomposed by moisture. Figure 6 shows one
type of metal and plastic cartridge containing 1.0-1.5 g of OZSng
powder that has been tested as a device for analyzing 222Rn. To
perform an analysis with this system, a measured volume of air is
drawn by a battery-operated pump through a drying tube and the car-
tridge, which captures the radon as a nonvolatile compound. After
radioactive equilibrium has been established between radon and its
short-1ived daughters (approximately &4 hours), the y-emission of
the cartridge is measured with a well-type scintillation counter.
The amount of radon 1is then calculated from the y-emission rate.
In tests conducted with samples of air containing 3.5 to 11,700
pCi/1 of 222Rp (simulating the wide range of radon concentrations
that can occur in a uranium mine), this type has been found to have
a count rate of 2.74 counts/min/pCi of 222Rn (all y-ray energies).
An advantage of this method over the collection of radon with
charcoal 1is that no refrigerant 1s required; both OESng and
IF6SbF6 have been shown to operate efficiently at temperatures
ranging from 10° to 40°C and probably can also be used at higher or
lower temperatures. An advantage over the grab sampling technique
is that only the radon is collected; a large volume of air (10-50
liters, for example) can be sampled, all of the radon retained, and
the air discarded. This reduces the volume of sample that must be
transported to a laboratory for analysis. A disadvantage of the
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Figure 5. The arrangement of the metalloid elements (dark
shading) in the Periodic Table.
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Figure 6. Kel-F plastic cartridge containing O;_'Sng reagent
for the analysis of radon gas (from Stein et al., 1977).
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method 1is that the background count rate of a y-scintillation
counter 1s usually higher than that of a Lucas flask-photomulti-
plier combination, a very sensitive a counter. However, the back-
ground count rate can be reduced by using lead shielding, several
scintillators, and anti-coincidence circuitry.

Chemical methods have been proposed for purifying radon-laden
air in uranium mines (Stein, 1975, 1983). The cost of operating a
full-scale air purification system using OZSbF reagent in a mine
has been estimated at 0.245 U.S. dollars per 1000 standard cubic ft
of treated air (1975 dollars) (Lindsay et al., 1975). This in-
cludes the cost of drying the air beforehand with a refrigerant-
desiccant system. Comparable costs for removing the radon by phys-
ical methods have been estimated as follows: cryogenic condensa-
tion, $0.117; adsorption on charcoal at -80°C, $0.170; adsorption
on Molecular Sieve at =-80°C, $0.376; and membrane permeation,
$0.402 per 1000 standard cubic ft of treated air. All of these
methods are considered to be too expensive, in comparison to venti-
lation, to be used at present.

Some mixtures of noble gases can be separated by chemical
methods. A mixture of radon and xenon, for exampleL can Rg separ-
ated by selectively oxidizing the radon with C1F SbF6, BrFZSbF6, or

SbF6. Xenon can bs trapped with stronger oxidants, such as

g o} PtF6 or NZF SbF6, and thus separated from krypton and

lighter noble gases. Ternary mixtures of krypton, xenon, and radon
can be separated by successive oxidation of the radon and xenon.
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Chapter 19

Effect of Radon on Some Electrical Properties
of Indoor Air

Marvin Wilkening

Department of Physics and Geophysical Research Center, New Mexico Institute of
Mining and Technology, Socorro, NM 87801

The radon isotopes and their decay products are
important to the study of the indoor environment not
only for their contribution to the internal dose, but
also for their effects upon the electrical nature of
indoor air. Ions of special interest are those
formed after the decay of a radon or daughter atom.
They have a mass and electrical mobility comparable

to ordinary atmgspheric small,iong. An ionization
rate of 25 x 10 ion pairs m ~ s ~ can be expected
for typical indoor radon concentrations. The

resulting positive ions in indoor air outnumber tge
radon daughter positive ions by a factor of 107.
Measurements in a room on campys where the radon
concentration averaged 23 Bq m ~ yielded a Potential
Alpha Energy Concentration (PAEC) of 0.003 WL. The
PAEC due to the positively charged daughter ions was
only about 3% of that due to attached daughters.
Aerosol and Rn-222 concentrations, and PAEC (WL)
levels peaked in the morning hours in the indoor
environment while the mean aerosol diameter remained
essentially constant at about 0.04 um.

Charge States of the Daughter Products of Radon in Air

Perturbation theory was applied to the ionization of atoms ac-
companying alpha and beta decay soon after the advent of quantum
theory (Migdal, 1941). Migdal concluded that the probability for
ionization in the outer shells of naturally radioactive atoms at the
instant of decay is of the order of unity. This was confirmed by
Knipp and Teller (1941) and experimental verification of this result
was provided later by Wexler (1965) and others.

When Rn-222 decays with the emission of a 5.49 Mev alpha
particle the recoiling energy of the newly formed Po-218 atom is 0.10
Mev which is sufficient for a range of about 50 micrometers in air.
However, the velocity of the recoiling Po-218 atom is still small
compared with that of the orbital electrons.

0097-6156/87/0331-0252$06.00/0
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What 1is of even greater importance is the charge of the heavy
ion at or near the end of the recoil range when thermal energies are
approached. Of particular interest in this connection is the work of
Fite and Irving (1972) on collision and chemi-ionization processes
involving uranium atoms combined with oxygen atoms and molecules.
Certain heavy metal molecular ions, e.g., UO, , are found to be
practically immune to neutralization by electrofis in the low energy
range. The first ionization potentials of Po (8.4 ev) and the other
alpha emitting daughters are less than those of N, (15.6 ev) and O
(12.1 ev) and other trace gases in the air. Hence, on a simple
collision basis, less energy must be expended to ionize a neutral
heavy metal ion than one of the surrounding molecules in the air.

The details of the manner in which the daughter ions remain in
their positive charge states, combine with other atoms in associative
or chemi-ionization processes, and provide "clustering" with polar
molecules such as water and sulfur dioxide are only beginning to be
understood (Wilkening, 1973; Mohnen, 1977; Rudnick et al, 1983).
Regardless of the mechanisms involved, the fact that radon daughter
ions begin their existence in the positive ion state makes them an
interesting component of the atmospheric ion population.

Characteristics of the Daughter Ions

The general characteristics of these ions have been reviewed by
Bricard and Pradel (1966). The attachment of radon and thoron
daughter ions to aerosols including condensation nuclei has been
studied by a number of investigators (Raabe, 1968; McLaughlin, 1972;
Porstendorfer and Mercer, 1979; and Busigin, et al., 1981), and will
not be considered further in this paper. We turn now to some ex-
perimental results that bear directly on the characteristics of the
radon daughter ions.

Mobility. The mobility of an ion in air is an important property
both  for characterizing ions and for removal considerations.
Measurement of the mobility of the daughter ions in our laboratory

(Wilkening, et al., 1966) showed that on the average 75% had mobil-
ities in the range 0.25 to 1.50 x 10_4 m2 v-1 snl. Previous
measurements (Jonassen and Wilkening, 1965) of the mobilities of
ordinary atmospheric small ions gave 1.6 x 10_4 m2 v-1 s_1 for

positive ions and 2.0 x 10_4 m2 v_1 5-1 for negative ions in the same

locale. Hoppel (1970) found a mean of 1.35 x 10-4 m2 v-1 s_1 for

positive ordinary ions and a range of 1.7 to 2.1 x 10-4 m2 v_1 s-1
for negative ions dependent upon the presence of water vapor. These
results clearly show that the electrical mobilities and hence, the
masses of the radon daughter positive ions fall in the same general

range as those for ordinary atmospheric small ions.
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Mean Life, Attachment, Recombination and Plateout. The approximate

mean life (¢) of Po-218 in ion form can be represented as (A + an +
BN + po)-1 where X is the decay constant for Po-218, o is the recom-
bination coefficient for Po-218 and ordinary ions of negative charge
in the atmosphere, n is the concentration of small negative ions,
B is the attachment coefficient, N is the number of condensation
nuclei per unit volume, and po is plateout on solid surfaces. For A =
3.79 x 10-3 snl, a=1.4x 10-12 m3 snl, n = 550 x 106 ions m-3,
B =2x 10-l2 m3 5-1’ and N = 40 x 109 nuclei m_3, the mean life is
12 seconds in a typical outdoor situation (no plateout). If N is
decreased to 109 nuclei m-3, the mean life increases to 40 seconds
illustrating the sensitivity to condensation nuclei concentrations
and the relatively long life of these ions. From the ratio an/gN =
10_2, it is seen that attachment processes dominate over recombina-
tion effects in a typical situation (Roffman, 1972). Plateout has
received recent attention by George, et al., (1983), Knutson, et al.,
(1983) and others.

Ionization due to Rn-222, Rn-220 and their Decay Chains

During the radioactive decay of the radon isotopes and their
daughters, alpha and beta particles and gamma rays are given off.
These radiations give up their energy by ionization and excitation of

atoms and molecules which they encounter. A single alpha particle
from the decay of Rn-222 will produce about 150,000 ion pairs with an
average expenditure of 34 ev per pair (Israel, 1973). The compli-

cated processes that are involved in the transformation of these ion
pairs, or those created by other ionizing agents, into atmospheric
small ions have been described by Mohnen (1977). The radon decay
chains in the atmosphere are the chief ionizing agents in the lower
atmosphere, exceeding terrestrial radiation and ionization from
cosmic rays. Since indoor levels of Rn-222 and Rn-220 and their
daughters exceed those of the outdoors by factors of up to 10, it is
clear that there is a significant source of ionization in dwellings
due primarily to the presence of the radon isotopes and their decay
products.

onization raggs ffom radon can vary remarkably ranging from 10
x 10 ion pairs m,” s in an outdoor mountain environment to 2300 x
10 ion pairs m ~ s © in the Carlsbad Caverns in New Mexico where
radon levels are quite high (Wilkening, 1985). Recent measurements
of Rn-222 levels in houses ig the southwestern U.S. gave mean Rn-222
concentrations of 63 Bq m ~ and a Potential Alpha Energy Concen-
tration (PAEC) of 0.007 Workgng Level (Wi}genéTg and Wicke, 1986).
An ionization rate of 26 x 10 ion pairs m ~ s ~ can be expected from
such concentrations. Allowance for typical Working Levels for Rn-220
(thoron) and its daughters in indoor environments (Schery, 1985)
would increase this figure by perhaps one-third or more. Definitions
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and comparison values for PAEC and WL can be found elsewhere (for
example, Lawrence Berkeley Laboratory, 1983; NCRP, 1984). The
difference between the radioactive daughter ions which may exist in
ion form and the ordinary atmospheric ions resulting from air
molecules being ionized by the decay of the daughter nuclides in the
radon/thoron decay series should be re-emphasized at this point.

Atmospheric Electrical Parameters

The ionization of nitrogen, oxygen and trace gas molecules in the air
due to the presence of the natural radioelements in the soil and air
and the cosmic radiation has a direct effect upon the electrical
characteristics of the atmosphere.

Ions in the Atmosphere. A key feature of any atmospheric ion is its
electrical mobility which is a measure of its change in drift
velocity when placed in an electric field. The mobility depends upon
the charge of the ion and inversely upon the mass. The diffusion
coefficient, another important characteristic, for an ion is the
product of the mobility and its thermal energy. It is mobility that
forms the basis for classification of ions (Chalmers, 1967; and
Pruppacher and Klett, 1978). The atmospheric "small ions" have a
mobility in the range of 1 to 2 x 10 meters/second per volt/meter.
They generally consist of a singly ionized atom or molecule with
water or other polar molecules clustered about it similar to the
radon daughter positive ions described earlier. Atmospheric "large
ions" are essentially one or more ions attached to small particles or
condensation nuclei in the air. These particles, whether in charged
or uncharged states, can be removed by filters. They constitute a
major source of the internal dose from radon and thoron daughters in
air.

Experiments have shown (Wilkening, et al, 1966) that radon
daughter ions of positive sign were found to account for only about
30 ppm of the total positive small-ion concentration in clean outdoor
air (about 10 ppm for indoor air in this study). Simultaneous
measurements of the concentrations of the Rn-222 daughter ions and
the total atmospheric small ions of the same sign yield a correlation
coefficient of 0.8 or better for fair weather conditions. This
correlation was confirmed by experiments that have shown that the
electrical conductivity of the atmosphere (product of the small-ion
density, the electronic charge and the mean mobility of the ions) is
directly proportional to the concentration of the total small-ion
concentration at both mountain and valley sites in New Mexico
(Jonassen and Wilkening, 1965). Hence, the validity of using radon-
daughter ions as tracers in atmospheric electrical studies was
confirmed.

The concentration of small ions in the atmosphere is determined
by 1) the rate of ion-pair production by the cosmic rays and radio-
active decay due to natural radioactive substances, 2) recombination
with negative ions, 3) attachment to condensation nuclei, 4) precip-
itation scavenging, and 5) transport processes including convection,
advection, eddy diffusion, sedimentation, and ion migration under the
influence of electric fields. A detailed differential equation for
the concentration of short-lived Rn-222 daughter ions including these
terms as well as those pertaining to the rate of formation of the
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radioactive positive ions by decay of the parent nuclide and the
decay of the ions themselves has been given by Roffman (1972)
together with appropriate numerical solutions.

Methods of Measurement. The positive and negative small-ion concen-
trations, the electrical conductivity, and ion mobilities were
measured with a Gerdien-type instrument. From analyses of current-

versus-voltage curves obtained with the apparatus operated at
constant volume flow, values for the ion density, the conductivity,
and the mean mobility of the ions can be determined (Wilkening and
Romero, 1981).

Radon concentrations were measured by use of calibrated Lucas
scintillation flasks, while radon and thoron daughters and the
resulting potential alpha energy concentration (PAEC) were determined
using filter samples (Thomas, 1972) and a continuous electrostatic
precipitator (Andrews et al., 1984). The radon daughter positive
ions were collected in a Gerdien-type apparatus similar to the con-
ductivity meter except that the inner collector electrode is replaced
by a lucite cylinder covered by a removable aluminum foil. Positive
small ions with preset lower mobility limits are collected on the
foil for a 10-minute period after which the daughter ion concentra-
tions are determined by the Thomas method.

Aerosol concentrations were determined by a condensation nucleus
counter (CN) (General Electric). For the most recent work, an
electrical aerosol analyzer (EAA) (TSI 3800) was used. The CN counter
is sensitive to aerosols in the 0.001 to 0.1 um range, while the

aerosol analyzer has a range of from 0.0032 to 1.0 um. The latter
instrument yields both particle density and mean diameters over
preset size intervals. Data taken simultaneously indoors with both

instruments yielded a high correlation coefficient. A meteorological
station (Weather Measure-M800) was operated outdoors near the
building being studied with continuous recording of temperature,
pressure, humidity, precipitation, and wind speed and direction.

Experimental Results

Measurements reported herein were made in a first-floor laboratory
room in a two-story classroom building having concrete floors and
walls. Windows were not open and no artificial ventilation was used
during the period of study.

Diurnal Patterns. Radon and its daughter products are known to
follow typical diurnal patterns in the outdoors with high levels in
the early morning and lower concentrations in the afternoons (Gesell,
1983; TUNSCEAR, 1982). Seasonal variation is subject to a variety of
geographic and meteorological influence and does not fit a clear-cut
pattern.

Much can be learned about radon and its daughters and their
interactions with aerosols and other atmospheric components under
conditions of consistent time variation as seen in normal day-night

regimes. Typical examples are shown in Figure 1. This study
includes data for seven 24-hour periods during September of 1985
taken in the first-floor classroom building. No windows were open,

no artificial ventilation was used and access was limited to
occasional entry from laboratory personnel during the days when
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Figure 1. Mean diurnal patterns for aerosol concentrations

(—o—) and size (—+—) top, and Rn-222 concentrations (—o—)
with PAEC (Working Level) (—+—) bottom, for seven days in

September
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equipment was running. Mean values for 4-hour intervals are plotted
although the EAA aerosol spectrometer provides samples at two minute
intervals.

Aerosol concentrations, radon, and PAEC (in Working Levels)
clearly peak in early hours after sunrise and at about the time of
morning human use of the building which is coincident with the out-
door peak in radon and fine aerosols due to their overnight accumula-
tion near ground level under local temperature inversions.

The daily average aerosol concentration is 4060 x 10~ particles
per m- with a fluctuation of + 50 percent based on the standard
deviation of the mean. The mean particle size likewise shows large
variation with a mean of 0.04 + 0.01 yum. There was some evidence
in the aerosol analyzer data for major and minor modes in the size
distribution as found by George et al. (1980, 1984). The mean
diameter of the particles remained constant as seen in the graph.
Both Rn-222 and PAEC (WL) values followed similar diurnal patterns.
It is reasonable to expect higher WL levels during the morning due
both to increase in radon and aerosol concentrations. The mean
diurnal PAEC is 0.006 WL for this seven-day period in September.

Radon _and Atmospheric Parameters. Aerosol concentrations, total
small-ion densities, electrical conductivity, and Rn-222 with its
short-lived daughters are given in Table I. The data were taken on 5

days during February of 1985. Days with rain or high winds are not
included. As for the data in Figure 1 the windows were closed with
minimum entry through the door. Heating was from a hot water

exchange unit that did not permit air exchange with the outside, but
it did have a fan which was on sufficiently to cause some increase in
aerosol concentration over that measured in the September period.
Errors indicated are again the standard deviation from the mean over
the days of measurement.

9 Aggosol concentrations were high for this period averaging 104 x
10° m ~. It should be noted that these are condensation nuclei
counts, not data from the aerosol spectrometer. The CN instrument
does respond to a smaller particle size which may explain in part the
relatively high levels. Radon-222 levels in the room averaged 23 Bq
m which was a factor of about 7 higher than outdoor levels, about
as expected for a room of relatively low ventilation rate. The radon
daughters Po-218, Pb-214 and Bi-214 show equilibrium factors of 0.9,
0.4 and 0.3 which combined yield a_gAEC of 0.0027 WL while the Rn-222
daughter ions have a WL of 7 x 10 ~ or only about 3% of that due to
attached daughters.

It is of interest to compare the numbers of radon daughter
positive ions with the total population of positive and negative

small ,ions in the atmosphere. The activity due to the daughters in
Bq m is converggd to numbers of the radioactive daughters by
dividing the Bq m ~ by A, the appropriate decay constant for the
isotope involved. The data in Table,I show that there are 800
positive ions per m™ while there are 10 total positive small ions
present i.e., 8 radon daughter positive ions per million total small
ions. Since the negative small ions have an abundance roughly equal

to the positively charged ones, one can see that the positive ions
from radon do not affect the overall character of the electrical
nature of the atmosphere. Any physiological effects of ions inhaled
by humans would not be affected by presence of the daughter positive
ions insofar as their charge is concerned.
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Table I: Comparison of Radon and Daughter Products with Aerosols and
Atmospheric Electrical Characteristics in a First-floor Room. Errors
Shown are the Standard Deviation Over a Five Day Period

(February 1985).

Measurement Mean Value

Aerosol particles

x109 (@=3) 104 * 70
Ion density, x109

+ions (m~3) 0.10 * 0.03

-ions (m~3) 0.14 % 0.07
Conductivity, x10 1%

+(ohm m)~1 3.2 £ 1.1

~(ohm m)~1 2.4 + 0.7
Radon 222

(Bq m=3) 23 + 7
Radon 222 daughters

(Bq m~3) ‘

Po 218 22 £ 15 (0.9)*

Pb 214 10 + 4 (0.4)

Bi 214 7+ 4 (0.3)
Radon 222 daughter

+ ions, (Bq m‘3)

Po 218 1.5 + 1.3 (0.06)*

Pb 214 0.15 + 0.02 (0.006)

Bi 214 0.03 + 0.07 (0.001)
Radon 222 daughter

+ ions (m™2)

Po 218 400 * 340

Pb 214 350 £ 50

Bi 214 50 + 120

Total Rn + ions (m 2) 800

*Equilibrium factor relative to Rn-222
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The atmosphere is a good insulator but it does have a conduct-
ivity which 1like the ion density is not affected by the radon
daughter ions. It is of interest to note that the electrical con-
ductivity is balanced with respect to positive and negative polarity
within the accuracies indicated.

The most significant information given in Table I is that the
radon daughter ions do contribute to the total internal dose if only
at about 3% in this study. The effect of free ions in contrast with
daughters attached to aerosols is substantial when the mechanics of
deposition in the bronchial tree and lungs are taken into account.
The dose from "unattached" Po-218, which includes the Po-218 positive
ions as a major component, can be from 3 to 40 times that of the
attached Po-218 (NCRP, 1984). Current dosimetry models allow for the
important role played by Po-218 in small-ion form. Hence, their
effect is significantly greater than the 3% contribution to the PAEC
(WL) shown in Table I.

Summary

Radon daughter ions and the ionization caused by the decay chains of
radon and thoron in indoor air play important roles both from the
contribution made by the daughter product positive ions to internal
dose and from the effects of ion-pair production on the indoor
atmospheric electrical parameters.

Aerosol and Rn-222 concentrations and the PAEC (WL) levels peak

in the indoor environment 1ip the morning hours. Radon 222
measurements averaged 23 Bq m ~, about 7 times the ambient outdoor
level. Activities from the individual short-lived daughters lead to

an overall PAEC of 0.003 Working Level. About 3% of this was due to
the contributions from the radon daughter positive ions which are
known to be more effective than the radon daughters attached to
aerosols in terms of internal dose because of their high attachment
rate in the upper bronchii.

Indoor small ion concengrations_gor both positive and negative
ions averaged about 0.1 x 10” ions m ~, which was measurablz }ﬁss
than outdoor concentrations given in the literature (0.5 x 10" m 7).
The relatively high aerosol concentrations were a contributing
factor. The atmospheric conductivity values for both positive and
negative charge carriers were the same within limits of measurement.
It is interesting to note that the total radon daughter positive ions
make up only about 7 ppm of the total ions of the same sign in the
indoor environment. Again their contribution to radiation dose is
much greater than their proportion by numbers.

Further studies of the relation between radon levels and
atmospheric electrical parameters in the indoor environment are
underway.
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Chapter 20

The Effect of Filtration and Exposure to Electric Fields
on Airborne Radon Progeny

Niels Jonassen

Laboratory of Applied Physics I, Technical University of Denmark, 2800 Lyngby,
Denmark

The level of airborne short-lived decay products of
222Rp in indoor air is for a given radon feed deter-
mined by a series of removal processes like ventila-
tion, filtration and plateout, both passive and elec-
tric field-induced. The paper describes a series of
investigations, where various types of filters, mecha-
nical and electrical, have been operated in rooms with
radon levels ranging from about 100 Bq'm~3 to about
5000 Bq-m'3 and with aerosol concentrations up to 1 to
241011 n~3, Measurements of individual radon progeny
concentrations and their unattached fractions show that
by using filtration rates of up to 3 to 4 h~!l it is
possible to lower the potential alpha energy concentra-
tion by a factor of 5 to 6, while the radiological doses
to a certain part of the respiratory tract, according
to the normally accepted dose models, for the same range
of filtration rates will on the average only be reduced
to about 50 % of the value applicable to the air in the
untreated state. The electrical properties, such as po-
larity, charged fraction and mobility of both attached
and unattached radon progeny has also been studied, and
some results of the effect on the radon progeny of ex-
posing the air to an electric field are also reported.

Since the emergence a couple of decades ago of radon as a radiologi-
cal problem in many ordinary living and working environments several
procedures have been suggested for reducing the exposure due to ra-
don and more specifically its airborne short-lived progeny, the so-
called radon daughters.

Attempts of keeping the radon level in indoor air low can ei-
ther be directed at keeping the radon feed low by reducing the entry
of radon (from the soil) or to remove radon (and its progeny) from
the indoor air by ventilating with outdoor radon-free or radon-poor
air.
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Ventilation

The radon concentration C. at a given ventilation rate r is theore-
tically given by

Cr = CO-AO/(Ao+r) 1)

where C, is the radon concentration at a ventilation rate of zero
and Aj = 7.5-10" 3 h™1 is the decay constant of radon.
In a normal dwelling with ventilation rates above, say, 0.3 h-!

equation (1) may be written
c, = co-xo/r (2)

This latter equation shows even for a low ventilation rate of say
0.3 h~1 that Co.3 = 2.5 % of C,. At first sight this seems to indi-
cate a very powerful effect of ventilation at reducing indoor radon
concentrations (and as a consequence the potential alpha energy con-
centration, PAEC, from its progeny). In practice, however, a house,
which has a radon problem, already will have its own normal ventila-
tion rate r, which is greater than r = 0. If increased ventilation
is to be considered as part of the remedial strategy then its effect
must be considered within a reasonable range of ventilation rates
rather than with respect to the somewhat academic situation of r = 0.
An increase of the ventilation rate from for instance 0.3 to 2 h~!
for remedial purposes reduces, according to equation (2), the radon
concentration to approximately 15 % of the initial value. If a dwel-
ling has a severe radon problem as found in the high radon level
houses in Eastern Pennsylvania, Finland or Sweden such a reduction
may be inadequate. In such high radon level houses the ventilation
rates required to adequately reduce PAEC may exceed the ventilation
rates compatible with household comfort and energy budgeting.

In the case of ventilation consideration of energy conservation
must be taken into account. Some work in recent years, however, in-
dicate that the conflicting requirements of energy conservation by
means of making dwellings more airtight and increased ventilation
for radon reduction may be accomodated by the use of heat exchangers.

Removal of airborne radon progeny

In practice radon may only be removed from a given atmosphere by ra-
dioactive decay and by substitution of the radon-laden air with
(outdoor) air with low radon content (ventilation).

A series of other removal processes, such as filtration, diffu-
sional plateout and electrostatic deposition, may, however, be ef-
fective in the case of the airborme radon progeny, and since the
major part of the radiological exposure in a given environment con-—
nected with radon is due to the radon progeny rather than to the
radon gas itself, it may be of interest to look into these processes.

Filtration

When air is passed through a filter, be it electro- or mechanical,
airborne, inactive as well radioactive, particles are removed with
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an efficency depending upon the type of filter and the size distri-
bution of the particles. In many ways filtration and ventilation
with radon free air are thus equivalent, but it should be kept in
mind, that filtration on one hand does not affect the radon concen-
tration but on the other hand does also not involve the energy-con-
suming side effect of introducing cold air and may further cause a
change in the partitioning of the radon progeny to species with
higher diffusion ability (unattached progeny) and thus increase the
total removal rate of radioactive material.

The radiological efficiency of a given removal process may be
evaluated in terms of reduction of exposure or of recieved dose.

Exposure

Let us consider an atmosphere where the (activity) concentrations of
radon, 222Rn, and its three short-lived daughters, 218Po, 214pp and
21"Bi, are C,, C;, C2 and C3, the decay constants and unattached
fractions of the daughter products, Aj;, Az, Az, f1, fp and f3 re-
sgectivelyi and E' and E" the energies of the alpha particles from
218py and 21%Po (the fourth short(est)-lived radon daughter).

The exposure rate characteristic for this atmosphere is then
given by the potential alpha energy concentration (PAEC) Ep

Ep = (E"+E")*Cy /A1 +E"+(Co/X2+C3/A3) 3)

The maximum PAEC Epo which can be supported by the radon concentra-
tion C is

Eo = C,* ((E'4E") /A +E"= (1/22+1/23)) %)
The degree of equilibrium of the airborne daughter products with the
radon in the air is characterized by the equilibrium factor, F

F=E/E  =0.105:c140.516+c,+0.380c3 (5)

where ¢y = C}/Cy, ¢y = C»/C, and c3 = C3/C, are the relative daugh—
ter concentrations.

The effect of a given process such as plateout, filtration or
field deposition on the PAEC is, however, better expressed by the
ratio of the PAEC at a process level, r, to the PAEC at a process
level of r = 0. This quantity, which like the equilibrium factor is
independent of the radon concentration, can adequately be named the
ERF (energy- (or exposure) reduction factor)

ERF(r) = Ep’r=r>/Ep,r=o> (6)

Dose

The radiological impact of being exposed to a given atmosphere is,
however, only partly determined by the PAEC, but also by the likeli-
hood of deposition of the inhaled activity at specific sites in the
respiratory tract and thus for a given value of PAEC upon the frac-
tion of the progeny in both the attached and the unattached state.
Several models for the radiological dose received over a given time
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by a given part of the respiratory tract have been proposed. The

most general accepted models at present are the Jacobi-Eisfeld

(Jacobi and Eisfeld, 1981), the James-Birchall (James et al., 1980)

and the Harley-Pasternack (Harley and Pasternack, 1972, 1982).
Generally the dose D can be written

D = Rete(A' 'fl’C1+B' °f2'C2+C' *f3C3
+Ae (l-fl)'C1+B'(1-f2)°C2+C'(1-f3)'C3) (7)

where R is the breathing rate characteristic of the group of indivi-
duals considered, t the exposure time, A, B, C, A', B' and C' are
constants characteristic for the model, group of individuals exposed
and aerosol distribution, and the rest of the quantities have the
same meaning as in equations (3) and (4).

The doses predicted by the different models vary considerably
both from model to model and grom group to group. The variation from
one model to another derives primarily from the much higher (but dif-
ferent) doseweights ascribed to the unattached fractions of the ra-—
don daughters in the James-Birchall and the Harley-Pasternack-models
than in the Jacobi-Eisfeld-model, and in order to find a common con-
venient measure for the effect of a process on the dose we define a
dose reduction factor, DRF, in analogy with the ERF, equation (6),
as the ratio between the dose (for a given group of individuals) at
a given process level, r, to the same quantity at a process level
r = 0, averaged over all groups and models considered

DRF(R) = (Dr=r/Dr=o)ave ®)

The question of the effect of filtration will be illustrated in
the following by some results taken from a series of papers on this
topic (Jonassen and McLaughlin, 1982, 1984, 1985, Jonassen 1984a,
1986). In a certain set of experiments the air in a virtually unven-
tilated room with a volume of about 300 m® was passed through an
electro-filter with effective filtration rates up to about 3 h7l.
The concentration of radon and its short-lived daughters were meas-—
ured as well as the unattached fractions of the daughter products
and the aerosol concentration.

In Figure 1 are plotted the ERF and DRF as a function of the
filtration rate from measurements in an atmosphere with an aerosol
concentration in the range 50.000-100.000 cm™3, with an average aero-
sol diameter of 0.10 micrometer. The doses are calculated for the
groups: infants 1 year, children 6 and 10 years, and adults, breath-
ing rates 0.45, 0.75 and 1.20 m3+h™l, It appears that it is possible
to lower the PAEC, as expressed by the ERF, to about 15 7 of the un-
filtrated value, while at the same time the average dose, represented
by the DRF, is reduced to about 50 % of the unfiltrated value.

The reduction in PAEC is considerably higher than can be ac-
counted for by filtration directly (Jonassen, 1984a, Jonassen and
McLaughlin, 1984), because the filtration as suggested, not only re-
moves radioactive material, but also through removal of aerosol par-
ticles increases the unattached fractions and thus enhances the pla-
teout-removal of airborne radioactivity. On the other hand the fil-
tration-induced increase in unattached fractions will increase the
average radiological dose per unit of PAEC and this is responsible
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Figure 1. Effect of filtration on radiological dose and exposure
rate in an atmosphere with intermediate aerosol concentration.
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for the fact that the reduction in DRF is less than can be explained
from the filtration caused removal of radioactive material.

Electric fields and ions

Already in the early days of radon research around the turn of the
century, it was realized that collection of radon progeny on metal
plates or wires could be made more efficient if the collectors were
kept at a negative potential with respect to the surroundings
(Briggs, 1921). It has later been shown that the activity this way
collected prlmarllg consists of positively charged unattached pro-
geny, pr1mar11y Po. But also part of the attached progeny exist
in charged states. The fraction of each progeny product which is in
a charged state is only known with a great deal of uncertainty.
Values of 10-20 % of positively charged 218Po and somewhat higher
for 21%Pb have been reported (Jonassen, 1985) together with values
of 60-70 % of the attached progeny more or less evenly distributed
between positive and negative charges. The unattached and attached
ions also differ in terms of mobility, as unattached progeny ions
have mobilities around 107* m2v-ls~! 1like ord1nary small ions and
the attached ions have mobilities in the range 10~% - 10-7 m2v-lg-l
like ordinary large ions (charged aerosol particles).

Those airborne radon progeny products that are charged (or can
be polarized) may be extracted from the air by being exposed to an
electric field. This has been shown experimentally by the collection
of progeny activity on discs placed at a negative potential in a
radon-rich atmosphere (Khan and Philips, 1984, Jonassen, 1984a,
1984b).

The possible use of electrostatic deposition for lowering the
level of radon progeny activity in a room has been investigated in
a couple of preliminary studies (Jonassen, 1983, 1984b). A thin me-
tal wire was placed approximately 1 m from the walls of a 150 m3
room and kept at various negative voltages. At a voltage of =5 kV
and at low aerosol concentrations it was found that the PAEC was
lowered to about (ERF =) 0.52 and the average dose to about (DRF =)
0.66. At high aerosol concentrations the corresponding figures were

RF = 0.72 and DRF = 0.70.

This arrangement was also tried in combination with various household
electro-filters giving a total ERF = 0.1-0.2 and a total DRF = 0.36
-0.44 at low aerosol concentrations and ERF ~ 0.3-0.4 and DRF =

0.45 at high aerosol concentrations.

In some of the experiments various types of ion generators were
also in use. Bigu (1983, 1984) has demonstrated that it is possible
to lower the PAEC of both radon and thoron progeny in a relatively
small box (~ 3 m3) by operating a negative ion generator in the box.
No explanation of the mechanism involved, however, is given, and
since neither individual daughter concentrations nor their unattached
fractions were reported, it is only possible to suggest an explana-
tion, but it seems resonable to assume that the decrease in potential
alpha energy concentration is primarily caused by a field induced
reduction in the aerosol concentration. This will obviously in it
self reduce the PAEC but also increase the unattached fractions and
consequently the plateout (both field induced and diffusional) of
the unattached species.
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In the work reported here (in the 150 m3 room) it was found that if
an ion generator was operated without the assistance of a filtration
device an effect could be detected only if the generator was of the
open field type, i.e. if the generator not only produces ions but al-
so exposes the surrounding air to a static field. Typical values for
a 150 m3 room were for both ERF and DRF = 0.8-0.9. If the ion genera-
tors were operated simultaneously with a filtering device the perfor-
mance of the filters were always increased typically by 5-10 Z.

It should be stressed that the field-ions related measurements
are still of a very preliminary nature. Work is in progress both on
determining the fundamental electrical properties of the radon pro-
geny and based on this on the influence on progeny removal of elec-
trode configuration etc.

Conclusion

It has been demonstrated that it is possible to lower the level of
airborne radon progeny by filtering and/or expose the air to an elec-
tric field. If the radiological risk is measured by the potential
alpha energy concentration (PAEC) or exposure rate, for instance ex-
pressed in Jem™3 or WL, the level may be lowered to about 10-20 % of
the value in untreated air, while the reduced level may only be about
40-50 % of the untreated one if the average dose to a certain part

of the respiratory tract, for instance expressed in Gyeyear™ ', is
considered.

The question of whether exposure rates or doses should be used
in evaluating all types of remedial procedures has so far received
very little attention. For reasons of convenience the PAEC is nor-
mally used, sometimes even estimated from the radon concentration
assuming a rather arbitrarily chosen value of the equilibrium factor.
It seems reasonable to assume that this in certain cases may give a
rather misleading description of the radiological conditions.
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Chapter 21

Plate-Out of Radon and Thoron Progeny
on Large Surfaces

J. Bigu

Elliot Lake Laboratory, Canada Centre for Mineral and Energy Technology,
Energy, Mines, and Resources Canada, P.0. Box 100, Elliot Lake, Ontario PSA 2J6,
Canada

The radon and thoron progeny plate-out characteristics
of several materials have been investigated in a large
(26 m3) radon/thoron test facility (RTTF). Discs
(about 0.5 mm thickness, and 25 mm diameter) were made
up of different materials such as metals, plastics,
filter materials, fabrics, and powders. The discs were
placed on the wall, and/or horizontal trays, of the
RTTF for 24 hours. After exposure the materials were
removed from the RTTF and their surface a-activity was
measured (differential a-count, gross a-count and a-
spectrometry). Experiments were also conducted using
specially designed Ra-226 and Th-228 reference
sources. Plate-out studies were conducted
preferentially at low relative humidity and low aerosol
concentrations. Significant differences in the
measured surface a-activity were found between
different materials. This work is relevant to the
determination of radon and thoron progeny deposition
velocities on, and attachment rates to, large surfaces.

The short-lived decay products of radon and thoron are initially
formed in a positively charged atomic state of great diffusivity.
These decay products readily attach themselves to small surfaces such
as aerosols, and to large surfaces such as walls. Attachment of
particles to large surfaces is commonly referred to as plate-out.
The degree of plate-out depends on environmental conditions including
aerosol concentration, air moisture content, the presence of tracer
gases, and most probably, on the properties of the surface of the
material. Although theoretical and experimental data are available
on the attachment of the radon and thoron progeny to aerosols, less
is known on the attachment to walls with regards to the chemical
nature and physical characteristics of the wall surface.

Data on the rate of attachment or deposition, i.e., plate-out of
radioactive particles on walls can be used to calculate the particle
deposition velocity. Deposition rates can be determined
experimentally by measuring the surface activity on some samples
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designed for the purpose. These samples usually assume the form of
small 'discs' which are attached to the surface where plate-out is to
be determined. The samples are used because plate-out measurements
carried out directly on the surface of interest may not be practical,
and in most cases quite difficult. Furthermore, because of practical
considerations, a limited number of materials are used for this
purpose under the assumption that the mechanism, or extent, of
deposition is independent of the type of material used. As there is
insufficient evidence to support or deny this view, work in this area
is relevant.

This paper deals with the plate-out characteristics of a variety
of materials such as metals, plastics, fabrics and powders to the
decay products of radon and thoron under laboratory-controlled
conditions. In a previous paper, the author reported on measurements
on the attachment rate and deposition velocity of radon and thoron
decay products (Bigu, 1985). In these experiments, stainless steel
discs and filter paper were used. At the time, the assumption was
made that the surface a-activity measured was independent of the
chemical and physical nature, and conditions, of the surface on which
the products were deposited. The present work was partly aimed at
verifying this assumption.

Experimental Procedure

Experiments were conducted in a large (~26 m3) radon/thoron test
facility (RTTF) designed for calibration purposes and simulation
studies (Bigu, 1984). A number of different materials were exposed
in the RTTF to a radon/radon progeny or thoron/thoron progeny
atmosphere. Exposure of the materials was carried out under
laboratory-controlled conditions of radiation level, aerosol
concentration, air moisture content and temperature. The materials
used were in the form of circular 'discs' of the same thickness (~0.5
mm) and diameter (~25 mm), and they were placed at different
locations on the walls of the RTTF at about 1.6 m above the floor.
Other samples were placed on horizontal trays. Samples (discs) of
different materials were arranged in sets of 3 to 4; they were
placed very close to one another to ensure exposure under identical
conditions. Exposure time was at least 24 hours to ensure surface
activity equilibrium, or near equilibrium, conditions.

After a given exposure time, the discs were removed from the
RTTF and their surface a-activity was measured as a function of time,
up to 2 hours, using standard radiation instrumentation and methods.
Counting of samples began 2 min after their removal from the RTTF.
For the thoron progeny, samples were counted for 15 min followed by 5
min counts with 1 min interval between counts. For the radon progeny
two different counting routines were used, namely: 2-min counts with
1-min interval, and 5-min counts with 1-min interval. The former
counting routine was intended for more precise Po-218 measurements.
In addition, gross «-count (30 min counts) and a-spectrometry
measurements were also done.

The surface ax-activity on the samples for each exposed set of
samples was compared. Each set of samples was exposed, and measured,
a minimum of about five times to improve overall statistics.
Experiments were conducted in the temperature range 19-22°C and at
low relative humidity (10 to 40%). The aerosol concentration, mainly
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natural atmospheric aerosols, was kept low, i.e., 5 X 102 to 9 x 103
cm3. No attempt was made to maintain the aerosol concentration at
any particular level at these low aerosol concentrations. The values
attained were those due to controlled make-up unfiltered air,
purposely leaking into the test facility used for the experiments.
The aerosol concentration varied with barometric pressure.

The range of radiation conditions in the RTTF was as follows.
Radon gas concentration, [Rn-222]: 40-200 pCi/L (1.48 x 108 - 7.4 x
103 Bq/m3; radon progeny Working Level, WL(Rn): 20-400 mWL; thoron
gas concentration [Rn-220]: 350-1700 pCi/L (1.295 x 104 - 6.29 x 104
Bq/m3); thoron progeny Working Level, WL(Tn): 0.15-14 WL. (The
square brackets are used here to denote activity concentration.)

The materials investigated included several metals (copper, Cu;
aluminum, Al; stainless steel, SS; and galvanized steel, GS);
filter materials (Glass Fiber, Millipore and Varsopor); plastic
materials (Plexiglas); 'powders' (activated carbon, talcum); and
other materials such as sandpaper, emery cloth and several fabrics.
Activated carbon and talcum powder samples were prepared by
depositing a thin layer (~0.5 mm) of the powder on filter paper on
which some binding material (glue) had been added to its surface to
retain the powder.

Further plate-out studies were conducted using radon progeny and
thoron progeny reference sources, models Rn-190 and Th-190,
respectively, manufactured by Pylon Electronic Development (Ottawa),
hereafter referred to as Pylon sources, for simplicity. These are
small cylindrical containers (<40 cm3 volume) provided with a Ra-226
source or Th-228 source. The containers can be opened at their base
and some suitable material can be placed in it for exposure purposes
(Vandrish et al., 1984). The Ra-226 and Th-228 sources decay,
respectively, to Rn-222 and Rn-220 which in turn, decay into their
progeny. In this respect, the above sources can be considered
miniature RTTFs quite suitable for plate-out studies, in which air
flow pattern effects are minimized.

Radioactivity measurements in the above case were similar to the
measurements indicated for the test facility, except that only one
sample per source could be investigated at a time. In order to
facilitate the study, four sources were used, two Ra-226 sources and
two Th-228 sources. The strengths of the two Ra-226 sources were
different. The same applies to the two Th-228 sources.

Because the reproducibility of a-particle counting with the
Pylon sources was quite good, this study was conducted as fol lows.
Four identical samples, i.e., same material, were placed in the decay
product standard sources for a period of 24 h at a time. The four
samples were then removed and measured. Gross a-particle count and
a-spectrometry analysis of the samples were done.

The bulk of the data presented here was obtained in a follow-up
to a plate-out study reported earlier elsewhere (Bigu and Frattini,
1985). It should be noted that some qualitative and quantitative
differences between earlier studies and the most recent follow-up may
be observed depending upon experimental conditions. Although the
conditions of the surface of the material, environmental conditions
and air flow patterns are believed to play a significant role in
plate-out phenomena, their effect on the latter, and their
relationships, are far from being understood. Furthermore, the
chemical nature of the material, and of the radon and thoron progeny,
could play a significant role in plate-out phenomena.
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Results and Discussion

The data obtained in this study are presented in Figures 1 to 5, and
Tables 1 to 3. For simplicity, the data will be presented according
to the location where they were obtained, namely the RTTF, and the
Pylon reference sources.

Large Radon/Thoron Test Facility (RTTF). Figures 1 to 5 show the
surface a-activity measured on several materials exposed to a radon
progeny atmosphere (Figures 1 and 2), and to a thoron progeny
atmosphere (Figures 3 to 5).

Figure 1 shows no significant difference between the three
metals, namely: aluminum (Al), copper (Cu), and galvanized steel
(GS), exposed to a radon progeny atmosphere. Figure 2 shows a
significant plated-out activity difference between Fiberglas filters,
and coarse sandpaper and emery cloth exposed to a radon progeny
atmosphere. No appreciable difference was found between sandpaper
and emery cloth.

Figure 3 shows a significant difference in thoron progeny
activity plated-out on laboratory coat cotton cloth samples and
Millipore filters (0.8 um), and emery cloth. Differences between the
two latter sample materials are not clear in these measurements.

Figures 4 and 5 show significant differences in thoron progeny
activity plated-out on cotton cloth and emery paper (Figure 4), and
cotton cloth and Fiberglas filters (Figure 5). Differences between
the other pair of materials were less pronounced or difficult to
ascertain (<7%).

As expected, Figures 1 and 2 show that the surface z-activity on
the materials examined decreased with increasing time after exposure.
The approximate half-life corresponding to the surface a-activity was
in the range of 35 to 50 min. These values roughly agree with the
'combined’ half-1ife of the short-lived decay products of radon. The
differences in the decay curves for different materials and for a
given material under different environmental conditions, i.e.,
radiation level, temperature, relative humidity and aerosol
concentration are mainly due to the different radioisotope make-up
about the surface of the materials investigated. The radioisotope
make-up very much depends on the radon progeny disequilibrium ratios,
i.e., [Pb-214]/[Po-218] and [Bi-214]/[Po-218]. The radon progeny
disequilibrium ratios are highly dependent on the air flow
characteristics, relative humidity and aerosol concentration in the
RTTF.

Figures 1 and 2 also show a rapid decrease in a-activity during
the first few minutes after removal of the samples from the RTTF
followed by a less pronounced decrease in the activity. This
behaviour is due to the rapid decay of Po-218 with a half-1life of
about 3 min.

Figures 3 to 5 show that the surface thoron progeny «-activity
remained fairly constant during the counting period, i.e., about 100-
min. This result indicates that the a-activity measured on the
surface of the materials was mainly due to Bi-212, and Po-212 in
equilibrium with Bi-212, which was in equilibrium with the relatively
long-1lived, 10.6 hour half-1life, Pb-212. Hence, Bi-212 decayed with
the half-1life of Pb-212.
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Figure 1 Alpha activity versus time from radon progeny plated-
out on several materials.
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Figure 2 Alpha activity versus time from radon progeny plated-
out on several materials.
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Alpha activity versus time from thoron progeny plated-
out on several materials.

Table I Thoron progeny activity plated-out on different materials

Gross a-particle Qualitative
Material P ¢ R* Agreement with Remarks
Count .
Previous Data

Copper 9521%1216 0.947
Galvanized steel 10051+1972 0.999 Yes N/A
Aluminum 10052+2093 1.000
Copper 9469+3393 0.976
Plexiglas 9508+3580 0.980 Partial N/A
Aluminum 970142822 1.000
Plexiglas 89142330 0.898
Aluminum 98543286 0.993 Marginal N/A
Galvanized steel 9926+3297 1.000
Millipore 5199+1101 0.730 See
Emery cloth 5208721 0.731 Yes Fig. 3
Cotton cloth 71224903 1.000
Fiberglas 5820447 0.818 See
Tape 7041+748 0.989 Yes Fig. 5
Cotton cloth 7115%£750 1.000
Emery cloth 5414445 0.667 See
Fiberglas 6973%714 0.860 Yes Fig. 4
Cotton cloth 8110+230 1.000
Carbon powder 5436%519 0.786
Cardboard 5823+628 0.842 Yes N/A
Talcum powder 691877 1.000

* R represents the ratio of the activity of the material to the maximum
activity measured within each set of three materials.
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In order to verify the results reported above, an independent
series of measurements in the large RTTF was carried out. Samples
were exposed to a thoron progeny atmosphere, and surface gross a-
particle activity was measured this time for periods of 30 min. The
environmental conditions during this experimental phase were in the
following range. Temperature: 24-27°C, relative humidity: 40-55%,
aerosol concentration: 1.2 x 103 - 3.4 x 108 cm'a. Some of the data
obtained are reproduced in Table I.

Table I shows that, in most cases, qualitative agreement with
previously reported data is attained (Bigu and Frattini, 1985).
Absolute values, of course, change according to experimental
conditions. The large standard deviations quoted in Table I arise
from experiments carried out under significantly different radon (or
thoron) progeny concentrations. The values quoted in the Table are
average values calculated from several measurements conducted on
different days under different experimental conditions. Data for
each set of materials have been arranged according to increasing
surface a-particle activity measured on the material. The variable R
represents the ratio of minimum to maximum surface activity measured
on each set of three different materials. Gross a-particle 30-min
counts are given as absolute a-counts by dividing the instrument
reading by its a-particle counting efficiency. Each set of materials
was exposed and measured several times on different days, and an
average value (shown in the Table) was calculated, as indicated
above.

The effect of surface electrostatic charge on a material on the
attachment of the decay products of radon has been known since
pioneering work on atomic structure by Rutherford. Extensive
research into this area for the radon and thoron progeny has been
conducted in this laboratory for environmental monitoring purposes.
Several authors have reported on the effect of electrostatic charge
on the collecting characteristics of copper for the radon progeny for
exploration purposes (Card and Bell, 1979).

In a series of recent thoron progeny experiments in a small and
large RTTF, dramatic differences in the a-activity collected on
copper discs were observed when a positive charge, a negative charge,
or a zero charge, i.e., discs at ground potential, was applied.
Discs positively charged (~+270 V) collected 1.4 to 2.8 (ave.:2.0)
times more a-activity than discs at zero potential. Discs negatively
charged (~-270 V) collected 11 to 21 (ave.:17) times more a-activity
than discs at zero potential. The a-activity ratios between discs
charged at -270 V and +270 V were in the range 4.5 to 15.5 (ave.:
9.5). The above figures, and figures for the radon progeny obtained
in the past, varied quite substantially with environmental conditions
in a rather complex and little understood fashion.

The data on the electrostatic effect discussed above is relevant
in the context of this paper because certain materials can esily
acquire electrostatic charge which could, therefore, alter or mask
their plate-out characteristics to the decay products of radon and
thoron.

Pylon Radon (Thoron) Progeny Reference Sources. Plate-out studies
using the Pylon reference sources are shown in Tables II and III. In
this case the materials (discs) were placed in the reference sources
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where they were exposed for 24-h, after which they were analyzed by
gross a-particle count and a-spectrometry. Two counts, and spectra,
were taken (1000 s counting time) on each sample exposed to each
reference source. Measurements were carried out 1-min and 40-min
after exposure. The first count and spectrum using the radon progeny
reference source were intended to study the deposition of the short-
lived radioisotope Po-218. Ambient temperature and relative humidity
at the time the samples were placed in the reference sources were
carefully noted. The range of values was as follows: 20.4-23.1°C
(temperature), and 10.7-33.7% (relative humidity).

Tables II (radon progeny) and III (thoron progeny) present some
of the data obtained. In these Tables Ny and Ny, obtained with the
weak reference sources, stand for the gross a-particle count measured
1-min and 40-min after exposure, respectively. The symbols N5 and Ny
represent the same as N; and Ny, respectively, but for the strong
references sources. Furthermore, in the above Tables: N1 2 = Ny +
Nz,N34 N3+N ansz 4—N1 +N4

Tables II and III show that the’ a actfv1ty plated-out on the
materials investigated can roughly be divided into three groups,
namely, low activity (emery cloth and sandpaper), medium activity
(Fiberglas filter, Nuclepore filter, cotton cloth and copper), and
high activity (activated carbon deposited on suitable material).

The only data from Tables II and III that can be compared
directly with Figures 1 to 5, and Table I are that corresponding to
the materials emery cloth, Fiberglas filter and cotton cloth. It is
seen that the data corresponding to the radon progeny in Table II
agree, qualitatively speaking, with Figure 4, for the thoron progeny.
There is agreement between the thoron progeny data of Figure 4, Table
I and Table III for emery cloth as having the lowest plated-out
activity. However, there is disagreement between cotton cloth and
Fiberglas. This difference shows with both the weak and strong
reference sources (see Table III). This experimental observation
seems to rule out spurious or systematic errors.

The spectral ratios (S.R.) given in Tables II and III show that
Nuclepore filters and copper discs have the highest S.R., indicating
that less degradation of the spectra, and hence, highest energy
resolution, occurs. It should be noted, that except for cotton cloth
(Table II), there seems to be a correlation between the S.R. and the
activity plated-out on the material.

The «-particle activity measured on activated carbon samples is
much higher than that corresponding to any other material (see Tables
II and III). This result was expected because of the well known
adsorptive properties of carbon for radon and thoron. However, the
activated carbon data on Tables II and III is in sharp disagreement
with previous, and numerous, data obtained in the large RTTF (see
Table I). This topic is under investigation. It should be noted
that there are substantial quantitative differences between the
behaviour of the radon and thoron progeny relative to activated
carbon.

The data presented here suggest some qualitative and/or
quantitative differences in behaviour between the radon progeny and
thoron progeny relative to some materials, and for some materials
relative to either the radon progeny or the thoron progeny.

Other data, not presented here, also suggest that the plate-out
characteristics of some materials depend on air moisture content,
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aerosol and dust concentration and size distribution and other
variables in a rather complex, not clearly understood, fashion.
Hence, substantial differences may arise when the same set of
materials are investigated under different environmental conditions.

At present, only some speculation can be offered regarding the
cause for the observed plate-out characteristics of different
materials, as estimated from surface a-activity measurements. Some
factors that might account for the observed data have been indicated
elsewhere (Bigu and Frattini, 1985).

Not previously considered in the above reference is a-particle
self-absorption phenomena. However, attempts are at present being
made to estimate radon and thoron progeny deposited on the surface of
materials by y-spectrometry and gross y-count in order to eliminate
self-absorption effects.

Conclusions

Significant differences in the radon and thoron progeny plate-out
characteristics of different materials have been found. As radon and
thoron progeny deposition velocities are normally determined from
surface a-activity measurements using some material as a collector of
activity, the choice of collecting surface is important in view of
our results. The arbitrary choice of a material as an 'activity'
collector may lead to substantial errors in the determination of
deposition velocities, and other variables, if the data obtained for
this particular material are to be used as representative of the
deposition velocity on a large surface made of a different material.
It should be noted that there are some practical difficulties in
determining radon and thoron progeny activity directly on the surface
of interest.

Some of the data reported here, and unpublished data, seem to
indicate that there might be some qualitative difference between the
behaviour of the radon progeny and thoron progeny towards a given
material.

The underlying physical and/or chemical mechanisms responsible
for the differences observed between the radon progeny and the thoron
progeny as related to different materials are not clearly understood.
Finally, it should be pointed out that the main thrust in this paper
was to determine differences in surface a-activity measured on
different materials with the same geometrical characteristics exposed
to identical radioactive atmospheres. The calculation of deposition
velocities and attachment rates, although it follows from surface a-
activity measurements, was not the intent of this paper. This topic
is dealt with elsewhere (Bigu, 1985).

The nature of the data discussed here is in part consistent with
recent work by other authors who suggested a sticking coefficient of
less than unity, under certain conditions, for the attachment of
Po-218 to monodisperse aerosols (Ho et al., 1982), and to surfaces
(Holub, 1984).
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Chapter 22

Free Fractions, Attachment Rates, and Plate-Out Rates
of Radon Daughters in Houses

J. Porstendorfer, A. Reineking, and K. H. Becker

Isotopenlaboratorium fiir Biologische und Medizinische,
Forschung der Georg-August-Universitit, Burckhardtweg 2, D-3400 Géttingen,
Federal Republic of Germany

The paper summerizes the experimental data on the
equilibrium factor, F, the free fraction, fp, the
attachment rate to the room air aerosol, X, the recoil
factor, r;, and the plateout rates of the free, q,
and the attached, @@, radon daughters, determined in
eight rooms of different houses. In each room several
measurements were carried out at different times, with
different aerosol sources (cigarette smoke, stove
heating etc.) and under low (v< 0.3 h-l) and moderate
(0.3<v<1 h1l) ventilations.

The mean value of the equilibrium factor F
measured in  houses without aerosol sources was
0.3+ 0.1 and increased up to 0.5 by -additional
aerosol particles in the room air. The fraction of the
free radon daughters had values between f, = 0.06-
0.15 with a mean value near 0.1. Only additional
aerosol sources led to a decrease of fp - values below
0.05.

Besides the attachment rate the plateout rates
had the greatest influence on F and fp. The plateout
rates of the free, qf, and the attached, q®, radon
daughters obtained in rooms with low ventilation
varied between 20 and 100 h-! and 0.1 and 0.4 h-! with
average values of about 40 h-! and 0.2 h-1,
respectively. The recoil factor r; describing the
desorption probability of Pb-214 atoms had a value of
0.50 £ 0.15, calculated from the measured data.

The shortlived radon daughters Po-218 (RaA), Pb-214 (RaB), Bi-214
(RaC) and Po-214 (RaC') are the main cause of natural radiation
exposure. Meanwhile a number of monitoring programs for radon (cj)
and radon daughter products (cﬁ) in indoor air have been conducted
in several countries (BMI, 1985; Brunner et al., 1982; Hogeweg et
al., 1984; Mc Gregor et at., 1980; O0'Riordon et al., 1983;
Swedjemark and Mjénes, 1984), which are on an average 2-10 times
higher than in the free atmosphere (c§, c3). The measured medium
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values of the equilibrium equivalent radon concentration cl are
between 10-40 Bgm-3 with a large variation of more than two otders
of magnitude in different houses of the same country.
For estimating the 1lung dose after inhalation by means of
models three parameters of air activity are necessary:
1. The activity concentration of the radon daughters
(j=1: Po-218; j=2: Pb-214; j=3: Bi-214)
of the equilibrium equivalent radon concentration:
=0.105c, + 0.516c, + 0.379c5
The equilibrium factor F = cg /co(c0 : radon concentration)
describes the state of equilibrium between radon and its
daughters.
2. Unattached fraction for total potential o -energy of the
daughter mixture: foo= cf /c
3. The activity size dlstrlbutlon of the radon daughter aerosols.

The concentration of radon decay products and therefore the
factors F and f, are influenced by the basic processes of the
attachment, recoil and deposition (plateout) and by room specific
parameters of radon emanation and ventilation (Fig. 1).

The attachment rate to the atmospheric aerosol X= B*Z, is a
linear function of the particle concentration Z. Values of 5%10-3
cm3h-1  for the average attachment coefficient B measured in
laboratory rooms were reported by Mohnen (1969) and Porstenddrfer
and Mercer (1978).

The recoil factors r; define the probability of whether an
attached radioactive atom desorbs from the particle surface in
consequence of an alpha decay or not. Mercer and Strowe (1971) found
a recoil factor r; = 0.8l in their chamber studies in contradiction
to the value of r;~0.4 measured by Kolerski et al. (1973). No other
results about the recoil factor are available in the literature.

Surface deposition is the most important parameter in reduction
of the free and aerosol attached radon decay products in room air.
If V is the volume of a room and S is the surface area available for
deposition (walls, furniture etc), the rate of removal (plateout
rate) q is v *S/V, always assuming well mixed room air. v, is the
deposition velo€ity.

Taking into account the results of wind tunnel experiments the
average dep081t10n velocities for the free (vg 2 mhl) and the
attached (v§ = 0.02 m h-1) radon decay products can be derived
(Porstendorfer, 1984). Knutson et al. (1983) measured similar
results in their chamber investigation. The results show that the
values of the deposition velocity of the free radon daughters are
about 100 times those of the aerosol radon progeny. But there are no
information about the effective deposition surface S of a furnished
room for the calculation of the plateout rates q and q® by means
of vf and VS . For this reason the direct measurements of the
plateout rates in rooms are necessary. O0Only Israeli (1985)
determined the plateout rates in houses with values between qf =
3-12 h~! and q® = 0.4-2.0 h™1 , which give only a low value of the
ratio v§ /v§ = 6-8.

This paper will summerize our experimental data on the
equilibrium factor (F), the free fraction (f ), the attachment rate
to the room air aerosol (X), the recoil factor r; and the plateout
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Figure 1. The basic processes influencing the activity balance
of radon and radon daughters in houses.
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rates of the free (qf) and attached (q2) radon daughters, obtained
in houses of an area with a higher radon concentration level
(North-East of Bavaria). The aim of these investigations was to find
out the size of the equilibrium factor F, the unattached fraction fp
and what is the influence of the attachment on the room aerosol and
the plateout processes on the concentration of the free and attached
radon daughters.

Measurement technique

The activity concentration of radon and of the free and aerosol
attached radon daughters were measured simultaneously. During these
measurements the aerosol particle concentration was registered by
means of a condensation nuclei counter (General Electric).

The radon in the air was measured continuously by
electroprecipitation of the positively charged Po-218 ions in an
electric field (10 kV) on a surface barrier detector (Porstendorfer,
et al., 1980). For this purpose the air was dried, filtered and
sucked into an aluminium sphere (~2 1) with a flowrate of 0.5
Imin!. The counts due to Po-218 and Po-214 were proportional to the
radon activity concentration. Their disintegrations were directly
detected by alpha spectroscopy with an energy resolution of about 80
keV. The monitor could detect down to 5 Bg m> with a two hour
counting time and 30 % statistical accuracy.

For the determination of the free fraction the attached and the
total radon daughter activity concentration were measured. The
separation of the free radon daughters from the total daughter
concentration was carried out by means of a high-volume diffusion
screen battery (Reineking and Porstenddrfer, 1986) with a 50 %
ﬁ;ne}ration efficiency for 4 nm particles and for a flowrate of 2.4

h=t.

Each serie of measurements consisted of two parallel samples
with counting during and after sampling, one with the screen
diffusion battery and the second as the reference sample, so that
the fractional free radon daughters could be calculated. The radon
daughters are collected on a membrane filter (filter diameter 25 mm,
pore diameter 1.2um) and the decays of Po-218 and Po-214 are
counted by means of alpha spectrometry with a surface barrier
detector (area 300 mnf ).

For the determination of the radon daughter concentrations down
to 1 Bg*m-2 a counting and sampling time of 60 minutes and a
counting time of 20-40 minutes after the end of sampling were used.
From the counts of Po-218 and Po-214 of the two samples measured in
different intervals the concentrations of the free and attached
radon daughters were calculated (Wicke and Porstenddrfer, 1983).

From the measured activity concentrations the ratios of the
free activity to the total activity fj= qf‘/% (j = 1,2), the
corresponding values of f, and the equilibrium equivalent radon
concentration g, and F, respectively, were calculated.

Evaluation of the measured data

Room model calculations (Porstendérfer et al., 1978; Porstendbrfer,
1984) showed the extent of the influence of the different processes

In Radon and Its Decay Products; Hopke, P.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1987.



Publication Date: February 5, 1987 | doi: 10.1021/bk-1987-0331.ch022

22. PORSTENDORFER ET AL. Attachment Rates and Plate-Out Rates 289

and room specific parameters on the radon and the radon daughters
indoors. By means of the measured data of radon and free and
attached radon daughters and under consideration of this room model
the following parameter were determined:

1. Radon emanation e (Bgm-3h-1)

2. Ventilation rate v (h-1) -

3. Attachment rate to the room aerosol X (h-1)

4. Plateout rate of the free radon daughters on walls and other
room surfaces qf (h-1)

5. Plateout rate of radon daughter aerosols on walls and other
room surfaces g2 (h-1)

6. Recoil factor r;

The radon emanation and the ventilation rate of a room can be
derived from the increase of the radon concentration by the radon
exhalation and from the steady state condition between exhalation
and air exchange with the free atmosphere. In Fig. 2 the variation
of the radon concentration as function of time is shown measured in
two houses with different radon emanations and ventilation rates.

The different air exchange rates in a room were obtained by
closed, and partly opened windous.

The increase of radon concentration just after thoroughly
ventilating the room and closing doors and windows can be described
vith equation (Porstenddrfer et al., 1980):

‘ e + vcg -(v+Ao)t -Aotv)t
cé(t) —— |1 - e +c8 *e (1)
V+A.0

vhich can be written in a simpler form
1 - € -vt a
cg(t) = : (1 -e ) + cg (2)

wvith A.O((v . cl and c@ are the radon activity concentrations
indoors and outdoors, respectively.
In the case of t € 1/v the radon emanation can be determined:

e=Ach(t) /At (3)

In a certain period of time there is a steady state condition in a
room and a constant radon activity concentration ci( <) could be
measured. By means of this value and equations (2) (with t =) and
(3) the actual ventilation rate of a room can be calculated:

vz (e -Agel(e)) / (cl(e) -8 ) (4)
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All our measurements were carried out in rooms with v< 1 h-1 and
the radon concentration outdoors (c@~5 Bq m-3) was always much
smaller than indoors (c§> 100 Bq m‘g) Assuming a constant radon
emanation, a homogeneous activity distribution and 100 %
prefiltering of the free fractions of the incoming air, the radon,
the free and attached radon daughter activity concentrations indoors
(ci; ¢if5; c}@) and outdoors (c§; cgf; c§) under steady conditions
are:

cg = (e+ved)/(A g+v) (5)

cif o (A,-cif 40 e /(ve AsrgfeX) (6)

J 3O -1 j*a

c%a = (vcaa+(l T 1)}lJ +X01f)/(V+;lJ+q (7)
vith ctf=cl, cl®-0, ij =0

Under the conditions v < 1 h-! and(% > cg the attachment rate
X could be calculated by means of the measured c}2 and c} values:

c ia

- l €1

X = (A_l+v+q) ~ ?(A1+ v) (8)
€1

vith (A 1+v) >> g8
Then the plateout rate qf of the free radon daughters can be

determined from the activity concentration of the free Po-218 and of
the radon:

of A= -y oAy (9)
Cl

In addition an equation of q@ can be evaluated:

c%a c%f X
= Am A A (10)
c3 c3 v+/l3+q

vhich permits to calculate the plateout of the radon daughter
aerosol by means of the measured values of c}a , c}a and c}f
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Finally with the measured values of ci8, c}@ and cif the recoil
factor r; can be calculated:

C%a v+;\2+qa cif X
- +— -
cia A’Z cia V+A2+qf+X (
r) = — 11)
X
] - —m——
v+;\2+qf+?

Ih%s equation was derived using c}? and cif of equations (6) and
5).

The concentrations of radon (cl) and the free (c}f, céf ) and
on aerosol attached (ci2, ci?, c§33 radon daughters were measured
and with these data the equilibrium factor F and the free fraction
of the radon daughters f, were calculated. The room parameters (e,
v) and the parameters of radon daughter transport processes (X, qf,
@, r1) were evaluated by means of equations (3), (4), (8), (9),
(10) and (11) using the measured data.

Results

The studies were performed in eight rooms of different houses with
higher radon activity concentrations of 300-1600 Bq m2. All the
rooms vwere furnished. Several measurements were carried out in each
room at different times and under different room conditions. If the
doors and the windows were closed most of the rooms were lowly
ventilated with v £ 0.3 h~l. Measurements vere carried out in a room
under different ventilation values. The ventilation of a room was
changed by opening a window. In some houses additional aerosol
particles were generated by cigarette smoke, stove heating,
electrical motor and candle light.

The rooms without aerosol sources and low ventilation rate
(v€0.3 hl) had lov aerosol concentrations (2*10° - 10% cm™2) due
to the small influence of the higher aerosol concentrations outdoors
(aerosols by traffic and combustions) (Table Ia). In this case the
aerosol in the room air was aged by coagulation and plateout and had
less condensation nuclei of smaller sizes (d <100 nm). Rooms with a
moderate ventilation show higher particle concentrations ((1-5)*10"
cm™3) (Table IIa). With aerosol sources in a room (Table III) the
aerosol concentrations can increase to 5%10° particles/cma. The rela-
tive error of the measured particle concentration is in the order of
157% primary determined by the uncertainties of the absolute cali-
brations of the condensation nuclei counter.

The equilibrium factor F in 1low ventilated rooms without
aerosol sources varied between 0.2 and 0.4 (Table Ia) with an
average value near 0.30; a similar value as reported by Keller and
Folkert, 1983, and by Wicke and Porstendorfer, 1982. In rooms wvith
additional aerosol sources an average F-value between 0.4 and 0.5
was obtained (Table III). An error of about 20 % can be estimated
for the equilibrium factor.
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The free fraction of the radon daughters f, measured in rooms
vith low ventilation and no aerosol sources g%ows values between
0.06 - 0.15 (Table Ib) with a mean_value near 0.10. In this case the
values of the attachment rates X range between 20 h-! and 40 h-l.
The fp-values < 0.05 were obtained in rooms with aerosol sources,
which always had values of the attachment rate > 100 h-1 (Table
111).

In Fig. 3 all measured data of fj = c&f/cﬁ and f are presented
as function of the attachment rate. The absolute errdts of f; and fp
are in the order of 0.02 and 0.01, respectively. These errors were
calculated from the errors due to the alpha counting and due to the
mathematical procedure of the filter activity evaluation.

The calculated parameters X, qf, @ and r; are presented in
Tables Ib, IIb and III. In addition the attachment equivalent
diameter d was determined from the attachment coefficient B = X/Z by
means of the attachment theory (Porstenddrfer et al., 1979).

In poorly ventilated rooms the average value of the attachment
coefficient with 7.4*10-3 cmh-l(Table Ib) was significantly higher
than the value in rooms with moderate ventilation (2.4*10-3 cwh-l)
(Table 1IIb) corresponding to diameters d=117 nmand d = 6.5 nm,
respectively. This aged aerosols in poorly ventilated rooms did not
only show lower particle concentrations but also greater particle
diameters.

The plateout rates of the free and attached radon daughters
obtained in rooms with low ventilation varied between 20 and 100
hrl(q® and 0.1 and 0.4 hl(q@) with average values of about 40
h-1 and 0.2 h-!, respectively (Table Ib). Spectacular is the
increase of the plateout rates of the free radon daughters in rooms
with cigarette smoke and candle light (Table III). In this case the
organic vapors in the air could have an increase of the diffusion by
neutralisation (charge transfer) of the positively charged radon
daughters (Frey et al., 1981). This can also be the reason for the
equilibrium factor F being relatively low with cigarette smoke
(0.4-0.5), in spite of the great attachment rate to smoke particles.
The errors for the determination of qf and @ can be estimated with
15 % and30 %, respectively. The ratio of the deposition velocities
v f/vga = qf/® (Table 1Ib) had average values near 200 in
contradiction to the value 6-8 reported by Israeli (1985). Knutson
et al. (1983) determined a value of vf/vg = 100.

The calculated recoil factor r; had an average value of about
0.50 +0.15, including the results with particles of cigarette smoke,
stove heating etc. In spite of an error for the determination of
about 30 %, this value is significantly lower than determined by
Mercer (Mercer and Stowe, 1971; Mercer, 1976).

Conclusion

The results of these measurements show that the fraction of the free
radon daughters in rooms with low and moderate ventilation and
without any aerosol sources are higher (f, = 0.06 - 0.15) than
proposed in literature (Jacobi and Eisfeld, 1980; ICRP 32, 1981;
NEA, 1983). A mean value of 10 % (f, = 0.1) was determined. Only
additional aerosol sources in a room such as cigarette smoke,
cooking, candle light or stove heating led to a decrease of the f,-

value below 0.05.
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