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ABSTRACT

The largest contribution to population exposure from natural radiation
arises from the inhalation of the decay products of radon in indoor air. In most
instances the dominant source of radon within buildings is the subjacent ground.
However, building materials do contribute to the radon concentration in indoor
alr, and in some circumstances may provide the major source. This report reviews
some of the literature on radon emanation from soils and building materials
world-wide. Details are given of measurements of r;%gg e?gpitipn.from common UK
building materials, together with results of measurements of radon concentration
in indoor air in sedimentary areas and in areas of enhanced uranium
mineralisation. This work was part funded by a contract with the Building
Research Establishment of the Department of the Environment (reference
FS/3/399).
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1. INTRODUCTION AND MAIN CONCLUSIONS

This report details studies of the sources of the radioactive gases
radon-222 and radon-220 found in air within all buildings. The main emphasis
has been placed on radon-222 as this generally occurs in higher concentrations
than radon-220, although the latter cannot be ignored. This work was part-funded
by a contract with the Building Research Establishment, of the Department of the
Environment (reference FS/3/399).

The principal isotope of radon, radon-222, has been known to exist in
ambient air since 190l. Much higher concentrations of this gas and its decay
products were found in uranium and some other mines. Workers in these mines were
found to experience an excess incidence of lung cancer and the causative agent of
this disease 1is considered to be the decay products of radon-222, namely
polonium—-218, lead-214, bismuth-214 and polonium-214, which are referred to as
the short-lived decay products of radon-222 since none has a half-life exceeding
30 minutes. The two polonium isotopes decay by emitting an alpha particle and it
i1s these particles that deliver a relatively high radiation dose to small volumes
of tissue. Polonium=214 is formed by the decay of bismuth-214, but has a half-
life of only 164 ps. 1In all practical situations polonium-214 1is in equilibrium
with bismuth-214 and bismuth-214 acts as though it decays by beta and gamma—-decay
followed by a prompt alpha-particle emission. Thus, the short-lived decay
products of radon—222 are often stated to be polonium218, lead-214 and bismuth-
214, the presence of polonium-214 in equal activity concentration to bismuth-214
being implied. '

In 1956 a study of natural radiation in Swedish housing was published which
noted the elevated concentration of radon-222 and its decay products in indoor
air compared with those concentrations measured in the open air. Since then
studies have taken place of the incidence of radon-222 and its decay products in
dwellings and other buildings in a number of countries including the UK. 1In
most countries the vast majority of buildings sustain radon-222 concentrations
between a factor of two and ten higher than the concentrations in the open air.

In a number of countries situations were discovered that resulted in
unacceptable radon-222 decay products exposure within dwellings and other
buildings. These include the misuse of mining waste (the use of mill tailings in .
construction in Colorado), building on reclaimed land of enhanced radium-226
concentration in Florida, building in areas where the geology includes widespread
uranium mineralisation, as occurred in the uranium mining communities of Canada,
and the use of a traditional raw material for construction but in a novel form,
such as light-weight alum-shale concrete in Sweden. In USA, Canada and Sweden
remedial action has been undertaken in limited circumstances to reduce the
concentrations of radon-222 and its decay products within buildings to below a

prescribed level,



The first studies of radon—-222 and its decay products in buildings assumed
that the major source of radon was the trace quantity of radium~226 in most
traditional building materials. It was soon realised, however, that the concent-
rations of these nuclides measured in room air could not be supported solely by
the radium-226 content of the building elements. Further work demonstrated that
for single family dwellings (houses, ground-floor flats and bungalows) the domin-
ant source of radon-222 was the ground beneath the structure. However, the
contribution from the building materials, although comparatively small, cannot be
ignored. The relative strengths of the various sources of radon-222 in dwellings
depends upon the form of construction, the building materials used and the local
geology.

The largest survey of radon-222 decay products concentrations in UK
dwellings was carried out in 1976, but measurements were made in only 80
dwellings out of the UK housing stock of about 20 million. This survey,
therefore, concentrated on the major centres of population in order to determine
a representative figure for the mean population exposure to the decay products of
radon-222, However, some measurements were also made in rural areas. A major
difference between other forms of exposure to natural radiation and that due to
radon—-222 decay products was immediately apparent from the survey. For cosmic-
ray exposure the variation in the UK is within * 10%Z of the mean, for terrestrial
gamma-ray exposure the range 1s probably within a factor of three either side of
the mean, but for radon-222 decay product exposure the range is probably within
two orders of magnitude either side of the mean.

The wide range of potential exposures to the decay products of radon-222 and
the limited data available on the relative strengths of common building materials
as sources of radon-222 led to the institution of the studies reported here.
Apart from studies on bullding materials in the laboratory, measurements were
made of the concentration of radon-222 decay products iIin various offices of a
large complex offering a diversity of office size, construction materials and
elevation. The concentrations of radon-222 and its decay products in indoor air
in regions where the local geology suggested that the concentrations of these
nuclides in air might be much higher than the UK average were also measured.
Details of the entire measurement programme are given in the main text of the
report ‘(Sections 2—6) together with a review of data reported by other workers
where this is relevant.

The radon-222 emanation rates from 165 specimens of building material were
determined. The specimens ranged through relatively common materials, such as
Fyfe-stone blocks, insulating blocks, bricks (silica and clay), light aerated
concrete, etc, but included some items of less usual composition such as brick
composed of o1l shale. 1In the text the radon-222 emanation rates are given in
terms of per unit area, per unit volume and per unit mass. The range in

emanation rates per unit area for the materials reported here is 3.6 LBq -2 s-l



(for a clay brick) to 790 uBq m~2 s~! (for a Fyfe-stone block). Fyfe—-stone block
is seldom wused to line room surfaces, but even this material has radon-222
emanation rates which are much lower than those of 1light-weight concrete
contalning alum—shale of the type manufactured in Sweden prior to 1975. This
material is reported to have an emanation rate of 8600 pBq m~2 s7l and it is
unlikely that any current or proposed building material would approach this
figure. To illustrate the worst-case contribution of building materials to
radon=222 in room air a room constructed entirely from this light-weight concrete
containing alum—shale can be considered. Taking a room with a surface to volume
ratio of 1.8 m~! this would result in a radon-222 concentration in the room of 56
Bq w™? at a ventilation rate of one air change per hour. This concentration is
frequently exceeded in UK dwellings of quite normal construction. This does not,
of course, indicate that the building elements play no, or little, part in
contributing to the radon-222 concentration in indoor air. In some areas, where
the local subsoil contains little radium—-226, the building materials may be the
only significant source of radon-222, but here the concentration of radon-222 in
room air will be low and of no consequence as a potential health hazard. This
illustration does, however, emphasise that in the vast majority of cases the
ground subjacent to the building is the major source of radon-222 found within
the building.

One brick, having oil shale as a main constituent, had a measured radon-222
emanation rate of 290 uBq m™2 s~!, This exceeded, by a factor in excess of two,
the highest emanation rate of any brick of more traditivbnal manufacture. Other
materials that have an enhanced radium-226 concentration, such as phosphogypsum
from the phosphate fertilizer industry, have been suggested for use in buildings
in the UK. To date there has been minimal market penetration for this product
although it is widely used in continental Europe. There are other materials,
such as red mud from bauxite processing, which would be suitable in many respects
for use as building materials but for their relatively high radium—226
concentration, In all judgements concerning the radium—-226 concentration of
building materials it must be remembered that the radium=226 concentration alone
does not indicate the strength of that material as a source of radon-222.
Another parameter required is the fraction of the radon-222 formed within the
material that escapes from the surface. If the fraction of radon-222 escaping is
low this will result in a higher gamma-dose rate from the material than from a
material of similar radium~-226 concentration but of higher emanating fraction.
Emanating fractions in the range 0.3—12% were measured during the work reported
here, with the values for the most commonly used materials being less than 47.

Measurement programmes involving active air sampling equipment and using
passive radon detectors have shown that the distribution of radon-222 decay
products concentrations in room air of dwellings in the relatively few areas of

enhanced wuranium mineralization 1is quite different from that found within



dwellings situated in the major centres of population where the geology is
predominantly sedimentary. In rare cases, the annual effective dose equivalent
may exceed 100 mSv. The exposures can be reduced, but not without financial
costs. The simplest action to reduce the concentration is to increase the venti-
lation rate but at the expense of increased space-heating costs. Alternatively,
eletrostatic precipitators can be installed as these have been shown to be
effective in reducing the concentration of the decay products of radon-222 in
room air (see Figure 8, p58). However, although the running costs of
electrostatic precipitators are low the expense of their purchase is quite high.
In these areas, it is the soil beneath and around the building that has enhanced
radium-226 concentrations and is the source of the high concentrations of indoor
radon—222. Studies are in hand to determine ways of preventing the ingress of
radon into houses. It should be noted that as far as new buildings are concerned
work carried out in the USA and Canada has shown that on soil of any uranium
concentration it 1s possible to construct a ‘'radon free' building without
departing too far from traditional building practice.

Measurement of radon—222 decay products concentrations and ventilation rate
under conditions where all exterior doors and windows are closed but all internal
doors open has been shown to produce the correct estimate of the whole house
radon-222 production rate. However, such a measurement does not permit a
realistic estimate of the 1likely radon-222 concentration to be found 1in any
particular room under normal living conditions. On the other hand, when measure-
ments are made in a single closed room there is a systematic error in measuring
the air exchange rate as the degree of air exchange between ad jacent rooms is
difficult to control and 1is not simply quantified. Nevertheless this latter
method of measurement will, under most circumstances, allow a reasonable pre=-
diction of the radon=222 concentration in the room under varying ventilation
conditions. Thus single-room studies are to be preferred when using short-period
active surveys to determine the likely long-term average radon-222 concentration
in dwellings.

It being generally recognised that the dominant source of radon-222 in
buildings 1s the ground subjacent to the building, suggestions have been made
that radon-222 concentrations should be lower on floors of higher elevation than
those on or near the ground. Measurements in high-rise buildings, however, have
shown that this is not generally the case. Common services are often taken from
floor to floor through ducting, and stairwells and 1ift shafts link different
floors providing easy routes by which radon-222 can pass from lower to higher
floors. fhus it is unlikely that occupants of flats on the upper floors of high
rise buildings receive a signficantly lower exposure to radon-222 decay products
than do the occupants of flats closer to the ground.

For many people employed in offices a signficant proportion of their

exposure to the decay products of radon-222 could occur at work. Although the
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data presented in this report covers only a limited number of offices, these
offices were diverse in size, elevation and construction materials. The
radon-222 decay products concentration was not related systematically to floor
level and confirms the statement in the last paragraph. Excepting two offices
with air conditioning wusing a high percentage of make-up air the remainder
exhibit quite a wide range of radon—-222 decay products concentrations, but the
mean of the recorded values corresponds to just under 80% of the mean value found
in ground-floor living rooms of houses built on the same soil type as the office
block. This data might suggest that office workers have a reduced exposure to
the decay.products of radon-222 while at work than they do at home. However, the
difference, if real, is small and tentative in view of the small sample sizes of
both dwellings and offices. There would seem no firm evidence to suggest that
radon-222 decay products exposure rates at work for office workers are
significantly different from those at home.

Theoretical considerations have led to the postulation that under certain
circumstances, particularly at high ventilation rates, the working level (WL)
concentration in room alr due to the decay products of radon-220 should exceed
that due to the decay products of radon-222. Measureménts carried out during
this programme of work have not borne this suggestion out, although the decay
products of radon-220 are present in room air and the concentrations found
suggest that the exposure of the public to these decay products is non—-trivial,
More data on the incidence of the decay products of radon-220 will be collected
over the next few years as part of the Board's continuing programme of evaluating
the exposure of the general population to all sources of natural radiation.

A more detailed exposition of the above is given in the remainder of the
report which is organised into the following sections.

Section 2 presents some background information, discusses the other natu-
rally occurring isotopes of radon and 1introduces the special units used to
describe the concentration in air of radon decay products and the unit commonly
used to measure exposure to these nuclides.

Section 3 deals with radioactivity in building materials and reports values
measured 1n other countries as well as those found during the course of the
studies covered by this report.

Section 4 covers the exhalation of radon from soils and rocks and common
building materials together with the effect of surface coatings in limiting the
ingress of radon into room air.

Section 5 presents measured values of radon-222 and radon-220 decay products
in air from several countries but deals in some depth with the values found in
this study.-

Section 6 reviews the theoretical aspects of radon evolution into the pore
spaces of materials and of the transport of radon through materials.

A number of appendices are attached for the benefit of readers who are



likely to come from a broad spectrum of disciplines, some of whom may not be
familiar with the terminology of radiological protection nor with the common
measurement techniques in this field.

Appendix A describes in detail the decay chains in which the natural
isotopes of radon occur and gives values for the energies and types of emission
of the decay products of radon—-220 and radon-222. An expanded exposition of the
origin of the working level (WL) and working level month (WLM) units 1s given
which may be easier to follow than the cursory treatment in Section 2. Factors
for converting from the units of exposure peculiar to radon to the more familiar
units of dose-equivalent are also given, thus permitting risks from exposure to
radon to be compared directly with the risks from exposure to other forms of
ionizing radiation.

Appendix B presents details of the measurement techniques wused during this
programme of work and the interpretation of results.

Appendix C expands the information presented in Sections 3 and 4 on the radio-
activity in building materials and on radon emanation from these materials. 1In
this appendix the chemical constitution and method of manufacture of those
materials for which the manufacturers have supplied the information are given.

2. BACKGROUND _

Five years after Becquerel's discovery of radiocactivity in 1896, measurement of
radioactivity in ambient alr was reported by Elster and Geitel(l). Thus
commenced studies of atmospheric radioactivity which have continued with
increasing intensity to the present. Close to the ground and within buildings
the predominant sources of airborne radiocactivity are isotopes of the noble gas
radon and their decay products. A detalled discussion of the naturally occurring
isotopes of radon together with an explanation of the special units adopted for
the measurement of the concentration of the airborne decay products of radon are
presented 1in Appendix A, The three naturally occurring isotopes of radon are
radon-219, radon-220 and radon—-222, known historically as actinon, thoron and
radon, respectively.

This report 1s predominantly concerned with sources and levels of radon-222
in the atmosphere, but some discussion of radon-220 and its decay products in the
general environment is also included. Apart from a few special environments the
concentration of radon—-219 in ambient air is very low and contributes little if
any to human exposure (see Appendix A). Hence radon-219 is not considered in the
body of this report.

The primordial nuclides heading the decay chains in which radon=-222 and
radon-220 occur are uranium=-238 and thorium—232, respectively. These nuclides
occur widely in nature, and all soils and rocks contain them in varying
concentrations. Most traditional building materials are derived from rocks and
soils and hence they too contain uranium and thorium, albeit usually in trace

quantities. The immediate precursors of radon-220 and radon-222 are radium—-224
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and radium—-226, respectively. In most cases these isotopes of radium are in
radioactive equilibrium with the thorium-232 and uranium-238 in the raw material
used to fabricate building materials such as bricks. In most cases there is
little chemical separation of these specles as the materials are processed. The
equilibrium condition then persists in the final products.

Solls, rocks and building materials are porous, and when a radium atom close
to the surface of a pore space decays to form the gaseous element radon, this can
diffuse into the pore space and ultimately through interlinked pore spaces to the
surface and into the surrounding air. There is, however, a major difference in
half-life between radon—-220 and radon-222. Radon—-220 has a half-life of only
54.5 s, whereas that of radon-222 is 3.82 days. Radon-220 released to the pore
space at an appreciable depth within the material will decay before reaching the
surface and will not contribute to the airborne concentration of radon-220.
Radon-222, on the other hand, can migrate considerable distances before decaying.
The release of radon-220 to the environment 1s therefore a surface-layer effect,
whereas the release of radon-222 is a bulk effect. In most environments the
activity concentration of radon-222 exceeds that of radon-220, but the decay
products of the latter do contribute to human exposure.

Radon released from the ground is rapidly diluted by the atmosphere due to
turbulent mixing and in wmost cases the concentrations 1in outside air of
radon-222 and 1its decay products are low, being of the order of 2.6 Bq n~3 in the
UK. Within buildings the radon mixes with the volume of air contained by the
building, and 1is further diluted with outside air exchanging, by ventilationm,
with the internal air. Under these conditions the concentration of radon—-222 in
indoor air is wusually higher than that in outside air even at quite high
ventilation rates of two to three air changes per hour. When ventilation rates
are reduced to well below one air change per hour the internal concentration of
radon-222 and its decay products often exceed the concentration of radon-222 in
outside air by a factor greater than ten.

Miners in some areas of Europe have been reported as dying of lung disease
since the 16th century. Evidence obtained at the end of the last century and
during the early years of this century strongly suggests that this disease was

(2,3

lung cancer A large excess incidence of lung cancer was noticed among

uranium miners 1in USA and Czechoslovakia in more recent times, and extensive
epidemiological studies have been carried out on these groups(a-ll). At first,
the causative agent of these 1lung cancers was thought to be the elevated
concentrations of radon—-222 known to exist in mine air. However, in 1951 it was
shown that almost all the dose to lung tissue resulting from the inhalation of
radon—-222 laden air was delivered by the decay products of radon-222 rather than
the radon-222 itself(lz). Because of their short half-lives these decay products
rapidly appear in a stream of fresh radon such as that released from an ore body.

In all ﬁractical situations radon-222 laden air also contains the short-lived



decay products, and the activity concentrations of the decay products may
approach that of the parent radon in air if ventilation rates are low. The
short-lived decay products of radon-222 are heavy metals which, when first formed
in air, exist as charged ions that rapidly neutralize and attach to sub-micron
particles in the air. When inhaled these decay products are deposited on the
walls of the airways in the lungs and may decay there. It 1s the alpha particles
that deliver high dose equivalents to small volumes of tissue and are therefore
likely to be the cause of the excess lung cancers in those exposed to the short-
lived decay products of radon-222, A special unit, the working level (WL), was
introduced as a measure of the potential alpha-energy concentration in air (see
Appendix A). The working level is defined as any concentration of the short-
lived decay products of radon-222 (polonium-218, lead-214, bismuth-214 and
polonium—214) in one litre of air that will result in the ultimate emission of
1.3 105 MeV of alpha-particle energy. A unit of exposure was then devised based
on a working moanth of 170 hours duration. The unit of exposure is the working
level month (WLM) and an exposure to 1 WL for 170 hours gives an exposure of
1 WLM. Likewise an exposure to 2 WL for 85 hours also results in an exposure of
1 WLM and so on.

In the epidemiological studies on uranium (and other) miners the cumulative
exposures have been given in terms of WIMs and this has made comparison with
other radiation exposures, where doses are usually expressed in grays (Gy) or
dose equivalents in sieverts (Sv), difficult., The International Commission on
Radiological Protection (ICRP), 1in its latest recommendations, introduced the
concept of effective dose equivalent to be used when the body is non-uniformly
irradiated(13). The effective dose equivalent (Sv) is that dose equivalent which
if delivered uniformly to the whole body would result in the same total detriment
to the individual as results from the actual dose equivalent delivered to the
organ in question (here the lung). By examining the epidemiological data and
using realistic lung model techniques to calculate the dose to the various
regions of the lung, ICRP produced a report on the limits for inhalation of radon
daughters by workers. In this report they conclude that an exposure of 1 WLM to
the short-lived decay products of radon-222 for workers results in an effective
dose equivalent of 10 mSv(l4).

As mentioned earlier radon-222 and its decay products usually occur at low
concentrations in the open air and at more elevated concentrations within
buildings. Where the induction of cancer has been shown to be the consequence of
exposure to ionizing radiation at high doses or dose rates it 1is assumed that
this effect will also occur at low doses or dose rates, but with reduced
frequency. This is held to apply down to zero dose. It would seem consistent,
therefore, to assume that exposure of the population to the short-lived decay

products of radon-222 in the general environment might be responsible for some of

the lung cancer incidence in the general population. Lung cancer induction being
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the deleterious effect known to occur in miners exposed to much higher
concentrations of radon-222 decay products. However, extrapolation from the data
for miners to the situation of exposure within buildings is less straightforward
than similar exercises in extrapolating from effects at high dose to those at low
dose for exposures Lo gamma-rays or X-rays. One problem is that the miner
population is all male, and another is that they are simultaneously exposed to
other agents in mine air which may act as co-carcinogens. A major difference,
however, is in the level of physical activity undertaken by miners compared with
the more sedentary office occupations and pastimes in homes. Miners have a
higher average breathing rate than most other persons exposed to radon=-222 decay
products. The dose to lung tissue resulting from the inhalation of radon—222
decay products decreases as the breathing rate is reduced but not on a pro-rata
basis. Considerations of differences in breathing rate, together with the known
incidence of lung cancer in the general population prior to the large increase in
incidence attributable to tobacco smoking, have resulted in the suggestion that
the upper bound for the effective dose equivalent resulting from an exposure of
1 WLM in the general environment is 5 mSv(15). This figure 1is used within this
report 1n order that a comparison of exposures from other natural radiation
sources can be made.

No epidemiological data exists concerning the health effects of exposure to
the decay products of radon-220, but as these decay products also result in alpha
irradiation of lung tissue their effect should be similar to those of the decay
products of radon-222, However, there are significant differences 1in the
properties of the two radon series which affect their respective dosimetry.

The half-life of 3.82 days for radon-222 is long compared with its first
four decay products, and these decay products in air are unlikely to be very far
removed from equilibrium with the parent gas. Under these circumstances it can
be demonstrated that nearly all the dose to lung tissue arises from the inhaled
decay products. In the case of radon-220, with a half-life of 54.5 s, this will
be close to equilibrium with its decay product, polonium-216 of half-life 0.16 s.
However, the next member of this decay scheme is lead-212 with a half-life of
10.6 h and, under all practical ventilation rates, lead-212 and bismuth-212 will
be far from equilibrium with the parent radon-220. This indicates that in some
situations the dose to lung from airborne radon-220 may be significant. In the
general environment the concentration of radon-220 and polonium—216 are low and
the doses resulting from inhaling these nuclides is negligible. In industrial
circumstances where large concentration gradients of radon-220 may exist close to
thorium bearing materials the dose from inhaled radon-220 and polonium-216 may be
of similar magnitude to that of the later decay products lead-212 and bismuth-
212(16). In the general environment it is the inhalation of the decay products
of radon=220 (lead-212 and bismuth-212) which pose a potential hazard, and here

the second difference between the decay products of radon-222 and radon-220



manifests itself, The longest half-1life of the short-lived decay products of
radon-222 is 26.8 minutes (lead-214) and hence the decay products of radon-222
deposited in the bronchial tree will largely decay in lung before biological
removal mechanisms are effective. However, lead-212 has a half-life of 10.6 h
and that of bismuth-212 is 60.5 minutes, When these nuclides are deposited in
lung a substantial proportion of the deposit will be cleared from lung by
biological mechanisms. These include translocation to blood and removal via the
mucus sheath that is moved towards the throat by the ciliated epithelium of the
upper airways of the lung. In thils way dust and other particles are carried to
the throat where they are swallowed and passed to the gut.,' Thus, in the case of
inhaling air containing the decay products of radon-220 having a potential alpha-
particle energy concentration of 1 WL, the dose to lung tissue will be less than
that for 1 WL, from radon-222 decay products, but a non-trivial dose may be
delivered to orgams other than 1ung(l7).

For workers, ICRP have assigned a risk per unit WLM exposure to the decay
products of radon-220 that is one third of the risk of an equivalent exposure to
the short-lived decay products of radon—222(14). No similar assessment has been
published for environmental exposures to the decay products of radon-220,
however, there are no sound reasons to Jjustify changing the factor of three
between the risks from radon-220 decay products exposure and those from radon-222
decay products. On the other hand, the uncertainties in the derivation of dose
conversion factors applied to radon decay products should not be understated and
it would be misleading to state WLM to effective dose equivalent conversion
factors to more than one significant figure. It is reasonable, therefore, to
take a value of 2 mSv as the upper bound for the effective dose equivalent
resulting from an exposure of 1 WLM to the decay products of radon-220.

3. RADIOACTIVITY OF BUILDING MATERIALS

3.1 Early values reported in the literature

There has been little published work concerning the radionuclide content of
building materials originating from UK raw materials. The radionuclides of
general interest are potassium—-40, radium-226 and thorium—232 as these (or their
decay products) contribute to the terrestrial gamma radiation to which all
populations are exposed. Natural potassium contains 0.012% of the radioactive
isotope potassium—~40, As potassium 1s an essential requirement in diet,
potassium—40 acts as an internal as well as an external radiation source.
Radium-226 and thorium—232 are the sources of radon-222 and radon-220,
respectively, and are of greater i1interest in the context of this report.
However, where authors have given values for the three nuclides these have been
presented below for information.

Table 1 displays reported values for building materials actually used in

the UK and for some materials that may be used in the future.
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Table 1

Radionuclide concentracions in some UK building materials

—
Material Mean specific activity (Bq kg‘l) Number [ Reference
of
Potassium—40 |Radium-226 |Thorium-232| specimens

| Clay bricks 620 52 44 23 (18)
Calcium silicate 790 52 3.9 3 (18)
bricks (rock aggre-
gate), china clay
Calcium silicace 350 7.4 3.4 5 (18)
bricks (gravel
aggregacae)
Calcium silicate 12 2.2 5.4 5 (18)
bricks (flint aggre~
gate)
Granite 'bricks' 590 11 13 3 (18)
(reformite)
Granite 'bricka' 1000 a9 )8 7 (18)
Phosphate ore 260 1400 51 14 (18)
(source matarial for
type A gypsum)
Gypsum type A (Waste 62 790 17 6 (18)
product super-
phosphate fertilizer)
Gypsum type A from nd 120 23 L (18)
carbonatite ores
Gypsum type B 140 23 7.5 69 (18)
(natural UK gypsum)
Cement from type B 0 7.4 0 1 (18)
gypsum 0 210 55 1 (18)
Concrete block/fly 560 7.4 34 1 (18)
ash (type 1)
Concrete block/fly 530 140 33 1 €18)
ash (type 2)
Concrete block/fly 210 52 44 1 (18)
ash (type 3)
Aerated concrete 650 89 13 2 (18)
Vermiculite 1400 93 0 1 (18)
Sand and gravel 33 4 10 (19)
Cement 160 22 18 6 (19)
Phosphogypsum from 41 630 18 60 19)
gedimentary ores .
Weald clay brick ud 39 nd 1 (20)
with 10Z high
carbon grit
London clay brick nd 78 ad 1 20)
containing 502 by
volume PFA
Gault clay brick nd 23 nd 1 (20)
with 5-6X by
volume of high
carboa grit

nd = not determined.
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In Table 1 many of the sample sizes are too small to permit general
conclusions to be drawn. In most cases the variability between specimens of the
name material are large (highlighted by the two specimens of cement from type B
gypsum(18)) and for this reason the mean specific activities have been given to
two significant figures only.

Values of the specific activities of building materials commonly used in
other countries have been reported and are shown in Table 2(21).

The differences in specific activity of similar materials from different
points of origin, shown in Tables 1 and 2, are not marked when the standard
deviation between specimens is considered. For the clay bricks reported in Table
1 for the UK, the standard deviation on the specific radium=226 activity given

(18), admittedly for a relatively small sample

in the reference is * 26 Bq kg~!
size, The mean range of reported specific radium—226 activity is 23—00 Bq kg'l
from sample sizes of one and six, respectively. If the relative standard
deviation on the reported mean specific radium-226 activity is similar to that
above (* 50%) then clay bricks, regardless of point of origin, have a probable
mean specific radium—-226 activity of 63 + 31 Bq kg'l.

Tables 1 and 2 reveal certain materials with enhanced radium-226 activity,
and although many are restricted to locations where they occur naturally others
arising as by-products of certain extensive industries could find world-wide
application. Two examples of the latter materials are phosphogypsum, which
occurs as a by-product in the manufacture of phosphate fertilizer, and red mud
arising from the production of alumina from bauxite. From Tables 1 and 2 it can
be seen that phosphogypsum typically contains about 600 Bq kg~! of radium=-226
(excluding the very low value reported from Sweden which suggests that the
phosphogypsum has been mixed with natural gypsum). This is an order of magnitude
higher than clay bricks and although the structural and aesthetlc properties of
phosphogypsum are indistinguishable from those of natural gypsum its wide
application in the building industry should not be encouraged. For materials of
similar density and porosity the rate of emanation of radon-222 will be
proportional to the radium—-226 specific activity. Phosphogypsum has been widely
used in continental Europe but penetration of the UK market has been minimal.
The authors are not aware of any use of red mud bricks in the UK, but fly ash of
similar specific radium—226 activity is widely used as an aggregate 1in this
country.

In Table 2 the results are given of measurements on some materials that have
produced problems of enhanced radon-222 concentrations in certaln areas or
countries. Alum-shale of enhanced radium—226 concentration occurs widely in
Sweden and has been used as a building material for centuries. With the advent
of foaming agents permitting the manufacture of light-weight aerated concrete

containing alum—shale, a radiological problem was created. The aerated concrete

is much more porous than normal concrete. This allows a much larger fraction of
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Table 2

Radionuclide concentration in building materials used outside the UK

Country Material Mean specific activity (Bq kg'l) Number
"of
Potassium—-40 |Radium—226|Thorium—-232| specimens
Finland Building sand and 1030 37 43 166
gravel
Clay bricks 960 78 62 33
White bricks 580 22 23 3
Cement 240 44 26 7
Aerated concrete 360 49 36 2
Natural gypsum 25 7 2 1
Slag aggregate i 190 100 69 3

Federal Building sand and 240 <15 < 18 50

Republic gravel

of Germany| Granite 1300 100 80 32
Bricks (traditional) 670 59 67 109
Pummice-aggregate 770 74 80 k)
concrete blocks
Slag-aggregate 530 150 100 9
concrete blocks
Portland cement 240 < 26 < 18 14
Natural Gypsum 96 < 18 <10 23
Phosphogypsum 96 590 < 16 33
Red mud bricks 340 280 230 23
Fly ash 720 210 130 28

Italy Lithoid tuff 1500 130 120 -
Nenfro (a variety 2100 240 220 -
of tuff)

Norway Brick 1100 100 62 6
Concrete 720 26 36 4
Light-weight con= 240 33 26 5
crete
Clinker 820 96 60 6
Natural gypsum 11 11 3 2
Cement 240 30 18 4

Sweden Concrete ballast 820 48 73 296
Brick 960 96 130 b
Cement 240 55 47 =
Aerated concrete 1300 55 18 -
withourt alum—shale
Aerated concrete 770 1300 67 -
with alum—-shale
produced 19471975
Aerated concrete 530 330 28 -
with alum-shale
produced since 1974
Gypsum plasterboard 22 4 <1 -
Phosphogypsum 48 15 62 -
Light-weight aggre- 1000 140 160 -
grate

USA Phosphate land f11l, - 740 - -
Florida
Gypeum from Florida - 1200 10 -
phosphate rock
Uranium mill tailing - 600 - -




the radon-222 formed within the aerated concrete to escape to the atmosphere,
thereby increasing the concentration of radon-222 in indoor air. This problem
was so acute that the use of light-weight aerated alum—shale concrete of the form
manufactured since 1947 was banned as a building material in Sweden in 1974(22).

Uranium mill tailings (the waste material from the processing of uranium
ore) was used in Colorado as a land fill and back-fill material around
buildings, particularly in Grand Junction and Durango. This resulted in the
indoor concentrations of radon-222 and its decay products in houses built over
mill tailings, or of construction incorporating mill tailings, being considerably
elevated compared to non—-affected housing in the area. The practice of using
uranium mill tailings for these purposes was stopped in 1966 and a programme of
remedial action undertaken(ZB).

Extensive phosphate ore reserves occur in Florida and the dominant mode of
extraction is by strip-mining. This involves removing the overburden, which is
soll and rock of normal radium-226 concentrations, and then a layer kmown as the
leach layer, which has a high radium—226 concentration, before the ore is
exposed. After ore removal the overburden and leach layers are replaced but in a
haphazard fashion resulting in areas where the leach layer is at the surface on
top of the original overburden. Buildings constructed on this reclaimed land
often had elevated radon-222 concentrations in indoor air and remedial action was
introduced in Florida along similar lines to that taken in Colorado(24’25). The
experlence with wuranium mill tailings and the reclaimed phosphate lands
high-lighted the degree of influence that the radium—-226 concentration in the
soil beneath the building can have on the radon-222 concentration in air within
the building.

Data has also been published on the radium—=226 and thorium-232 concentration
in common building materials in the USSR. This illustrates the variability of
concentration in similar finished articles manufactured in different loca-
tions(26). A selection of these results is glven in Table 3 for illustration.

Table 3
Specific activity of radium-226 and thorium—232 in materials

from the USSR

Material Locality Number Specific activity (Bq kg~})
of
specimens Thorium—232 Radium-226
Red brick Leningrad 14 41 60
Kazakhstan 23 27 54
Nalchik 8 40 54
Novgorod 8 54 59
Cheliabirsk 2 24 40
Lime brick Kazakhstan 6 12 19
Kirghijia | 38 52
Kalinin 1 13 14
Leningrad 2 10 27
Zaporoshic 3 22 33
- 14 -



3.2 Thorium—232 and radium—226 specific activities in a selection of building

materials used for radon-222 emanation studies carried out for this report

In the studies reported here the major emphasis has been on determining the
emanation rate of radon-222 from building materials commonly used in the UK.
However, it is of interest to determine that fraction of the radon-222 that is
formed within the material that escapes from the surface to the surrounding air.
This necessitates determining the radium—226 specific activity of a selection of
materials. The method of determination of the radium—226 specific activity and
that of thorium—-232 1is given in Appendix B. Table 4 presents the specific
activity results obtained for single specimens of each type shown. Appendix C
gives detailed data, where available, on the constituents of the building

materials examined.

Table 4

Specific activities of a selection of building materials

used for radon—-222 emanation studies

r Material Specific activities (Bq kg~!)
Type Main constitutent Thorium—-232 Radium-226

SL20 brick Silica 14.8 £ 0.7 32.9 + 0.9
F54 brick Flint 51.6 + 1.6 69.6 + 1.6
Kirton brown brick Clay 51.2 £ 1.8 84,2 + 2.7
Kirton brown brick Clay 39,5 £ 1.3 63.7 * 1.
Dapple light brick Clay 59.0 + 1.9 77.4 +
Otterham second Clay 52.1 £ 1.3 31.1 + 0.6
hardstock brick
Severn valley orange | Clay 36.0 £ 0.9 56,9 £ 1.9
multi-brick
Ibstock red rustic Clay 51.0 + 1,6 76.5 £ 2.5
multi-brick
Ludlow crushed Granite in 6.2 * 0.3 22.0 £ 0.5
granite brick matrix

| Fyfe-stone block Granite 54,7 £ 2.3 49.0 £ 2.7
Fyfe—stone block Granite 54,7 £ 2.4 50,0 £ 2.4
Insulating block PFA 170.0 + 3.0 77.0 £ 2.0
Block LECA 55.0 + 1,2 92.4 + 2.3
Block LECA 58.5 £ 2.3 96.4 + 2,3
Brick i 0il shale 42,9 £ 1.9 76.3 £ 1.9

i Block i Concrete 42,1 +* 0.7 17.7 £ 0.7

L

PFA = pulverised fuel ash; LECA = light expanded clay aggregate.
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For the six clay bricks measured (see Table 4) the mean radium—-226 specific
activity 1is 65.0 + 19.3 (unweighted) Bq kg'l which is close to that derived for
clay bricks from all sources in Tables 1 and 2.

Although the number of specimens shown in Table 4 1is limited, the clay brick
results illustrate that the variability in specfic activity between specimens of
the same type (the two Kirton brown bricks) is of the same order as that between
disparate specimens. The results obtained for the two Fyfe-stone blocks and the
two LECA blocks are remarkably consistent. This presumably indicates a more
homogeneous composition of the constituents of these blocks than is the case for
the clay bricks (at least for the Kirton brown). The Kirton brown brick has as
its main constituent Keuper Marl, presumably extracted from an area close to the
brick works, and the approximately 257% difference in radium-226 specific activity
of the two specimens is not readily explained. However, the radon—-222 emanation
studies on these bricks supported the difference in specific activities, as will
be shown in Section 4.2,

4, EMANATION OF RADON-222 FROM BUILDING MATERIALS AND SOILS

The limited data on the emanation of radon-222 from building materials that
have been reported elsewhere are given in Section 4.l. It 1s now widely believed
that the soil beneath the building 1is, in most cases, the major source of
radon—-222 within the building. For this reason some data is also presented in
this section on values of the radon flux from the ground that have been measured
world-wide. The results of radon emanation studies carried out at NRPB are
summarised in Section 4.2; a coqplete presentation of the data together with
details of the composition of the materials, where available, i1is given in
Appendix C.

4,1 Reported values from the literature of the emanation of radon-222 from

building materials and soills

There have been four reports world-wide on the measured values of radon
emanation rates from building materials. The most extensive to date 1s the
data obtained in Denmark and presented in Table 5(27). Table 5 gives emanation
rates for each material in terms of per unit area, per unit volume and per unit
mass. These parameters will also be used to present the results of the studies
carried out at NRPB, It must be stressed, however, that the surface area of some
building materials 1s almost impossible to define. This is true of a number of
hand-made bricks with cracked or fissured surfaces, which also affects the
assessment of volume but to a lesser extent.

Each measurement reported in Table 5 represents a measurement on a single
specimen. However, an attempt was made to examine the effects of geometry on the
radon emanation rate for a given material. The two materials tested in this way
were the Danish light-weight concrete and the clay bricks. The two light-weight
concrete specimens were sliced from a large concrete block, such that the two

specimens measured had the same composition but different surface area to volume
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Table 5

Emanation rates of radon-222 from building materials

from Denmark and Sweden

Material Emanation rates
Bq o2 g-! Bq o3 sl Bq kg'l s~!
x 1076 x 1073 x 107%
Ordinary concrete, gravel and 350 12 5.0
sand from the sea, Danish
deposits
Ordinary concrete, gravel and 280 9.3 4.2
sand from pits, Danish
deposits
Ordinary concrete, composition 330 11 4,7
unknown
Ordinary concrete, composition 390 12 4,8
unknown
Light-weight concrete, Swedish 8600 240 440
origin, alum-shale, old type
Light-weight concrete, Swedish 3000 96 150
origin, alum-shale, new type
Light-weight concrete, Danish 67 2,2 3.0
origin, clay based
Light-weight concrete, Danish 44 2.3 3.0
origin, clay based.
Expanded clay concrete, LECA 46 1.6 2.5
Solid clay brick 4.8 0.33 0.17
Clay bricks with cavity 2.0 0.33 0.17
Chipboard 0.71 0.13 0.19
Fibreboard 1.1 0.19 0.23
Gypsum board 1.3 0.23 0.23

ratios. The clay bricks were of the same material, with one having cavities and
the other being solid. The results for these specimens are repeated for
convenience in Table 6 together with their respective surface area to volume
ratios.

It appears from this limited data that the emanation rates per unit mass or
volume are less influenced by the geometry than is the emanation per unit surface
area. It is interesting to note that the most consistent results are from
different bricks of ostensibly the same composition, rather than the two concrete
specimens hewn from the same block. As is shown in Section 4.2 and Appendix C,
different specimens of the same building material can have emanation rates that
differ by up to a factor of two, and perhaps the agreement in Table 6 is

fortuitous, with the concrete results being more representative.
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Table 6

The effect of geometry on the radon—-222 emanation rate

Material Surface/ Radon-222 emanation rates
volume
ratio Bq m~2 s~! Bq m~3 s~ Bq kg~! s7!
(m~1) x 1078 x 1073 x 1076
Light-weight concrete 33 67 2.2 3.0
Light-weight concrete 52 44 1.6 2.5
]
Solid clay brick 67 4.8 0.33 0.17
Cavity clay brick 161 2.0 0.33 0.17
Stranden and Berteig have measured the radium—226 concentration in
Norwegian building materials and investigated the radon-222 emanation rates for
different thicknesses of material formed into wall sections(za). Their results

are presented in Table 7.
Table 7

Radium=226 concentration and radon-222 emanation rates for

some Norwegian materlals

Material Radium-226 Thickness Radon-222 emanation
(Bq kg~1) (cm) rate (Bq m™2 s~! 1076)
Concrete 33 20 4600
Concrete 33 150 8600
Brick 56 20 3100
Brick 56 70 5600
LECA 81 10 3200
LECA 81 20 5900

It should be noted that the data in Table 7 for wall sections indicate
emanation rates per unit area two orders of magnitude greater than those for
Although

the emanation rate per unit area of a wall section 1s expected to be higher than

isolated specimens of bullding materials (eg, brick) given in Table 5.
that for an isolated element of the building material, an increase of this
magnitude is unlikely.

Measurements of the radium—-226 concentration in building materials have been
carried out in Poland and the emanation power of the materials calculated(zg).
The emanation power is the ratio of the number of atoms of radon—222 that escape
from a material into the surrounding air per unit time to the total number of
radon-222 atoms formed within the material per unit time. The emanating power is
often expressed as a percentage and is presented thus for the Polish results in
Table 8.

Table 8 reveals that the radium—226 specific activity of a material 1s a
poor indicator of its potential as a source of radon-222 in room air. For the
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Table 8

Emanation powers and radium-226 specific activity

of some building materials

Material Number Radium—-226 specific activity Emanating power
of (Bq kg™h) (%)
specimens

Range Mean Range Mean
Fly ash 33 63—-140 96 0.2—-1,16 0.54
Slag 11 37-130 67 0.24-1.53 0.70
By-product 4 26—736 26 3.50-21.3 3.5 1
gypsum 700 12,9 2
736 21.3 3
580 ICE A

Red brick 3 19 19 2.20-5.1 3.2

Silica brick 3 7 .4—15 10 0.80—16.3 6.8

Cement 4 < 9=26 18 0.80—8.5 4.6

Soil 5 3.7-19 11 l12.10—-50.1 28.9

lRola (apatite).
2Florida (phosphorite).
3Morocco (phosphorite).
“Togo (phosphorite).

three specimens of red brick tested there 1is more than a factor of two between
the lowest and highest emanating power, yet all had the same specific activity.
In the case of the silica bricks, the specimen having an emanating power of 16.3%
had a specific activity of 7.4 Bq kg'l whereas the red brick of emanating power
5.1% had a specific activity of 19 Bq kg'l. Thus, for equal weight bricks, the
radon emanation from the silica brick would be 24% higher than that of the red
brick, whereas the specific activity of the silica brick 1is only 39% that of
the red brick. Although the higher the emanating power the stronger the material
acts as a source of radon-222, it should be remembered that a low emanating power
means that more of the radon-222 is retained within the material and this will
increase the gamma-dose rate from the material.

It has been stated that in many (if not most) cases the predominant source
of radon-222 within buildings is the soil and rock beneath the structure. This
has proved a particular problem in the case of buildings on the reclaimed
phosphate lands of Florida and in the uranium mining communities of Canada. In
the latter case, dwellings (invariably with basement) have been built over rock
containing uranium ore bodies. If building is contemplated on land that might
contaln elevated uranium concentrations, certain forms of construction can
minimise the influence of the soil on indoor radon-222 concentrations. Before a

decision on the form of construction is taken measurements of the flux of radon-
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222 from the soil would be advisable., Extensive measurements of the radon-222

flux from soils world-wide have been carried out and the results collated by

Wilkening et al(30). These values are given in Table 9,
Table 9
Radon-222 flux from solls world-wide
Location Soil group Radon-222 flux
(mBq m~2 s~1)
Austria
Graz Mountain 20, 9.2
Innsbruck Mountain 8.6, 18
France
Saclay Podsol 15, 14
German
Aacken Podsol 17
Ireland
Dublin Podsol 27
Japan
Osaka Latosol 3.4, 8.8
Phillipines
Manilla Latosol 11
USA
Soccorro, NM Desert 36
Yucca Flat, NV Desert 18
Lincoln, MA Podsol 50
Champaign County, IL Chernozenm 52
Argonne, IL Chernozem 21
USSR
Kirov Podsol 15
Moscow Podsol 3.8
Central European Podsol/ 6.9
Territory chernozem
Southwest Kazakhstan Desert 5.0
The North, Murmansk Podsol 3.8
The Caucasus Mountain/ 11
chernozem
Middle Asia Mountain/ 18
desert
South Urals Mountain/ 11
podsol

The authors are not aware of any extensive measurements of the radon—-222
flux from soil in Great Britain, but a few measurements at Chilton, where the

indicate a value for this area of 27 mBq m™? s,

soll is of the rendzena type,

The total number of measurements considered by Wilkening et al was 994,
From these they conclude that the average radon-222 flux 1s 16 mBq o2 s~ with a
range of 0.21—52 mBq m~2 s~!, This indicates that the total radon-222 flux from

the world's land areas is 2 1012 Bq s7L,
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4.2 Radon—222 emanation rates and emanating powers measured at NRPB

Some 165 specimens of building materials have been evaluated for their
emanation of radon-222. In the case of bricks of different manufacture, five
specimens of each type were usually measured but occasionally only four. Other
materials, including bricks of unusual composition, were available as single
specimens only. A full list of all emanation studies is presented in Appendix
C, together with details of the constitution of those materials where the
manufacturers have been kind enough to supply the information.

In this section a broad picture of the emanation rates from bricks and other
materials is presented, and details are given of the radon emanation rates of
those materials whose radium-226 concentration has been determined. The methods
of determining the radium—~226 concentration and the radon-222 emanation rates of
a material are given in Appendix B.

The results of the emanation rate studies demonstrate quite large intra-type
variation, as well as the expected inter-type variation. Thus, for a sample of
five specimens of the same brick, it 1is not unusual to find a difference of a
factor of two between the specimen with the lowest emanation rate and that with
the highest.

Table 10 gives an overall picture of the radon-222 emanation rates for broad
classes of materials, but a number of results are given of single specimens of
unusual manufacture to indicate the range of values that might be encountered.
In this report, sample is used to 1indicate a type of product, such as Kirton
brown or SL20 bricks, and specimen refers to an individual article, such as a
single brick.

Table 10 1indicates that silica bricks are considerably stronger sources of
radon-222 than are clay bricks, but in both cases a wide range of values is
found. The Fyfe-stone block composed of granite chippings has the highest radon
emanation of any material tested during this programme, but this material is not
commonly used within buildings. The use of less conventional constituents in
brick making can have quite different effects on the radon emanation properties
of the final product. The Ludlow crushed granite brick, as its name implies,
has crushed granite as a major ingredient and must have an open matrix, as will
be shown later. This brick has a high emanation rate but it is less than half
the value of that of the brick containing oil shale. Conversely, the use of
colliery shale has produced a brick with a low emanation rate, towards the bottom
of the range for clay bricks of more usual constitution.

The results from this programme of work are in reasonable agreement with the
results from Denmark given in Table 5.

From the emanation rates and a knowledge of the radium—-226 concentration in
the specimen the emanating power can be determined. Table 1l gives the emanation
rates and radium-226 concentrations, and hence the emanating power for those

materials listed in Table 4.
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Table 11

Emanating Power of a selection of building materials

Material Radium-226 Radon=-222 Emanating
concentration emanation rate power
(Bq kg™1) (Bq kg™t 57! 107%) (%)
SL20 silica brick 32.9 1.6 I E
i

Kirton brown clay 84,2 0.69 0.39

brick

Kirton brown clay 63.7 0.39 0.29

brick

LECA block 92.4 0.90 0.46

LECA block 96.4 1.4 0.69

LBC dapple light 77 .4 0.69 0.42

clay brick

F54 buff flint and 69.6 1.2 0.82

lime brick

Ludlow crushed 22,0 5.2 11

granite brick

Grey Fyfe-stone 49,0 12 12

block

Pink Fyfe-stone 50.0 8.8 8.4

block

Otterham second, 31.1 0.96 1.5

hard stock clay

brick

Insulating block 77.0 ' 3.6 2,2

containing PFA

Severn Valley 56.9 0.43 0.36

orange multi-

clay brick

Ibstock red 76.5 0.56 0.35

rustic clay brick

Brick containing 76.3 11 6.9

oil shale

Concrete block 17.7 1.4 3.8

It 1is apparent that the radium=226 concentration alone is not a reliable
indicator of the radon-222 emanation rate. The Ludlow crushed granite brick has
a relatively low radium concentration but, being relatively porous, a large frac-
tion of the radon formed within the brick can escape to the surface. The Kirton
brown clay brick has a radium concentration that is quite high, but 1s a compact
product from which little radon escapes. All silica bricks measured during this
programme yielded higher radon emanation rates than clay bricks of traditional
manufacture, From the limited data presented here, this is apparently due to
their higher emanating power rather than an elevated radium concentration. It is
of interest to note that where bricks are to be used to build an enclosure within

which the gamma-ray dose rate is to be minimised, the bricks used should prefer-
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ably have both a low radium concentration and a high emanating power. This
follows from the fact that the gamma-rays associated with radium—-226 are actually
those from the decay products of radon-222, ie, lead-214 and bismuth~214., Only
if the radon, and hence its decay products, are retained within the material will
the material produce a gamma-dose rate due to these nuclides.

Emanation rates have been given correct to two significant figures only.
This reflects the repeatability of a measurement which is seldom better than 107
asy the emanation rate from a given specimen is not time invariant (see Appendix
B, section 2).

4,3 Radon-=222 emanation from wall sections

The emanation of radon-222 from a building material, such as an isolated
brick, will not have the same value when that material is incorporated in a
segment of a building such as a wall. For a brick in the centre of a wall there
will be 1little diffusion of radon 1in the plane of the wall, as here the
concentration gradients will be small. The major emanation rate will be in the
direction perpendicular to the wall, and hence the emanation rate per unit area
for the face of the brick exposed 1in the wall will be higher than the value
measured for all faces of the brick when the brick was 1solated. The actual
emanation rate 1increase will depend upon the position of the brick within the
wall and will range from a value close to that obtained when the brick was iso-
lated to more than three times that value. This would be true of a wall
comprising a single stack of bricks with opposing faces exposed to the air. In
practice, walls of brick or other material internal to a bulilding are often
rendered with cement and plastered. This will attenuate the radon flux from the
wall material while adding a component of 1ts own to the final emergent flux.

Attempts have been made to measure the radon flux from wall sections by
sealing a can to the wall in which radon escaping from the wall is trapped. A
method of achieving an air-tight seal to the wall without marking the wall has
not been found and only limited data are available. These were obtained from
office walls at NRPB and in one dwelling. For a partition wall of breeze-block
construction, rendered and plastered, two measurements gave values of 6.6 10~8
and 6.3 1076 Bq m~2 s~!, respectively. Measurements on the wall of the dwelling,
where the can was sealed to a rendered, plastered and papered brick wall,
produced emanation determinations of 1.8 1073, 2.4 1073, 2.0 1075 and 1.7 1075
Bq m~2 s~! over four successive measurement periods. Whereas in the office
measurement it was possible to flush the collecting can with radon-free air, this
was not possible in the dwelling, and thus the initial air in the collecting can
contained radon at a concentration typical of that of the room (less than 10
Bq m 3).

Neither of the walls tested appear to have a high emanation rate for radon
and more information needs to be gathered. McLaughlin and Jonassen measured the

emanation rate from the concrete walls of a basement and found the rate to be
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8.0 + 2.2 10™*% Bq n~2 s~! which they considered to be high(3l). The most likely

explanation for the higher emanation rates reported by McLaughlin and Jonassen 1is
that the walls, being part of a basement, have soil against the outside and some
of this radon flux is due to radon diffusing in from the soil. The Norwegian
data given in Table 7 does not appear to be representative of conditions for wall
sections in constructed buildings. Accepting that an emanation rate of 8 10~%

2 gl jg higher than average, but using this figure to calculate the radon

Bq m~
concentration in a room where every surface emanates at this rate, a figure
towards the upper limit of that which can be attributed to the building materials
will be obtained. For a room of surface to volume ratio 1.8 m~! this yields a
radon-222 concentration, at a ventilation rate of one air change per hour, of 5.2
Bq ™3 (0.14 pCi £71). This is a lower concentration than is experienced in most
dwellings under these conditions and demonstrates that in most situations, while
the building materials cannot be neglected as a source of radon-222 in room air,
other sources dominate in many circumstances. This point will be emphasised in
Section 5.

4.4 The effect of coating building materials as a method of reducing radon

emanation

When a radon atom is formed by the decay of its radium-226 parent which is
embedded within a building material, the radon atom will be free to migrate to
the surface only if it is formed close to a pore space. The diffusion
coefficient of radon in the crystalline material is some 20 orders of magnitude
smaller than that in air. Thus radon formed within the crystalline material will
decay before it reaches the pore spaces. Radon formed close to, or on, the walls
of a pore space will be free to diffuse to the surface. Generally, the higher
the porosity of the material the greater the number of radon atoms likely to be
formed near a pore space, and hence the higher the radon emanation and emanating
power, It must be mnoted that porosity alone is not a reliable indicator of
emanating power as porous materials can be loosely classed as being of two types.
Porosity is simply defined as the ratio of the pore volume to the total volume of
the material. If a material has pores consisting of isolated cells, radon formed
within these pores has to cross solid material to reach the surface and the
emanation will be low. A second material, having the same porosity but in which
the pore spaces are linked by air filled channels, will have a much higher
emanation rate if the amount of radon reaching the pore spaces is precisely the
same as iIn the former case. One approach to reducing the emanation of radon from
a material is to coat the material with a substance that will clog the pore
spaces near the surface and form a layer at the surface in which radon has a low
diffusion coefficient.

A problem with many coating materials is that of durability. Any measures
taken to reduce the emanation wmust be effective for many years to warrant the

0)

2
attempt. Muburak( applied gloss paint to granite and achieved an immediate
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reduction in emanation rate of 57%. However, no follow up measurements are
reported. The authors have applied a variety of paints to bricks with mixed
results. These results are summarised in Table 12. 1In each case, two coats of

the relevant paint were applied to the brick.

Table 12

Effects of common paints applied to silica bricks

Paint | Emanation rate (unpainted = 100%)
At 3 days At 8 weeks
0il based primer! = ‘ 97
011 based undercoat 90 90
0il based gloss 52 102
Emulsion 93 not tested

1ot 3 days the radon emanation from this sample was apparently nearly

three times that of the unpainted specimen., It is thought that this
spurious result was due to palnt solvent entering the measuring
system.

The early promise shown by the oil based gloss paint did not persist due to
cracking of the coating., The undercoat 1s promising having endured for eight
weeks, although the reduction is marginal. Much longer testing periods are
needed and are planned.

A series of paint applications were given to one silica brick with emanation
rate determinations taking place between coats of paint. The results for this
specimen are given in Table 13,

Table 13

Variation in radon-222 emanation from one silica brick following

sequential paint applications

Treatment Emanation
Unpainted 100
+ | coat oil based primer 76
+ 1 coat oil based primer 94
+ 1 coat oil based under-— 105
coat
+ 1 coat oil based gloss 54

The results following the second and third coats of paint are not
significantly different from the unpainted value, whereas that after the first
coat is significant, but apparently not durable, The reduction in emanation rate
following the application of gloss paint is real, but will have to be assessed

periodically to determine how durable this effect is.
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For two other silica bricks, three coats of paint were given to each brick;
in one case undercoat and in the other gloss paint. The emanation rates were
measured after each application of paint and the results were as shown in

Table 14,

Table 14

Effect of progressive coats of paint on the emanation rate

of silica bricks

Paint Emanation rate (unpainted = 100%)
after applying coat

1 2 3
0il based undercoat 93 95 97
0il based gloss 88 88 47

In this case the emanation from the brick painted with undercoat 1s not
significantly different from that for the unpainted brick. Again the gloss
paint shows promise, but its durability cannot be determined adequately without
periodic measurements of the emanation rate over several years. The brick
painted with gloss paint, reported in Table 14, was remeasured 6 weeks after the
above measurement and the emanation rate was 51% of the unpainted value. This is
not statistically significantly different from the 47% first reported.

The most extensive studies of paint materials as radon barriers have taken
place in the USA. 1In areas where uranium mill tailings have been used as back-
f111 material around buildings and as an aggregate for councrete, attempts have
been made to 1limit the ingress of radon into the structure by applying coating
materials to internal walls and floors. As mentioned earlier, it is expected
that the gamma-dose rate will increase from materials from which the escape of
radon 1s reduced or prevented. In most cases it 1s unlikely that the gamma

2(32’33). The most successful sealants

exposure would increase by more than 10-20
are based on epoxy resins and are the type of material used to produce hard
wearing waterproof wall and floor surfaces in buildings, such as airport
buildings. A perfect seal against radon emanation was achieved by applying four
coatings of epoxy resins with various additives and fillers. The coats were
applied at dally intervals and the final thickness of the coat was 4.1 mm(34).
This treatment would seem more suitable for floors and is relatively expensive.
Although this provides a hard and durable finish it 1is not known whether micro-
cracks appear in the resin due to small movements of the underlying concrete.
Other workers using epoxy paint have reported reductions in emanation to 51—41%
of the untreated value, depending upon whether or not a filler is used, and a

(35)

reduction to 687% with latex paint 5
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The first concern about the health hazards arising from the inhalation of
the short-lived decay products of radon-222 occurred in the uranium mining
industry. Within the mines the standard method for reducing the radon concent-
ration has been to increase the ventilation by pumping fresh air from above
ground through the mine and venting the radon laden air to the outside. This can
be very effective, but in deep mines the expense is high and in some areas of the
mine, such as blind galleries, it is not easy to ensure air movement. In such
areas an alternative method of reducing the radon concentration is desirable and
one such method is to coat the rock face with a material that will reduce the
radon emanation. The United States Department of the Interior, Bureau of Mines
have carried out extensive studies of polymeric materials for sealing radon into
walls(36). The materials used had to provide a cure under the adverse conditions
in a mine of high temperature and very high humidity. The materials found to be
successful as radon barriers were a two-component water-based epoxy paint which
reduced the emanation of radon to 20% of the untreated value; a furan paint that
initially reduced the emanation to 2% and at nine months after application the
emanation was still only 5% of the untreated value; a one-component unsaturated
polyester paint which again reduced the emanation to 5% after 9 months; and other
paint materials which were not commercially available also reduced the emanation
to between 20 and 10%. The cost of application of these materials is probably
below £5 m 2, 1In those cases where high radon concentrations within buildings
results from the inclusion of material of relatively high uranium concentrations
in the aggregate of the construction concrete, the coatings offer a remedial
strategy which 1s reasonably low in cost and causes the least disturbance to the
normal use of the building.

4.5 The use of membrane materials to reduce the ingress of radon

The radon-222 concentration in the air within buildings can very rarely be
supported by the radium-226 content of the building materials surrounding the
room. The only other source of sufficient magnitude 1s the soil and rock beneath
the structure and this has proved, in most cases, to be the dominant source.
This point is illustrated by a reported measurement series in Chicago, USA. 1If
the building materials are the major source of radon-222 within dwellings then
wood—-frame dwellings would be expected to support radon concentrations consider-
ably lower than those 1in wmasonary dwellings, as wood has a low radium=226
concentration. Measurements in houses in Chicago generally gave radon~-222 con-
centrations in the range 5—160 Bq m~ 3. However, in one wood-frame house the
radon-222 concentration in the bedroom was 960 Bq m~3. The source of this radon
was traced to the unpaved crawl space (solum) under the kitchen floor where the
emanation from the soil was found to be 0.27 Bq m 2 s'1(37). This figure is more
than two orders of magnitude higher than the strongest emanating material listed
in Table 10 (the Fyfe-stone block having a mean emanation rate 5.9 10~

Bq m~2 s™!) and is an order of magnitude higher than the value for typlcal soils.
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This is an extreme example of the effect of radon ingress from the ground, but
less dramatic, yet significant, results have been documented world-wide. As a
rather rough guide, it has been suggested that for ground-floor rooms or single
family dwellings, 50% of the radon within the building originates from the ground
beneath the dwelling, 25% from the structural elements and 25% from the outside
air(21). The precise mix will vary quite widely depending upon the local geology
and the building materials employed.

In dwellings with a suspended floor and well=-ventilated solum the effect of
radon from the ground is greatly reduced, except under very still alr conditions.
In fact, when building on land that is known to be contaminated with radium this
is the preferred method of construction(38). A more common form of construction
for dwellings built recently in the UK is that of a concrete slab or raft
(referred to in the American literature as slab on grade), Radon, being a noble
gas, reacts chemically with materials only under extreme conditions and as
concrete is porous radon will diffuse through it more readily than more reactive
gases. The effective diffusion coefficlent for radon through intact concrete has
been found to be 1.69 1073 cm? s™! for concrete of porosity 0.05, and 3.08 10~5
em? s~1 for concrete of porosity 0.25(39). The relaxation length of a material
is defined as that thickness of material, through which a radioactive gas 1is
diffusing, that reduces the flux to a value of l/e of the initial value. The
reduction in flux results from the finite time taken to diffuse this distance,
during which some of the gas decays. The relaxation lengths for radon in
concrete for the two values of diffusion ‘coefficient given above are 12.7
and 7.6 cm, respectively. A typical value for the relaxation length of radon-222
in concrete may be taken as 10 cm. This might indicate that a 10 cm slab of
concrete (containing no radium—226) laid on soll would reduce the radon-222 flux
from the soil to 37% of the value from the bare soil. However, the simple appli-
cation of the relaxation length concept only applies within a homogeneous medium.,
In the case considered here there is a discontinuity in the medium at the soil—
concrete interface. When the concrete slab is laid on the soil the boundary
conditions at the soil surface change due to the different radon-222 diffusion
coefficients in concrete compared to that in air. A 10 cm slab of concrete
(crack free and devoid of radium—-226) placed on soil will result in a radon-222
flux through the top surface of the slab that is of the order of 1% of the value
of the flux from the uncovered soil (see Appendix B, Section 6). Taking the mean
value for the radon-222 flux from soil, given in Section 4.1, of 1.6 1072
Bq m~2 s”!, the flux emerging from the concrete slab would be about 1.6 107“
Bq m~2 s”! if the concrete contained no radium—-226, and this figure is an order
of magnitude larger than the emanation rate of clay bricks determined in the work
reported here (see Table 10). In practice the slab will contain some radium—226
and this will produce an additional component to the emergent radon-222 flux.

Thus, even with the large reduction in radon—-222 flux effected by an uncracked
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concrete slab, the subjacent soil and concrete slab form a significant source of
radon-222 in room air above the slab.

In practice, concrete slabs do not remain intact and cracking will occur,
although many will be so small that they are difficult to detect. As soon as a
crack appears, however small, the crack (being air filled) provides an easy route
for radon-222 from the soil to the room above the slab. A model to determine the
effects of cracks in concrete has been developed(AO). In the worst case
considered, a 0.5 cm crack every 0.5 m of slab, the total flux through the
concrete slab is 28% of the value from an area of soil equal to that of the slab.
At the other extreme, a 1 cm crack every 2 m of slab, the radon flux through the
crack 1is calculated to be about 10% of the total flux from the same area of soil
as the total slab. In the model the concrete is regarded as impermeable, as the
diffusion coefficient of radon in concrete is four orders of magnitude smaller
than that 1in air. 1In practice, some radon will diffuse through the concrete as
well, as outlined above.

When construction of the concrete slab is undertaken it is usual to lay a
500 or 1000 gauge polythene membrane in the slab to retard moisture., Radon will
diffuse through most plastics, and during this programme of work the diffusion
coefficient of radon in polythene (using 1000 and 500 gauge material) and in
polyvinylchloride has been measured. For polythene the diffusion coefficient was
3.3 1077 cm? s7! and for PVC 1.1 1077 cm? s~L,

An intact membrane of 1000 gauge polythene would, if sandwiched in a 10 cm
concrete slab, reduce the radon flux from the top of the slab to 84% of the value
without the membrane, rather than to only 93.8% as predicted by the relaxation
length concept (see Appendix B, Section 35). Other materials with lower
diffusion coefficients could be effectively used to reduce the radon f£lux.
Polyamide 1is reported to have a diffusion coefficient for radon-222 of
< 1071l cm2 5"1(41). A 1000 gauge membrane of this material would reduce the
radon flux to less than 0.001%Z of the value without the membrane.

5. ATRBORNE CONCENTRATIONS OF RADON=-222, RADON-220 AND THEIR DECAY PRODUCTS

5.1 Reported measurements outside the UK

Radon had been known to exist in ambient air for several decades before any
serious studies of the concentration of radon-222 in indoor air were under-
taken. The seminal study in this field is that of Hultqvist in Sweden in
1956(42). He noted that the concentration of radon-222 in indoor air was often
an order of magnitude higher than that in the open air. He also noted that the
concentration of radon-222 in air within buildings is subject to rapid variation
with excursions larger than those noticed in outside air, and he proposed a
method of determining the rate of production of radon-222 within room air, which
is discussed in Section 5.2. Radon~222 formed in soil diffuses to the surface,

and in the open 1s rapildly diluted by the vast volume of the atmosphere. Radon-

222 diffusing into room air is not so readily diluted; the extent of dilution
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being critically dependent upon the ventilation rate. In a hermetically sealed
room the concentration of radon-222 would increase and approach, asymptotically,
a value at which the rate of production of radon-222 within the room was equal to
the rate of its radiocactive decay. In a room with a ventilation rate in excess
of 15 air changes per hour the concentration will be little different from that
in outside air (providing the room does not contain an unusually strong source of
radon-222). For intermediate ventilation rates the radon—-222 councentration will
lie between these limits and will be inversely proportional to the ventilation
rate for rates exceeding 0.l air changes per hour.

Reports of measurements of the radon-222 concentration and the concent-
rations of radon-222 decay products in room air in many countries have appeared
in the literature over the past quarter of a century. Unfortunately, there is uno
uniform method of presenting the data and this makes comparisons difficult in
some cases, The difficulties are compounded by the vast range in study size,
from three rooms(43) to one of 9999 dwellings(44). Table 15 lists some of the
reported measurements of the concentration of radon-222 and its decay products,
both inside buildings and in the open air. In a few cases some data on the
concentrations of radon-220 found are also given.

For all reported measurement programmes covering more than 20 buildings or
rooms the distribution of measured radon-222 or radon—-220 decay products concent-
rations is positively skewed, with the mean considerably greater than the median
value., In most studies the mean radon-222 concentration is in the range 30-100
Bq m~3. The results given in Table 15 for Norway are of interest in that the
radon-222 concentration (for similar conditions of ventilation and underlying
rock) would be expected to be greatest in concrete structures and least in those
of wood. The anomalous situation whereby the wood construction dwellings
apparently have a higher mean radon-222 concentration than those of brick con—~
struction may be due to the relatively small and unequal numbers in each group.

Although the number of measurements reported from Schenectedy, USA are very
small the large difference in radon—-222 concentration between basements and first
floor rooms is substantiated by many other measurements. The radon-222 concent-
ration in basements let into soil overlying uranium ore bodies have been found to
be much higher than the concentration in rooms at higher elevation. This problem
was most pronounced in dwellings in the mining communities of Canada and led to a
programme of remedial action to reduce the radon~-222 concentrations in these
buildings. Once again the uranium concentration in the subsoil was the dominant
source of radon—-222 in the basement air. Here, five room surfaces are surrounded
by soil from which radon can diffuse through the floor and walls into basement
air. Basements are not a common feature of UK housing, but the few measurements
that have been made confirm that a higher radon-222 concentration is invariably

found in the basement of a building than elsewhere in that building.

v F]



Table 15

Selected measurements of the concentrations of radon-222, radon-220 and their decay

products in air within buildings and in the open air

Country ] Details | Reference {
Austria Mean radon=-222 concentration in living 45
rooms in the range 28 - 115 Bq w3 |
(No. of rooms | Maximum radon-222 concentration 276 Bq o3 |
not stated) Mean radon=220 concentracion in room air
in the range 4 = 41 Bq w3
Median radon-222 concentration indoors 15 Bq a3 46
with geometric standard deviation (GSD) 2.6
Median radon-222 concentration outdoors 8.1 Bq o3
with GSD 2.7
Minimum concentration of radon=222 im both
situationa 1.9 Bq o~}
Maximum indoor radon-222 concentration 191 Bq a~3
Maximum outside radon—222 concentration 48 Bq m~?
Canada 64% of dwellings support radon-222 44
concentrations less than 37 Bq o~3
(9999 95% of dwellings support less than 0.1 WL
dwellings) Highest radon-222 concentration recorded 2780 Bq a3
Bighest WL value measured 0,233 WL
Germany Meagurement of gross radon-222 decay 47
(No. of products concentration in the range 0.1 - 10 WL
meagurements

not stated)

Hungary 92% of dwellings had been shut up for at least 50
8 hours before measurements were carried out.
(849 Mean concentration of polonium-218 113 Bq o3
dvellings) Mean concentration of laad-214 98 Bq m~?
Mean concentration of bismuth-214 92 Bq w™3
Maximum coucentration of all nuclides »370 Bq m~3

The discribution of the measured values was
markedly skew with the majority of the results

less than 37 Bq m™?
Norway Wood construction 49
Mean radon-222 concentration 48 Bq w3
(120 range 7.4 = 137 Bq u~?
dwellings) Concrete comstruction
Mean radon-222 concentrations 74 Bq w™?
range 7.4 - 248 Bq ™3
Brick construction |
Mean radon-222 concentration 37 Bq m~? |
range 11 - 215 Bq o-?
Poland Radon=-222 concentrations in buildings
in the range 3.0 - 79 Bq u~3 48
(No. of Measured radon-222 production rates in
measurements dwellings indicate that on average a
not stated) member of the Polish population receives
an annual exposure to environmental
radon=222 decay products in the range 0.12 - 0.21 WLM 52
USA
Tennesse Mean WL found in dwellings 0.0071 WL 51
Schenectedy Mean radon-222 concentration in ground= 43
floor tooms (3 rooms) 28.5 * 3.3 Bq o3
In basements (2 rooms) 54.0 t 4.4 Bq o3




5.2 Measurements reported in the UK

It was shortly after the work of Hultqvist in Sweden that investigators in
other countries, including the UK, carried out programmes of measurement of the
radon-222 concentration in room air and in outside air. The early measurements
were limited to small numbers and restricted geographical 1locations,
Haque et al(53) investigated rooms in south London. 1In outside air the average
concentration was 3.3 Bq m 3, with minimum and maximum values of 0.37 and
11 Bq m'3, respectively. Within rooms the radon-222 concentration was always
higher than that in the outside air. Both indoor and outdoor radon-222 concent-
rations showed wide excursions and this pattern was observed in both well-venti-
lated and poorly ventilated rooms. The rise in radon—222 concentration in some
sealed rooms was monitored until a steady concentration was obtained after
8 days. The calculated mean radon exhalation rate per unit surface area of these
rooms were in the range 5.86 10~3 to 2.36 10~ Bq m~2 s~!, Obviously not all
room surfaces were of the same material, but a mixture of clay bricks and
concrete would be unlikely to produce the reported emanation rates (see Table
10). It is much more 1likely that the flux from the building materials was
augmented by radon migrating from the subsoil through the floor into the room.

Other measurements of radon-222 concentration in air within a small number
of dwellings and in outside air were made in the 1960s. Several hundred such
measurements were analysed and these demonstrated that concentration excursions
exceeding an order of magnitude were common(54). These results indicated that
the analysis of a single alr sample taken at a dwelling would offer no indication
of the average radon-222 concentration at that sample site. The rate of
production of radon-222 within a room containing given materials will be
inf luenced by meteorological variables, such as atmospheric pressure, but will be
subject to much smaller variation than the day-to-day radon-222 concentration in
room air. A pilot study was inaugurated by Duggan and Bradford(ss) in which
measurements were carried out to assess the rate of production of radon-222 in
room air in terms of activity concentration per unit volume of room air per unit
time. As the radon-222 production rate is not constant (but probably varies by
no more than a factor of three), a series of measurements in a number of
dwellings should produce a realistic overall mean radon~222 production rate from
which an estimate of the population exposure to the decay products of radon-222
can be derived, although individual exposures in a particular dwelling cannot be
estimated precisely,

Following the pilot study, a wider programme involving measurements in some
80 dwellings was undertaken(56). The aim of this survey was to determine the
average population exposure to the decay products of radon-222. With such a
small sample, from a total housing stock of approximately 20 million, the survey

was constrained mainly to dwellings in the major centres of population, including

London, Birmingham, Liverpool, Manchester, Glasgow, Edinburgh and Aberdeen, and a
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limited number of rural sites. Most of these areas are sedimentary and the
majority of the population also live in sedimentary areas. The mean radon-222
production rate was then calculated to be 20 Bq n~3 h‘l, after excluding one
particularly high value found in a remote region. A number of assumptions have
to be introduced to enable an average exposure to the decay products of radon-222
to be derived from the production rate. The assumptions are that the average
ventilation rate in UK dwellings is one air change per hour, the average
occupancy factor for UK dwellings is 907%, and that radon—-222 decay products are
lost from room air predominantly by radicactive decay and ventilation, with
removal by plate-—out to room surfaces playing a minor role. This resulted in the
prediction of an average annual exposure of the UK population to the decay
products of radon-222 of 0.l6 WLM, or an annual effective dose equivalent of
800 pSv. However, as pointed out earlier, exposure to the decay products of
radon=-222 exhibits a much wider spread in values than exposures to other sources
of natural radiatiom., The range of production rates found in this national
survey was 0.44—104 Bgq m~3 h~!, giving a range of annual effective dose
equivalents of 13 uSv to 4.1 mSv. The annual potential exposure in the one
dwelling excluded for the purpose of deriving the average population exposure
being 8.1 mSv.

Calculation of the potential exposure to radon—222 decay products within
buildings cannot be used to determine individual exposures with any degree of
confidence. Individual preferences for ventilation and time spent in the open
air will drastically affect each individual's exposure, but the average exposure
of 0.16 WIM y~1 (or 800 uSv y~!) for members of the UK population is similar to
values determined for populations in other developed countries. There would seem
to be little cause for concern over exposures to radon-222 decay products that
are close to the average value or below it. Some exposures at the high end of
the distribution deserve further comnsideration as here the exposure may be deemed
to be detrimental.

In the survey work reported above most measurements of potential radon—-222
decay products exposure were carried out in sedimentary areas where the under-
lying soll and rock 1s not noted for extensive uranium mineralisation. Even here
it can be seen that the influence on the radon-222 concentration in room air of
radon-222 from the ground beneath the dwelling can be marked. Thus, in those
areas where uranium mineralisation is extensive, much higher radon-222 concent-
rations in dwellings and other buildings might be expected., 1In many of these
areas the population will be low and high radon—-222 concentrations here will not
dramatically affect the estimate of the average population exposure.

Meetings have been held with members of staff of the Institute of Geological
Sciences who have studied the available geological data and suggest that
certain areas might have an elevated radon-222 flux from the ground, and hence

contribute to enhanced radon and radon decay product concentrations in indoor

air. These are:
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Aberdeenshire — including Aberdeen City, but more likely in the Banchory
area;

Kirkcudbrightshire;

Pennines — Carboniferous limestone and Derbyshire Domes;

Orkney;

Wales — south Wales in the area of Swansea, certain areas in north and mid-

Wales;

Cornwall — certain areas of the county;

Devon — Dartmoor Aureole;

Caithness.
Measurements carried out in some of these areas are detailed in Section 5.2.1.
below.

5.2.1 Measurement of the concentrations of radon-222 and its decay

products in air in regions of extensive uranium mineralisation

The radon—222 production rate of a room is determined from measurements of
the polonium—-218 concentration in the room air and in outside air, together
with a measurement of the air exchange rate of the room. The air exchange rate
is determined by the standard tracer gas technique(57) and the polonium—-218
concentration by air sampling through a filter paper. The radon-222 production
rate is affected by meteorological variables (notably pressure) but seldom varies
by more than a factor of three about the mean. This is a much smaller variation
than that obtained from isolated determination of the radon-222 gas concentration
in room air.

In areas assoclated with uranium mineralisation, 462 dwellings have been
visited and measurements carried out to determine radon~222 production rates. As
was expected, the production rates found in these areas are generally above those
found in the national survey, and hence lead to higher coancomitant potential
exposures to radon—222 decay products. For comparison purposes, the cumulative
distribution of potential annual effective dose equivalents from the survey 1in
these limited regions is shown in Figure 1, together with the distribution from
the national survey, Exposures have been given as effective dose equivalent,
using the conversion factor of I WIM = 5 mSv, so that direct comparison with
other sources of natural radiation exposure may be effected. It should be noted
that the mean annual effective dose equivalent in the areas of wuranium
mineralisation is 6.4 mSv compared with 0.8 mSv in the national survey.

As has been stressed, the exposures calculated above are subject to large
uncertainties as the actual exposure of the occupier of a house is critically
dependent upon his or her preference for ventilation. In order to investigate
the agreement between the exposure calculated from a single visit to a house with
air sampling equipment and the true mean radon-222 gas concentration, passive
radon-222 monitors were left in a number of dwellings. In most cases a detector

was left 1n the main bedroom and another in the main living room, with
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further detectors occasionally left in other rooms. The radon—222 concentration
in room air is expected to show a marked seasonal variation as windows are more
frequently opened in the summer than the winter. Initially, detectors were
installed for three months and then replaced with unexposed detectors which were
in place for the next three months, and so on until a year had been covered.
Later, the period of monitoring by each detector set was extended to six months.
The detectors used are described in Appendix B, Section 4.

Following the 1initial survey of dwellings 1in areas of uranium
mineralisation, two groups of dwellings were chosen for additional study. These
were dwellings where the active measurements (by air sampling) indicated
potential radon—-222 decay products exposures exceeding 25 mSv in a year and those
dwellings with a potential annual exposure between 5 mSv and 25 mSv. Table 16
displays the results of the active and passive measurements for the former case
and Table 17 presents the results for the latter case.

In Tables 16 and 17 the active measurements given in column eight were
invariably carried out in the living room and, therefore, these predicted results
should be compared with the results from the passive detectors exposed in the
lounge. It must also be noted that exposure periods 1, 2, etc do not imply the
same three-month calendar period for all dwellings. Some dwellings will have
started period one in May, others in October, others 1in January, and so on.

However, periods 1, 2, 3 and 4 referring to one dwelling are contiguous.
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Table 16

Results from passive radon—-222 detectors exposed for three-monthly periods

in dwellings 1—9 where active measurements indicated a potential annual

effective dose equivalent (EDE) in excess of 25 mSv from exposure to

the decay products of radon-222

Room Potential EDE received during the Total Potential annual
period (mSv) EDE EDE indicated
v (12 months) by active
1 2 3 4 measurement (mSv)

1 L 11.6 11.2 15.5 9.80 48.1 28.5

BE 3.82 3.72 3.63 5.54 11.7
2 L 89.5 106 56.2 N/A > 252 (i) 45.1

BE 98.0 111 18.5 82.0 310 (i1)364

K 90.5 34.3 33.7 87.5 246

BA 61.3 35.2 18.5 13.9 129
3 L 2.8 5.01 7.7 2.93 18.4 36.1

BE 1.45 1.85 2.16 0.69 6.15
4 | Study 16.0 2.46 N/A 10.6 > 29.1 160

BE 9.55 1.69 15.9 3.88 31.0
5 L 30.0 33.8 22.9 5.65 92.4 122

BE 9.2 7.98 12,5 6.76 36.4
6 L 12.2 8.11 0.58 3.11 24 (1) 29.3

(1i) 34.3

7 L 4,30 3.22 2.51 N/A > 10.0 57 .4

BE 1.20 1.00 1.21 N/A > 3.41
8 L 16.2 9.6 2.83 1.94 30.6 88.5
9 L 16.3 6.2 9.01 N/A > 31.5 57.9

BE 3.14 1.96 4,09 N/A > 9,19

N/A = not available; K = kitchen; L = living room; BA = bathroom; BE = bedroom;
(1) = first measurement and (i1) = subsequent measurement on a different day.

The passive radon detectors respond solely to the radon-222 gas concent-—
ration in room air, and the only strictly valid interpretation of the results
from these detectors is the average radon-222 gas concentration during the period
of exposure. Ideally the parameter required is the average WL value for the
period of exposure, but no passive device for recording this has so far been
devised. It 1s therefore necessary to apply a scaling factor to the average
radon-222 gas concentration to arrive at a reasonable estimate of mean WL value.
To this end it has been assumed that the ventilation rate is omne air change per
hour and that the loss of radon-222 decay products from room air by plate-out to
room surfaces 1s negligble. Under these conditions the WL is given by

0.54 R

WL 3700 sesenes (1)

where R is the radon-222 concentration in Bq m=3,
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Table 17

Results from passive radon-222 detectors exposed for three-monthly periods

in dwellings 10—18, where the active measurements indicated a potential annual

effective dose equivalent (EDE) between 5 mSv and 25 mSv from exposure to the

decay products of radon—222

Room Potential EDE received during the Total Potential annual
period (mSv) EDE EDE indicated by
(12 months) active
1 2 3 4 measurement (mSv)
10 L 2.36 1.25 13.9 1.81 19.32 5.95
BE 0.127 0.183 0.72 0.88 1.91
11 L 6.70 1.22 1.52 1.05 10.5 (i) 6.73
BE(1) 3.65 6.21 0.37 2.14 12.4 (i1i) 5.33
BE(2) 0.90 1.60 0.58 3.80 6.88
K 1.4 1.35 0.13 2.47 5.35
12 L 4.4 33.7 2.01 2.10 42.2 (i) 15.0
BE 1.06 0.705 0.45 0.87 3.09 (11) 9.02
13 L 1.27 0.88 0.84 1.48 4.47 6.62
BE 0.70 0.34 1.04 0.89 2.97
14 L 1.90 1.57 0.52 0.80 4,79 5.58
BE 3.10 3.14 1.04 1.25 8.53
15 L 0.10 7.01 10.2 3.92 21.2 6.06
16 L 1.50 11.8 0.985 10.3 24,6 18.9
BE 4,24 3.31 0.765 1.84 10.2
BA 6.21 1.01 1.78 1.86 10.9
17 L 28.1 2.77 2.41 7.50 40.8 9.02
BE 3.10 1.65 1.13 6.28 12.2
D 2.64 6.02 N/A 8.23 > 16.9
18 L 0.565 0.019 2.12 1.13 3.83 6.30
BE 0.195 0.365 0.35 0.33 1.24

N/A = not available; K = kitchen; L = living room; BA = bathroom; BE = bedroom;
D = dining room; (i) = first measurement and (ii) = subsequent measurement on a
different day.

In practice there will be a range of ventilation rates, and removal of decay
products by plate-out may be a significant mechanism in some circumstances. The
factor 0.54 1is increased for decreasing ventilation rate and decreased for
increasing plate-out. In Tables 16 and 17 the potential exposures assume 90%
occupancy.

Active measurements were carried out on more than one occasion at some
dwellings, as indicated in column eight of the tables. As outlined earlier, the
calculated value for the radon-222 production rate, based on a series of single
half-day measurement periods, has been found in the past to produce similar
results within a factor of three. This pattern is seen in dwellings 6, 11 and

12, but for dwelling 2 there is a factor of eight between the two measurements.
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No totally satisfactory explanation for this large discrepancy has been found,
except that on the first visit there was noticeable plate-out of radon-222 decay
products on the clean filter papers. This suggests that a large proportion of
the airborne decay products were being lost to room surfaces, thus reducing the
concentration of these nuclides detectable by air sampling. Inspection of the
passive detector results for dwelling 2 show that the predicted potential
exposure of 364 mSv is more realistic than the initial estimate of 45,1 mSv. The
entries in Tables 16 and 17 marked N/A represent a failure in the processing of
the detector. Each detector package contains two detector elements, only one of
which is initially processed. The detector element first processed is subjected
to a treatment that produces enhanced sensitivity, but also results in the
catastrophic failure of a proportion of the detectors. When a failure occurs,
the second detector element is processed using a method that is more time
consuming but 1is unlikely to cause failure. Results from the processing of the
second detector elements are still awaited.

It 1is apparent that the likely exposure of the occupants of dwellings to
radon-222 decay products cannot readily be assessed from active measurements made
over a short period of time. The active measurements do provide a useful
screening procedure, in that in only one case where the active measurement indi-
cated a likely exposure in excess of 5 mSv did the passive detector results indi-
cate an exposure below 5 mSv. In this case (dwelling 18) the lower result was
due to an abnormally low measurement In one quarter of 0.019 mSv. In all cases
displayed in Tables 16 and 17 the large variation from quarter to quarter can be
seen to reflect window opening behaviour under different climatic conditions.
It is also apparent that exposures during the same period can be quite different
according to the room occupied. In most cases the exposure in the bedroom is
lower than that in the living room (with the notable exception of dwelling 14),
which may reflect the lower radon-222 concentration expected on the first floor,
due to it being more remote from the ground, but is more likely due to the common
habit of opening windows in unoccupled bedrooms during the day regardless of the
climate,

It is apparent from Tables 16 and 17 that in a number of dwellings an annual
effective dose equivalent exceeding 50 mSv could be received by the occupants.
The figure of 50 mSv corresponds to the maximum annual effective dose equivalent
permitted to workers exposed to ionizing radiation. The situation in housing is
aggravated by the longer periods of occupancy in houses than in the work place.

5.2.2 Measurements of radon-222 decay products in high-rise buildings and in
offices

It has been stated wmany times that the major source of radon-222 in
buildings is the subsoil beneath the structure. It might be concluded from
this that in high rise buildings the radon-222 councentration would decrease as

one moved to floors of higher elevation and this was found to be the case by
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(50)

Toth However, other work has indicated that this cannot be regarded as the

general case. Measurements have been carried out in university residences at the
; 58

University of Birmlngham( ). These residences have the advantage that on each

floor above ground Ilevel the rooms are of similar layout and identical

dimensions. The results of one series of measurements are given in Table 18.

Table 18

Radon—-222 decay products concentration measured in similar rooms

on different floors of High Hall, Birmingham University

Day . Floor No. Radon Ventilation Radon daughter activity
| daughter rate normalised to a ventilation
activity measured rate = 1.0 h~!
(mWL) (mWL)
2 Basement 15.1 0.23 2.2
1 1 0.82 0.79 0.58
1 2 1.02 0.58 0.47
1 3 1.74 = -
1 4 2.73 0,43 0.85
1 5 3.19 0.40 0.92
2 6 7.71 0.41 2,3
2 8 3.98 0.36 1.0
2 9 4,04 0.21 0.53 -
2 10 2.08 0.58 0.96
2 12 3.31 0,40 0.95
2 14 5.64 0.65 3.1

Ideally, simultaneous measurements should have been made in all rooms on the
same day, but limitations on equipment necessarily precluded this. It can be
seen from Table 18 that there is no correlation between radon-222 decay products
concentration and floor elevation, although the expected high concentration of
radon-222 decay products in the basement is apparent. In column five the radon—
222 decay product concentration for each room has been corrected to the value
that would obtain at a ventilation rate of one air change per hour. This
normalisation is only a first approximation as no measurements of the WL value in
outside air were made, but the error is unlikely to be greater than 10%. Under
normalised conditions the WL value in the room on the l4th floor exceeds that in
the basement. The main reason that the radon-222 concentration does not decrease
with elevation is that each floor 1is linked by stair-wells and lift shafts.
Also, the rooms in this series of measurements had common services which were
brought up from the ground floor and encased in each room by 1ill-fitting
shuttering, Thus, there were many routes by which radon-222 could migrate from

one floor to another.
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A second serles of measurements were made in halls of residences at
Birmingham University choosing sides of the building where there were no common
service ducting that could provide a route for radon—-222 between floors. In
these measurements the WL value found in floors of different elevation produced
erratic values which did not support the hypothesis that the level would be
systematically lower on higher floors.

In halls of residences the stair-wells are intermal to the building and
access to rooms 1is via internal corridors. Under these circumstances it is
doubtful that residents on the upper floors receive a significantly lower
radon-222 decay product exposure than those on the lower floors. In blocks of
flats with open stair-wells and where access to the flat is along an open balcony
the radon-222 concentration on higher floors may be lower than that on floors
near the ground. Even here, common services are brought to each floor, If this
is achieved by ducting linking floors of different elevation, again there will be
an easy route by which radon—-222 from the ground can reach the higher housing
units.

Most emphasis 1in measurements of radon-222 and its decay products has
centred on concentrations found 1in dwellings. However, for wmany people a
substantial proportion of their time is spent away from home in buildings
associated with their place of work. A large number of people work in small
offices which have a larger surface area to volume ratio than rooms in domestic
premises. In these circumstances the contribution of the building materials to
the radon—-222 concentration in an office will be larger than that in a living
room. Office doors are often closed for prolonged periods to reduce noise levels
from without, and air exchange rates in offices may be low. The Director General
of the Greater London Council gave permission for the carrying out of measure-
ments in offices within the County Hall complex. County Hall has the advantage
of being a multi-storey building that has been added to on a number of occasions
during its history, such that different parts of the building are constructed
from different materials.

A total of 17 rooms in the County Hall complex were studied. In each
office, measurements of the decay products of radon-222 were carried out and a
measurement of the air exchange rate made. It was not possible to determine what
proportion of the air exchange was between the room and the corridor rather than
with the outside air. Measurements of radon—222 decay products in a few
corridors indicated that the concentrations here were not significantly different
from those in the outside air. However, 1in some offices air exchange between
adjacent offices could not be ruled out. A description of the rooms studied is
given below and the measurement results summarised in Table 19.

Room 1. Single-person office on the third floor of the main building having
double glazed windows in the exterior wall facing northeast. Volume —

approximately 32 m3.
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Room 2. Single-person office on the third floor of the main building having
double glazed windows in the exterior wall facing west. Volume — approximately
34 m3.

Room 3. A large laboratory on the seventh floor of the main building. These
rooms are a recent addition to the building and are predominantly glass and wood,
except where attached to the main building at roof height. Volume —
approximately 260 m3. Two single-person offices were partitioned off the
laboratory, but the connecting doors between the offices and the laboratory were
open throughout the measurement period.

Room 4., A large office, partitioned off a laboratory similar to room 3. Window
in exterior wall facing northeast had a 5 cm gap at the top throughout the
measurement period. Door to the laboratory was closed. Ceiling is covered in
acoustic tiles, wall partitions are of sheet metal and the floor 1s concrete.
Volume — approximately 68 m3,

Room 5. Single-person office on the sixth floor of the main building with
external wall facing southwest. Volume — approximately 63 mS3.

Room 6. Single—person office on sixth floor of main building with exterior wall
facing southwest. Volume — approximately 42 m3. The floor covering is wood
block.

Room 7. Basement room in South Block with concrete floor, exposed brick walls
and a skylight in the ceiling at road height.

Room 8. A conference room on the ground floor of the main building. The
exterior wall faces north and has two extractor fans either side of a closed
window. Neither fan was operated during the measurements nor for several hours
beforehand. Volume — approximately 200 m3.

Room 9. An office on the fourth floor of the main building with exterior wall
facing north, The double glazed window was slightly open, with open areas
approximately 0.1 m2. Volume — approximately 85 m3.

Room 10. An office on the ground floor of North Block with exterior wall facing
east. Volume — approximately 60 m3.

Room ll., An office on the first floor of North Block with exterior wall facing
east. Volume — approximately 53 m3.

Rooms 12 and 13. These are identical rooms on the fourth and third floors,

respectively, of the Island Block. This is the most recently added block to the
complex and has a full 1integral air conditioning plant. This plant was
originally designed to control temperature and humidity and includes a washing
plant. The washing plant is no longer in use because of prohibitive running
costs. Air is now simply circulated through filter media. Minimum make-up air is
10%, but outside air is used to reduce or increase temperature as required. Thus
maximum make-up air may approach 100%. The summer design temperature is 23°C,
but a range of 20—24°C is typical. The volume of each room is 40 m?. The high

alr exchange rates from the air conditioning plant result in very low
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concentrations of the decay products, and the uncertainties on the determination
of the individual nuclide concentrations approaches or exceeds the measured
values. Thus, results of the mWL value determinations are given for these rooms
only, as here the wuncertainties are better than 177%. The difference in
ventilation rates between the two rooms is real and not an artifact of the
measurement, although the reason for the difference was not deduced. The
calculated values of the ventilation rates together with the standard deviations
were 13.0 * 0.77 h~! and 6.48 * 0,44 h~! for rooms 12 and 13, respectively.
Although the ventilation rates differ by a factor of two, the mWL values are
similar and could not be distinguished from the value in the open air.

Room 14. A first floor room in South Block with exterior wall facing east.
Volume — approximately 55 m3.

Room 15. A first floor room in South Block with exterior wall facing west. This
office was across the corridor from room 14 and of similar volume —
approximately 55 m3.

Room 1l6. A basement room in South Block used as a mess room. Volume -—
approximately 120 m3. Although classed as a basement because the rooms are below
street level, there 1is a walk-way around the outside of the basement and all
rooms have windows. No room is completely surrounded by soil.

Room 1l7. Large room just off the main entrance hall of the main building with

exterior wall facing east. Volume — approximately 240 m3.

Jable 19
Radon-222 decay product concentrations in rooms of County Hall
Room Floor Mean activity concentration (Bq m‘3) mWL Air exchange
rate (h71)
Polonium—-218 Lead-214 Bismuth-214

1 3 6.10 4.58 3.77 1.18 0.52
2 3 4,35 3.79 1.78 0.824 0.76
3 7 11.0 7.75 3.58 1.91 0.73
4 7 4,30 3.03 2.58 0.904 3.42
5 6 9.09 8.20 6.76 2.03 0.47
6 6 6.83 5.66 2.26 1.02 0.39
7 SB 5.12 4,48 3.65 1.30 2.48
8 G 2.52 1.65 0.50 0.346 0.95
9 4 1.76 1.48 0.76 0.329 1.23
10 G 4.29 3.72 2,75 0.908 1.09
11 1 6.29 7.11 3.64 1.52 0.39
12 4 = - - 0.096 13.0

13 3 - N - 0.103 6.48
14 1 2.48 2.14 1.64 0.529 0.91
15 1 2,39 1.45 2.34 0.502 0.64
16 B 0.93 1.10 0.917 0.270 3.72
17 G 2.40 1.91 1.74 0.452 1.07

G = ground floor; B = basement; SB = sub—-basement,
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It will be noted in Table 19 that for some rooms the activity concentration
measured 1s less for polonium—-218 than lead-214, although this condition cannot
exist on thebretical grounds. These anomolous results arise due to counting
statistics when measuring low concentrations subject to large uncertainties. The
nWL level is always measured with an acceptable uncertainty. These points are
illustrated in Table 20 where the full results of the measurements in room 16 of

County Hall are presented.

Table 20

Full measurement results for room 16 of County Hall

Measurement Activity concentration (Bq m'a) mWL
Polonium—-218 Lead-214 Bismuth-214
1 1.14+0.86 1.04+0.302 0.851+0.907 0.260+0.025
2 0.392+0.884| 1.25%0.323 1.04 +0,429 0.288+0.026
3 1.27+0,.858 1.01+0.298 0.858+0.400 0.261+0.024

A measurement of the radon-222 decay product concentrations 1in outside air
was obtained by placing the monitor on the window ledge of room 15 with the
sampling head well clear of the building. The results were:
0.429 * 0.951 Bq m™3
Lead-214 1.095 + 0.332 Bq m™3
Bismuth-214 1.413 + 0.451 Bq m~3
mWL 0.305 + 0,021,

Occasional measurements at ground level produced results similar to these.

Polonium-218

+

Thus 1in many rooms within the County Hall complex the concentration of the decay
products of radon-222 were little different from those in the open air. Here
again there 1s no systematic variation in radon-222 decay products concentrations
with floor elevation, although such a pattern, if it exists, may be masked as
consequence of measurements taking place over a two-week period.

The average mWL for all rooms measured in the County Hall complex is 0.84,
which is lower than that found in domestic premises. For a 2000 h working year
this would indicate a typical annual exposure of about 0.0l WLM,
office blocks

County Hall 1is

or 50 puSv

effective dose equivalent. Other would wundoubtedly produce

different results, However, constructed of a variety of

materials; the outer shell being granite on the side facing the river and

sandstone on the other side (facing York Road), with concrete of different ages

throughout the building. The Island Block is predominantly steel and glass.

Thus it is doubtful that a more diverse structure exists, and from the results

here there 1s no reason to suggest that occupancy of offices leads to a

significant increment in radon decay product exposure.
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5¢2.3 The concentration of the decay products of radon-220 in the general

environment

As was stated earlier, thorium—232 1is also 'a trace contaminant of most
building materials 4and a member of its decay chain is the 1sotope of radon,
radon-220. Radon-220 has a half-1life of 54.5 s and only those atoms formed close
to the surface of a material can escape to the surrounding air. However, the
number of atoms of a radionuclide required to form unit activity (1 Bq) is
directly proportional to the half-life. This means that should a surface be
emitting equal flux densities of atoms of radon-222 and radon-220 the activity
flux density of radon-220 is approximately 6000 times that of radon-222. In
practice, fewer atoms per unit time of radon-220 will be emitted from a surface
than atoms of radon—-222, but it 1is possible for the emanation rate (in
Bq o2 s‘l) of each nuclide to be of the same order. For this reason it has been
suggested that the decay products of radon-220 may pose a significant source of
exposure to the occupants of buildings(sg). Having such a short half-life the
flux of radon—-220 into room(;g;' is drastically reduced by any lining material,

such as wallpaper. Stranden has calculated the ratio of the WL due to radon-—
222 decay products to that due to those of radon-222 for a room with no lining
materials, as a function of ventilation rate. This relationship 1s shown in

Figure 2., The reason why the ratio increases with increasing ventilation rate
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Figure 2 Theoretical WL ratio in
dwellings as a function of
ventilation rate
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is that the concentration of the decay products of radon-222 falls more rapidly
as the ventilation rate increases than does the concentration of the decay
products of radon-220. One further difference between the decay products of
radon-222 and those of radon-220 is that 3763 Bq m™3 each of polonium-218, lead-
214 and bismuth-214 form 1 WL for radon—-222 decay products. For the decay
products of radon-220, 284 Bq m~3 each of lead-212 and bismufh—ZlZ form 1 WL,
The derivation of the WL is given 1n detail in Appendix A, Instruments have been
acquired that permit the assessment of the concentrations of the decay products
of radon—-222 and radon-220 from the same air sample, and hence ratios of the WL
values attributed to each series can be obtained. Table 21 1lists results
obtained in a number of dwellings throughout England. The traditional names for
radon—-220 and radon—-222 are thoron and radon, respectively, and in Table 21
mWL-Tn refers to the mWL arising from the decay products of radon—220 and mWL-Rn
to the mWL arising from the decay products of radon-222,

From Table 21 it is seen that in no case did the ratio of the working levels
approach the large values predicted for rooms with uncovered walls. There is a
discernible trend for the larger ratios to occur at higher ventilation rates, but
the trend is weak and there are notable exceptions. This is to be expected when
measurements are carried out in different dwellings, each of which will have
unique source terms for radon-222 and radon-220 production rates within the
building. All measurements of the concentration of radionuclides are subject to
uncertainties arising from the random nature of radioactive decay. Uncertainties
have not been shown in Table 21 in order to make the table less confusing. To
convey an idea of the uncertainties in these figures a few complete examples are
given in Table 22.

It can be seen from Table 22 that some care is needed in interpreting
results where ratios are derived from data which are subject to a high degree of
uncertainty., The unweighted mean of the working level ratios given in Table 21
is 1.00 (SD = 0.84). Further measurements are required under a wider variety of
conditions to confirm that this figure 1s truly representative of conditions in
British dwellings. If it 1s, then this would indicate that the currently accep-
ted value for the annual average effective dose equivalent received by a member
of the UK population should be increased from 800 puSv (due to radon-222 alone)
to 1070 pSv, taking due note that the risk per unit exposure (in WLM) to the
decay products of radon-220 is one third that from an equal exposure to the decay
products of radon-222, These figures are of course tentative, but the evidence
is firm that the decay products of radon-220 do form a source of human exposure

to natural radiation that is non-trivial.
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Table 21

Radon and thoron decay products working levels calculated

from the same air sample

oWL-Tn mWL=Rn mWL-Tn Ventilation
mWL-Rn rate (h~1l)

1.75 1.34 1.31 1.98
3.88 1.83 2,12 1.24
0.29 0,21 1.38 1.38
3.18 1.68 1.89 0.98
2.28 4.10 0.56 2.76
0.66 2.00 0.33 0.47
16.0 17.1 0.93 0.12
0.18 0.50 0.36 5.65
1.41 2.52 0.56 0.82
0.98 3.40 0.29 0.12
0.85 1.67 0.51 5.58
1.14 5.06 0.23 0.80
0.31 0.33 0.94 0.77
0.23 0.61 0.38 0.70
1.19 1.25 0.95 0.77
0.17 0.79 0.22 1.14
1.38 0.49 2,83 3.98
0.19 0.44 0.43 1.61
1.71 0.96 1.78 10.3
0.12 0.17 0.67 1.59
2.56 3.79 0.68 2,76
2.62 | 14.8 0.18 0.89
0.50 | 1.70 0.31 0.41
0.50 ! 1.82 0.27 2.16
0.14 | 0.29 1.19 0.48
4,47 | 45.8 0.10 0.40
1.51 | 0.52 2.92 2,41
1.66 |, 2.05 | 0.8l 0.88
3.59 | 2.03 | 1.77 1.51
1.20 2.61 0.46 0.64
0.173 0.056 3.04 1,53
0.64 0.31 | 2.02 1.92
1.13 | 0.38 | 2.96 0.47
0.58 2,66 0.58 0.22
0.72! 0.82 0.88 0.76
1.291 1.91 0.68 0.73
0.411 0.90 0.46 3,42
2.151 2.03 1.06 0.47
0.541 1.02 0.53 0.39
0.711 1.30 0.55 2.48

lThese measurements were made in offices of
the County Hall complex. The remainder were
in dwellings.
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Table 22

A selection of radom and thoron decay products measurements

together with the associated statistical uncertainties

mWL-Tn mWL-Rn mWL-Tn
mWL-Rn
1.51 £ 0,131 0,518 £ 0,193 2.9 £ 1,09
3.59 £ 0.203 2.03 £ 0,299 1.77 + 0.27
0.173 + 0,0421| 0,056 * 0.061 3.04 £ 3,30
0.575 £ 0.086 2.66 + 0.098 0.216 * 0,032
1.20 + 0.120 2.61 £ 0.178 0.458 + 0,055

5.2.4 Studies of radon decay product councentrations in houses under 'whole-

house' conditions

In surveys of radon decay product concentrations in dwellings occupied by
members of the general public, measurements have been confined to one room.
This was necessary 1in order to cause the minimum inconvenience to the occupiers,
who volunteered for studies from which they received no benefit. 1In studying a
single room, it was assumed that the air exchange was between that room and the
outside, although obviously some air exchanges with adjoining rooms even when the
room chosen is on the windward side of the building. Where passive radon
detectors have been installed in single rooms that have been studied previously
with active devices the agreement between the predicted concentration of radon-
222 and those actually found by the detectors have generally been good. Never-
theless it was considered that the radon-222 production rate of the entire
dwelling could be determined if measurements were carried out in dwellings where
all internal doors were open, and extermal doors and windows were closed. This
was termed the 'whole-house' condition, and ventilation rates measured under
these conditions, by releasing a tracer gas 1In all rooms and allowing mixing
before monitoring the concentration, must represent air exchange solely with the
outside.

Twenty members of Board staff volunteered the use of their dwellings and
measurements were carried out under the above conditions with each measurement
period occupying one day. At each dwelling radon—222 decay products concent-
rations were measured within the dwelling at two sites (on different elevationms
for multi-storey buildings) and in the open air. Ventilation rate was determined
by the tracer gas technique, using nitrous oxide as the tracer and an infra-red
gas analyser as the detector. A guide to wind conditions was noted using the
Beaufort Scale as no recording anemometer was available. A description of the

dwellings together with ventilation rate details are given in Table 23.
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Table 23

Description of dwellings 1—20 and ventilation details for those

dwellings used for 'whole~house'

studies

Type

Whole-house

Features affecting

Reported wind

ventilation ventilation rate force
cate (h~1) (Beaufort Scale))
4 Brick built 0.161£0.013 Open fire in lounge 2+3
dormer bungalow
2 bedrooms
upstairs
2 | Brick built semi- 1.25£0.036 Double glazed 1
detached
3 | Metal and wood 0.536+0.0074 | Air vents in wall 1
conatruction and air vent above
mobile home Parkray fire
4 | Brick built 0.371+0.024 Downatairs fronmt 1
detached and bedrooms double
glazed
5 | Brick built 0.642+0.041 Part double glazed. I+
terraced house Underfloor venti-
lation in lounge
6 | Brick built semi-~ 0.962+£0.045 1+4+3
detached
7 | Stone terraced 2.41+£0.020 Open fire (alight) 5
cottage H
8 Brick built | 0.883£0.021 Open fire in lounge 4
detached (unlit). Bath-
room only double
glazed
9 | Brick built end 1.51+0.047 Window slightly 32
terrace open. Gas fire
burning
10 | Brick built 0.641£0.031 Open fireplace 1
detached (unlit) in lounge
11 | Brick built end 0.383£0.018 12
terrace
12 2nd-floor flat 0.916+0.016 Part double glazed 1
13 Brick built 0.540+£0.0083 Part double glazed 2
detached Open fire place in
bungalow lounge (unlit)
14 | Brick built 3- 0.990£0.030 5
storey terrace
15 | Brick built 1.63£0.045 Suspended wooden 3+l
detached floor. Open fire
bungalow in lounge (unlit)
16 | Brick built 0.765%0.015 Doubla glazing 5+7
terraced throughout apart
from front door
17 | Concrete faced 1.53£0.037 Open fire in lounge 5+6
brick built (unlit). Air vents
gsemi-detached in all rooms
house
18 Brick built end 1.91£0.064 Open fireplaces on 5+6
of terrace, 3- second floor
storeys + (unlit). Large
basement high ceilinged rooms
19 | Brick built 0.173£0.010 One window slightly 24
detached opened. Part double
bungalow glazed
20 Brick built semi- 0.465+0.020 Part double glazed 2
detached, 3 |
storeys + |
basement i
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The usual procedure adopted for assessing the radon—222 production rate of a
room, or 1in this case the entire dwelling, 1s to measure the polonium~218
concentration indoors and in the outside air, and to determine the ventilation
rate. From these measurements the radon-222 production rate, K (Bq m~3 h~l), is

given by

K = j (1 + 0.0733j)(cI -C.) ceees(2)*

0
where j 1s the ventilation rate h-l
C. the concentration of polonium—-218 in indoor air (Bq o~3)

I
and C. the concentration of polonium~218 in outdoor air (Bq m~3).

Equatiog (2) holds in the steady state. That is when conditions have been
stable long enough for perturbations to the polonium—-218 concentration to have
settled down. The use of polonium—218 concentrations to determine the radon-222
production rate takes advantage of the short half-life of polonium-218. Under
most conditions, where changes in ventilation rate are not too severe, the
polonium—-218 councentration will have sensibly reached the steady state two hours
after the room conditions have been set. Unfortunately, the uncertainty with the
measurement of polonium-218 concentration at low concentrations is often such
that the standard deviation approaches the measured value. This of course leads
to a large uncertainty in the value of K. From the calculated value of K the

concentration of radon-222, R.j (Bq m~3), expected in indoor air at any practical

Velltilatlon rate, l » 1s gi ven Simply by
. ( / ) ®eane (3)

where Ro is the concentration of radon-222 in outside air, which can
normally be taken as equal to the concentration of polonium-218 in
outside air.

Where concentrations of polonium-218 1in indoor air are so low that the
uncertainties on any derived parameters are unacceptable an altermative approach
can be used. At low concentrations of radon—-222 decay products the mWL value in
indoor alr can be determined with an uncertainty better than 107 and that in
outdoor air with an uncertainty better than 20%. However, for a change in
ventilation rate conditions the indoor mWL value will take much longer to reach
the steady-state value than will the polonium~218 concentration. Thus if mWL
values are measured the random error due to counting statistics will be low, but
there may be a large systematic error when the WL value 1s used to predict for
different conditions.

Nevertheless in this series of measurements both approaches (XK and mWL) were
used to predict the conditions that should prevail at a ventilation rate of one

alr change per hour.

*The derivation of all equations used in this report is given in Appendix B.
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If mWLI is the mWL value measured in indoor air at ventilation rate j h-!
and mWLO is the mWL value in outside alr, the mWL value in indoor air at a

ventilation rate of one air change per hour is given by mWL(l), where

mWL(l) = mWLO + [mWLI - mWLOI veoesll)
j (13.64 + j) (L.55 + 3)(2.111 + j)
*12.670C1.551 + 30(2.111 + j) + 20.37(2.11L + j) + 31.64

Table 24 displays the results of these calculations for the dwellings in
this study.

Table 24

The mWL values at one air change per hour predicted from the

measured radon-222 production rate and the measured mWL values

Dwelling |Radon-222 production WL at 1 ACH Ratio
rate, K K/mWL
(Bq m'§ h~1) From K From mWL(1)
1 0.966 *+ 0.448 0.572 £ 0,126 0.579 + 0.009| 0.988
2 3.06 £ 2.26 0.619 * 0,367| 0.716 +* 0.070| 0.865
5 1.99 £ 1,25 0.615 + 0.244| 0,635 + 0,053| 0.969
6 16.3 £ 3.18 2.61 + 0,512 2.07 £ 0.775 1.261
7 10.1 * 4,33 1.52 + 0.634 | 1.79 £ 0.077 | 0.849
8 9.36 + 3.29 1.83 £ 0,551 | 2.19 + 0.034 | 0.836
9 8.70 £ 5.55 1.97 + 0.838 | 4,34 + 0,117 | 0.454
10 10.7 + 2,48 1.70 £ 0.421 1.84 + 0.040 0.924
11 10.3 £ 1.65 1.85 + 0.323 1.92 + 0.018 0.964
12 3.51 + 2,05 0.852 + 0,368| 0.861 * 0,027 0.990
13 3.68 £ 1.12 0.661 + 0.196| 0.653 + 0.010| 1,01
14 11.7 + 2,11 1.77 *+ 0.321 1.54 + 0,053 1.15
15 13.8 + 3,04 2.15 + 0.457 | 1.47 + 0,120 | 1l.46
16 1.35 £ 1.08 0.359 £ 0.191| 0.338 + 0,022 | 1.06
17 2.58 £+ 1,78 0.424 + 0,281 0.244 £ 0,093| 1.74
18 9.69 + 3.63 1.68 + 0.541 2,14 £ 0,197 0.785
19 5.96 + 0,921 1.09 + 0.172 0.912 + 0,007 1.120
20 1.19 + 1.51 1.27 + 0.392 2.07 + 0,022 0.614
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The agreement between the two approaches to calculate the mwWL value that
should exist at one air change per hour is remarkably good and does not solely
apply to those dwellings where the measured ventilation rate was close to one air
change per hour. For example, dwellings 12 and 13 both produce very close
agreement, with the measured ventilation rate being close to unity (0.916) for 12
but 0.54 h~! for 13. However, this series of measurements produced results that
indicated much lower concentration of radon-222 decay products than had been
expected on the basis of other measurements in dwellings in this area. To obtain
an independent assessment of the average radon-222 concentration in rooms of
these dwellings, passive radon—-gas detectors were placed in rooms for a six-month
period. When processed these detectors indicated average radon-222 concent-
rations generally in excess of the values predicted at the measured ventilation
rate (V) by the active surveys, ranging from 0.96 to 20 times the predicted
value. It was unfortunate that some of the passive radon-222 detector elements
used here had a high background track density rendering the results subject to a
larger uncertainty than is usual with these devices, but by no means large enough
to entirely explain this discrepancy. The results for the 18 dwellings for which
full results were obtalned are given in Table 25.

The results of the active measurements under whole-house conditions were
suspect in that the measured concentrations were lower than expected in the
houses in this area, and lower than some measurements made in the same house when
measurements were only carried out in one room. It appears that whole~house
measurements produce a valid figure for the whole-house radon-222 production
rate, but that this parameter 1is not a reliable indicator of the radon-222
concentration in 1individual rooms. A simple model, described in Appendix B,
Section 5, demonstrates that single room measurements are more likely to produce
realistic estimates of the radon—-222 concentration in that room especially if it
is on the ground floor. In the example given a whole-house radon—-222 production
rate measurement would predict a radon-222 concentration in the living room of
17.3 Bq m~3 at one air change per hour, a measurement of the radon-222 production
rate in the living room would predict a concentration of 22.4 Bq n~3 whereas the
true value is 21 Bq m™3,

5.2.,5 A prolonged study in one dwelling

Studies were carried out in one dwelling over a period of 13 days, during
which time 1t was unoccupied apart from by the investigators. Wind speed and
direction charts for the period of this study were supplied by the Environmental
and Medical Sciences Division of the Atomic Energy Research Establishment,
Harwell, The meteorological station at which this data was collected is 8.5 km
from the site of the house, but it is unlikely that the conditions at this
spacing would be significantly different. The house is detached apart from a
link garage to the neighbouring house. The north and south facing walls contain

an extensive door and window area, there being very limited window area in the
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west and east facing walls. At the house, continuous records of humidity and
barometric pressure were taken together with intermittent measurements of
radon-222 decay products concentrations downstairs, upstairs and in outside air.
A combined radon-222 and radon-220 decay products concentration measurements was
performed late in the afternoon on most days. For all measurements all outside
doors and windows were firmly closed and in the majority of cases all intermal
doors were opened to their fullest extent. The exception to this was for part of
a day when the effect of an electrostatic precipitator on the decay products
concentration in room air was 1nvestigated.

Figure 3 displays the recorded barometric pressure, wind speed and whole-
house ventilation rate determined periodically during this period. The
ventilation rate varied between 0,15 and 0.69 h‘l, with a coefficient of
variation on each measurement in the range 5—15%. The expected correlation
between wind speed and ventilation rate 1s barely discernible, although the
average ventilation rate 1s higher during days 2-5 when the wind was stronger
than during the relatively calm period earlier and that of moderate winds from
day 6 onwards. During the most windy period the ventilation rate was erratic but
peak ventilation rate never coincides with peak wind speed. This house is
reasonably 'tight' and during this period no space heating was operated,
resulting in a smaller than typical temperature differential between the indoor

air and that outside.
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ventilation rate for house studied for 13 days
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Figure 4 displays the results of the determination of the concentrations of
the decay products of radon-222 in the lounge during this period, whereas Figure

5 shows the variation in the mWL value in the lounge. The decay products
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concentrations broadly follow an inverse trend to that of the ventilation rate,
but the most obvious relationship is that between the mWL and the ventilation
rate. This is aided in part because the mWL is determined with the greatest
precision: typically 5% or better. Error bars have not been shown on the figures
as in many cases they would overlap and be difficult to identify. As an
indication of the order of the uncertainties on the measurements a few results
are reproduced in Table 26.
Table 26

Selected results of measurements of the decay products of

radon—-222 in the lounge

Day | Activity concentration (Bq m~3) oWL
| Polonium—-218 Lead-214 Bismuth-214
1 | 43,5 £ 5.9 40.1 * 2.1 33.5 + 2.8 10.1 + 0.2
3 | 10.7 £ 2.2 5.8 + 0.74 2,94 *+ 0,98 1.39 *+ 0.06
i
5 13,7 £ 3.4 13.0 + 1.2 11.9 + 1,6 3.35 £ 0,10

Figures 6 and 7 show the temporal variation 1in the decay products

concentration in the main bedroom. These are similar to those for the lounge

- SOF » ] I I T T T T | I I I !
IE Lo “\ =
N

g 0 \ﬁ-\‘\ «‘- N\ - 7
B ] \\ S Seeea -_'_'_-'"
29- 20 \“ ’,“ e \ _____ - 4 - .
~ 101 \fv’ -

0

60 \ -
™ %
£SO =

\

g ] ‘\\ -
o 30 \\/"\ —
A A ]
~ \ , ~ DT g

10} \o” B ;

0

s0F | i
< 5o N
E 50 \\ =
g 40 \\\ -
= 30F \ -
2 20 A, r\ ‘/\-._‘ e v -

104 \ e I g =

\"_,J N~ \/
0 | 1 | 1 | | 1 | | ! | 1
1 2 3 & ' S 6 7 8 9 10 n 12 13
Day

Figure 6 222gp decay products concentrations in the main bedroom
of the house studied for 13 days
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Figure 7 mWL values in the main bedroom and ventilation rate of the house

studied for 13 days

shown 1in Figures 4 and 5. The results for the main bedroom tend to indicate
slightly higher concentrations on the first floor than on the ground. However,
the differences are not statistically significant when the uncertainties in the
measurements are considered.

Throughout the measurement period the condensation nucleus (CN) concen—
tration was monitored in the lounge and was found to be in the range 8 103 to
7 10% m1~!. oOn day 10 the lounge door was partially closed and an electrostatic
precipitator switched on at its maximum setting at 09.20. The precipitator was
switched off at 14.26 and the lounge door opened wide at this time., Radon-222
decay products concentrations in the lounge were measured throughout the day.
The effects of the electrostatic precipitator are shown in Figure 8. To avoid

confusion, error bars are not shown on Figure 8 but the full results are given in

Table 27.
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Figure 8 Effect
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Table 27

Effect of electrostatic precipitator on the concentration of

radon-222 decay products in air

Time CN Activity concentration (Bq m™3) mWL
concentration
Polonium—-218 Lead-214 'Bismuth-214

08.15 37.3 £ 5.1 [32.6 * 1.8 23.4 + 2.4 7.86 £ 0.15
09.15 9.3 103 25.8 £ 5.0 |27.3 £ 1,75 | 27.9 £ 2.4 7.27 £ 0.14
10.10 2.0 103 21.3 + 2.7 6.59 + 0.89| 5.08 £ 1,20 |2,01 £ 0.07
11,20 1.0 102 18,1 £ 2.13 | 4.20 + 0.68| 1l.44 * 0.90 1.22 * 0.06
12,15 5.19 101 13.7 +1.82 | 1.96 + 0.54| 1,57 + 0.75 |0.81 * 0.04
13.15 8.0 10! 13.7 £+ 1,68 | 2.18 £ 0.51| 0,417 £ 0.689(0.722 = 0.04
14,15 9.75 10! 10.7 + 1,62 | 1.81 + 0.49| 1.05 + 0.67 |0.651 £ 0,04
15.15 3.72 103 24,9 + 3,2 |1l1.1 £ 1.08 6.96 + 1.44 |2,92 £ 0.089
16,15 5.32 103 17.4 + 3.47 [10.3 £ 1.16 13.2 + 1.58 [3.22 + 0,09




The electrostatic precipitator can be seen to be an effective means of
reducing the radon decay products concentration in a domestic setting, thus
verifying the results found earlier in an environmental chamber(60). However, to
reduce the radon decay products exposure generally it would be necessary to
install an electrostatic precipitator in at least two rooms on each floor. The
electrostatic precipitator, by reducing the aerosol concentration, increases the
proportion of radon-222 decay products in the air that are unattached to
particles and this results in a higher dose to lung tissue for a given WLM
exposure, A second adverse effect of electrostatic precipitators is the
production of ozone, A detailed study of all the effects of electrostatic
precipitators 1s warranted before their use to reduce the radon-222 decay product
concentration is recommended.

Periodic measurements of the radon decay products concentration in outside
air were carried out. In the majority of cases the concentrations were so low
that the uncertainty on the determination of each nuclide concentration exceeded
50% of the calculated value (for polonium—~218 this was often in excess of 100%).
The mWL assessment, however, was subject to a worst-case uncertainty of 17%. The
measurements were made at a height above the ground of approximately 1 m, and
under wmost conditions the decay products at this height will be close to
equilibrium. Table 28 gives the measured values of wWL in outside air and the
corresponding equilibrium equivalent radon—-222 concentration. The results for
days '10, 1l and 12 show the typical feature of high values early in the morning
declining as the day advances. The high mWL value during the afternoons of days
one and two are unusual. That on day one probably results from the still weather
conditions, but on day two the wind was moderate and there had been heavy rain
overnight with intermittent light rain until 15.30., Heavy rain would be expected
to 'washout' radon decay products and reduce the mWL. In all cases the high mWL
value in outside air is reflected by a peak in the measured value indoors.

Measurements of the decay products of radon-220 as well as those of
radon-222 were made from the same air sample on most days. These results are
given in Table 29. There is a tendency for the ratio of the mWL of radon-220 to
that of radon—-222 to increase as the ventilation rate increases in line with the
predictions by Stranden(sg), but no firm conclusions can be drawn as the range of
ventilation rates is small, producing a cluster of values of the ratio for
ventilation rates in the range 0.17—0.33 h7l,

The two higher ventilation rates indicate a higher ratio at 0.42 h™! than at
0.69 h~l., Further measurements are needed to demonstrate a true functional

relationship.
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Table 28

mWL in outside air and equilibrium equivalent radon-222 decay products

concentration
Day Time mWL Equilibrium equivalent
radon-222 councentrationl!
(Bq m™3)

1 15.30 1.42 + 0,062 5.25

2 18.00 1.19 + 0.017 4,40

3 14,00 0.086 + 0.014 0.318
15.00 0.077 + 0.013 0.285
17.00 0.097 + 0.015 0.359

4 13.30 0.114 *+ 0.016 0.422
15.30 0.100 £ 0,015 0.370

5 18.15 0.102 + 0.014 0.377
19.15 0.125 + 0.016 0.463

7 09.15 0.302 + 0.029 1.12
19.15 0.246 + 0,026 0.910

8 18.00 0.224 + 0,026 0.829

9 14,00 0.132 + 0.019 0.488
15.00 0.130 * 0,019 0.481

10 07.45 1.13 + 0,055 4,18
11.00 0.431 + 0,034 1.59
13.45 0.249 + 0.025 0.921

11 10,15 1.34 + 0.061 4,96
11.15 1.38 £ 0.062 S5.11
15.15 0.418 + 0.034 1.55

12 07.30 3.07 £ 0.092 11.4
08.30 2.31 £ 0.094 8.55
09.30 1.82 + 0.071 6.73
11.30 0.637 + 0.043 2.36

13 10.20 | 0.183 + 0.026 0.677

IThe equilibrium equivalent radon-222 concentration is that
concentration of radon-222 in equilibrium with its short-1lived
decay products that would produce the observed WL.

Air samples were taken during this.period with Lucas cells to determine the
radon—222 gas concentration. Unfortunately the councentrations were too low for
meaningful results to be obtained and it was not possible to assess the influence

of plate-out as a mechanism for the removal of decay products from room air.
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6. THE THEORETICAL APPROACH TO THE TRANSPORT OF RADON THROUGH MATERIALS AND
OF RADON DECAY PRODUCTS IN ROOM AIR

The migration of radon 1sotopes through a porous medium has been described
as a three-step process(6l). The steps are:
(i) the radioactive formation and recoil of the newly formed ion from its
parent radium isotope;
(ii) the diffusion of the neutral atom through the interior of a mineral
graing
(1ii) the diffusion and transport of the neutral atom through the pore
space.
Since the diffusion coefficient of a gas in a mineral is of the order of 10727
em? s~ or less, only those atoms which terminate their recoil in a pore space or
very close to the surface of a mineral grain are available for diffusion and
transport through the pore spaces. Thus, only a small fraction of the atoms of
radon formed within a material 1is ultimately released from the surface. This
fraction is termed the emanating fraction or the emanating power and values for
most building materials lie in the range 1—15%, as is shown in Tables 8 and 1l of
Section 4. The exception in Table 8 is phosphogypsum, having mean values of
emanating power exceeding 207%.
It is generally assumed that the migration of radon through walls and soils

(61)

is dominated by the diffusion mechanism. Tanner has suggested that the
influence of transport .is generally obscured by the use of an ‘'effective'
diffusion coefficient and by uncertainties in the values of experimentally
determined diffusion coefficients. Transport effects can be seen, however, in
the variation of the radon exhalation rate with atmospheric pressure(37)(62). It
has been noted that the occurrence of a pressure change results in an inverse

(62)

change in the radon exhalation from soil and from walls. Kraner interpreted
this effect as a short-range displacement of pore gas moving under the influence
of a pressure differential between the atmosphere and the pore gas at depth.

Culot et al(39)

have noted that the wide range of reported values for the
diffusion coefficient of radon in particular materials may reflect ambiguity in
the definition of the effective diffusion coefficient. In comparison to free
diffusion, two factors reduce the flux of a substance across a reference volume
filled by a porous medium:

(a) the cross sectional area through which diffusion can take place is
reduced by a fraction equal to the ratio of the open pore area to the
total cross—-section of the reference area;

(b) the pathway imposed on the diffusion process by the circuitous nature of
the pores is a lengthened one.

The flux of the gas may be expressed as

J = -Ke grad C veoaal(5)
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where J 1is the gas flux per unit area;

Ke the effective diffusion coefficient of the gas
in the porous medium

and C the gas concentration per unit volume of interstitial space.

If the flux is expressed per unit area of open pores, only the lengthening
of the pathway is taken into account and a larger value of the effective
diffusion coefficient, Ke*, will result. If the same flux is expressed per unit
area of porous medium, a lower value, Ke, is obtained. Culot goes on to show
that the diffusion equation resulting from the second definition, Ke, will
necessarily contain an explicit reference to the porosity of the medium and that

the two coefficients are related, thus
Ke = PKe* ceeea(6)

where P is the porosity.
The migration of radon through soil towards the air—earth interface is

(62)

generally represented by the one~dimensional diffusion equation

dc(x) _ Ke d2C(x)

AC(x) + f caeesl7)
dt P
dx?

where C 1is the activity concentration per unit volume pore space
A the radioactive decay constant of radon
f the production of radon per unit volume of interstitial space
and x the distance from the air—earth interface.
The soil may be treated as a semi-infinite medium, so that the boundary
conditions are C - 0 at x = 0 and C, = C at x = ®», The steady-state (dC/dt = 0)

0
solution of equation (7) under these boundary conditions is then

c = ¢, {1 - exp[-(XP/Ke)% x]} ceses(8)

0

and the flux (from equation (5)) 1s given by

J = = KeCO (kP/Ke)% exp['(AP/Ke)% x] veeesl(9)
This solution has been applied to the radon flux from uranium mill
tailings(63) and also to the radon flux from walls (64).

However, a more realistic solution to equation (7) for the diffusion of

radon through walls 1s that developed by Krisiuk et 31(26)

McLaughlin(27). If the central point of the wall is taken as the origin then, by

and by Jonassen and

symmetry, the radon flux 1s equal to zero at x = 0, ie
- Ke — =0 eeeees(10)
X

For diffusion occurring from a wall 2d thick into a room of unity depth at
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the steady state (dC/dt = 0), the flux into the room equals the radioactive
decay

dC

Ke dx lx =d

=C(d) 1 A eeesod(ll)

The steady-state solution of (7) under the boundary conditions (10) and (1l1)

£ cosh (x/lo)
C(x) =T 1 - ) '0-00(12)

has the form

cosh B + (sinh B)/aP

where lo = (Ke/KP)% is the diffusion length

@ = 1/dP the ratio of external to internal air volumes
B = d/l0

and f = CRa (Aon/B),

with CRa the activity concentration of radium in the material
p the density

and n the fraction of radon-222 formed within the material that enters
the pore spaces.,

The flux of radon into the room is then given by

- ﬂ = tanh B8
! e fei, [1 T (tanh B)/(aB)].....(13)
xlx = d

For the case where the external volume 1s considerably greater than the

volume of intra-wall air (ie, a is large), the flux is given by
J = fp lo tanh B eeees(14)

This is a valid approximation for radon diffusion into a well-ventilated
room since the effective external volume i1s substantially higher than the volume
of the room. Thus, for most rooms, the exhalation rate is virtually independent
of the ventilation rate.

If the fraction, of the radon entering the pore spaces that ultimately
escapes from the surface of the material, is g, then (gn) is the emanation
coefficient defined earlier.

The maximum value of J corresponds to the exhalation of all emanating atoms

entering the pores

J = CRaand

max essse(l5)
and thus
J = % tanh 8 ceeea(16)

These solutions have been used to model exhalation rates and radon
concentration in rooms, and to calculate the effective diffusion coefficient for
various materials from measured exhalation rates(26’27’39’59’65). In general,

the results obtained by modelling are in good agreement with measured values.
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The variation of the radon activity concentration in a room with time

2

(assuming instantaneous mixing) is of the form( 6)
dC S . . eeeas(l7)
— = —_ - +
it I3 C,pi-CcOv+ 9

where C is the activity concentration of radon (Bq m'3)

J the exhalation rate of radon from room surfaces (Bq o2 h~l)
S the area of exhaling surfaces (m?)
V  the volume of room (m3)
Cin the activity concentration of radon in the incoming air (Bq m~3)
A the decay constant of radon (h~l)
and i the ventilation or air exchange rate (h'l).

Extra terms may be added to allow for the release of radon from other
sources such as water or natural gas., Radon flux from the soil or fill around
and under the building, as has already been remarked, is often the dominant
source of radon within buildings. In regions with enhanced uranium
mineralisation the contribution of radon from the subjacent soil often exceeds,
by an order of magnitude, that from the fabric of the building.

The solution of (17) is of the form

J(s/v) + Cin j

C = T3 {1 = exp[=(n + 1t]} + Cy exp(=( + )t]  .....(18)

and at equilibrium (t +> =)

IS + ¢y

Ceq = N cesea(19)

For all occupied buildings j >> A and equation (19) reduces to

J(s/V) esesa(20)
Ceq = j_+ Cin

Thus, the radon concentration indoors 1s inversely proportional to the
ventilation rate. Apart from the previously mentioned effect of pressure changes
on the radon exhalation rate, the variations in the radon concentration in a
building are mainly dependent on the variations of the ventilation conditions.
Ventilation rates vary because of meteorological conditions, such as wind and
temperature, and by human activities such as opening or closing windows and
doors. Stranden and Berteig(zs) have shown a linear relationship between wind
speed and ventilation rate, and between the ventilation rate and the temperature
difference between indoor and outdoor air. In the measurements reported in
Section 5.2.5, at one house there was only a marginal relationship between wind
speed and ventilation rate, for 13 days, but this may have resulted from the low
ventilation rates obtaining when all outside doors and windows were closed. In

general, the radon concentration in a building is expected to fall with

increasing wind speed and with increasing temperature gradient.
Radon itself contributes little to the radiation dose to lung tissue(lz) and
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it is the decay products of radon-222 that are of importance. The decay products
of radon-222 are rarely in equilibrium with the parent gas, and the concept of
equilibrium factor has therefore been introduced. The equilibrium factor, F, is
defined as that concentration of radon-222 which, in equilibrium with its short-
lived decay products, would produce the observed WL value, divided by the actual
concentration of radon-222 in the air.

The original definition of the WL was based on 3.7 kBq m™3 (100 pCi 17l) of
radon-222 in equilibrium with its short-lived decay products and this produces
1.278 10° Mev 171 of potential alpha energy. This was then rounded to
1.3 105 Mev 17!, and this now defines the WL. 1.3 105 MeV 1~! would be produced
by 3.763 kBq m~3 (101.7 pCi 171l) of radon—222 in equilibrium with its short—lived
decay products.

Strictly, F, is given by

P . 6200 en(2)
Rn
where C,  is the radon-222 concentration (Bq m~3)
and WL the working level wvalue.
However, by common usage, F 1s usually taken as
F 3700 (WL) evees(22)
C
Rn
or
F 100 (WL ) ceess(23)
1
CRn

where Cén 1s the radon-222 concentration in pCi 17},
For the decay products polonium-218, lead-214 and bismuth-214, the

corresponding equation to (19) is

C = cool0(24)

where 1 = 0 1is radon—-222, { = 1 is polonium-218, { = 2 is lead-214, 1 = 3
is bismuth-214

Ci the activity concentration of nuclide 1
Ci in the activity concentration of nuclide i1 in the incoming air
H
and Ai the decay constant of nuclide i.

These values, when weighted by the contribution per wunit activity
concentration of each nuclide to the WL, can be summed to give the WL (see
Appendix A). The weighting factors are:

2.786 1073 WL per Bq m~3 polonium=-218

1.370 10~™% WL per Bq m~3 lead-214

1.008 10" WL per Bq m™3 bismuth-214.

The equilibrium factor is then readily calculated for a particular ventilation
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rate, eg, F = 0.54 for j =1 h™! if the concentrations of the decay products 1in
the incoming air are assumed to be zero.

However, this 1s only a theoretical value of F based on the assumption that
the decay products are lost from room air solely by radioactive decay and venti-
lation. In practice some of the airborne decay products will be lost from room
air by attachment to surfaces within the room. This removal mechanism 1is
generally termed plate-out. Thus, the radon decay-product concentration in room
air will generally be less than that calculated above. The deposition rate of
freshly formed atoms that have yet to attach themselves to aerosol particles is
much greater than that for atoms attached to aerosol particles. In practice, the
decay product most 1likely to be in the unattached state 1s polonium=-218,
Jacobi(66) has developed a theoretical model which accounts for the effects of
aerosol concentration and the deposition rates of unattached and attached atoms
on the radon decay products concentration. For a room with rough surfaces and a
surface to volume ratio of 2 m~! the plate-out rate constants for unattached and
attached decay products are 70 and 0,7 h~1, respectively., If it is assumed that
all the lead-214 and bismuth-214 atoms are attached to aerosol particles, but a
fraction, a, of polonium~218 is unattached, then the equilibrium factor using the
plate-out rate constants above is given by (assuming that the concentrations of

the decay products in the incoming air are zero)(67)

- 0.103}\A . 0.507XAKB

(hy + 3 +0.7 +69.3a) (A +3 +0.7 +69.3a)(Ap + 0.7 + j)

0.373 KAABK

C
(kA + i+ 0.7 + 69.3a)(kB + j + 0.7)(>\C + 3+ 0.7) eeeee(25)
where %A is the decay constant of polonium-218
the decay constant of lead-214
KC the decay constant of bismuth-214

and j the ventilation rate.

Some measurements of the equilibrium factor have been made during surveys of
radon decay product concentrations in dwellings, but in many instances the
radon-222 gas concentration was too low to obtain adequate precision on the
radon-222 concentration using the Lucas flask method (see Appendix B). Thus,
when taking the ratio of the WL determination to the radon—-222 concentration, the
uncertainty in the calculated value of F 1s unacceptable. Most results would
indicate that the unattached fraction of polonium—-218 is between 0 and 10%. At a
ventilation rate of one air change an hour and with 10% unattached polonium-218,
F becomes 0,28 rather than the 0.54 when plate-out is ignored. Experiments
carried out 1in an environmental chamber have, however, indicated that Jacobi's
model overestimates the removal of radon decay products from room air(68).

Further studies of the plate—out phenomena will be undertaken when more sensitive
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equipment for the measurement of the concentration in air of radon-222 is
available.

The United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR)(69) have suggested that the theoretical value of the equilibrium factor
(eg, F = 0.54 at j = 1) should be multiplied by 0.5 to account for plate-out.
Measurements reported here would definitely indicate that the modifying factor of
0.5 is too small,
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Appendix A
The natural isotopes of radon and some common units of measurements

Before discussing the natural isotopes of radon and their decay products it
may be useful to define some terms commonly used in radiological protection. In
line with other scilentific disciplines, radiological protection has adopted SI
units of wmeasurement, but the use of the new units 1s, as yet, far from
universal. Consequently, much of the modern literature is written using the old,
or traditional units. In the definitions below the old units are referred to as
traditional units.

The activity, A, of an amount of radiocactive nuclide in a particular energy
state at a given time is the quotient of dN by dt, where dN is the expectation
value of the number of spontaneous nuclear transitions from that energy state in

the time interval dt
A = dN/dt cenes (ALl)

The special name for the SI unit 1s the becquerel (Bq) and the basic unit
1s s~!1
1 Bq =1 s7L.
The curie (Ci) is the traditional unit for activity
1 cL = 3.7 1010 71 (exactly); L Bq = 2.7 x 10-1! ci1.
In environmental radioactivity the pCi (10712 1) is commonly used
1 Bq = 27 pCi; 1 pCi = 0.037 Bq.
In terms of activity concentration
1 pci 17} = 37 Bq m~3.

Absorbed dose, D, is the quotient of de by dm, where de is the mean energy

imparted by lonising radiation to matter of mass dm

D = de/dm veees (A2)

The basic unit 1is J kg"1 and the special name for the SI unit of absorbed
dose 1s the gray (Gy)
16y =1J kg™l
The traditional name for the unit of absorbed dose is the rad
1 rad = 1072 J kg™!; 1 gray = 100 rad.
Dose equivalent ?s the quantity obtained by multiplying the absorbed dose

by a factor (dimensioﬁless) to allow for the different effectiveness of the
various i1onising radiations in causing harm to tissue. The factor for gamma
rays, X-rays and beta particles is 1, for neutrons, 10, and for alpha particles,
20.
The special name for the SI unit of dose equivalent is the sievert (Sv)
lSvw=11J kg‘l.
The traditional name for the unit of dose equivalent is the rem

1 Sv = 100 rem.
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Effective dose equivalent is a concept introduced by the International

Commission on Radiological Protection in 1977(1). In the early days of radio-
logical protection the main emphasis was on the detriment accruing to an indivi-
dual who was uniformly irradiatéd from head to foot, but in many instances only a
part of the body 1is irradiated. For the range of dose equivalents normally
encountered in radiological protection the irradiation of a limited part of the
human body 1s less detrimental than uniform whole body irradiation. The
effective dose equivalent, therefore, applies to one or more organs and is the
whole body dose equivalent which would produce the same total detriment to the
individual as 1s produced by the actual dose equivalent received by the specific
organ or organs. For a number of organs, ICRP have produced weighting factors by
which the dose equivalent received by that organ is to be multiplied to give the
effective dose equivalent. For lung the weighting factor is 0.12, and hence 1if
the lung alone receives a dose equivalent of 1 Sv the effective dose equivalent
is 0.12 Sv, implying that the same detriment results from 0.12 Sv received
uniformly by the whole body as does a dose equivalent of 1 Sv to the lungs
alone.

There exists in nature three series of radioactive nuclides that are termed
primordial. For a radionuclide to occur naturally in the earth's crust it must
either have a half-life comparable with, or longer than, the age of the earth, or
it must itself be formed as the result of some other nuclide having the requisite
half-life. Other naturally occurring radionuclides are formed by the interaction
of cosmic rays with elements in the atmosphere, but these are of no concern
here.

The three primordial series are thorium, uranium and actinium, and in the
decay scheme of each series there occurs an isotope of radon. The members of the
respective decay schemes, down to the corresponding radon isotope, are shown in
Tables Al, A2 and A3, respectively.

Table Al

The thorium series

Nuclide Mode of Half-1life
decay (y = year, d = day, h = hour,
Element Isotope s = second)

Thorium | Thorium-232 a 1.39 1010

Radium Radium=-228 B 6.7 vy

Actinium | Actinium-228 B 6.13 h

Thorium Thorium-228 a 1.91 y

Radium Radium-224 a 3.64 d

Radon Radon-220 a 54.5 s
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Table A2

The uranium series

E Nuclide Mode of Half-1life
f decay (y = year, d = day,
Element i Isotope min = minute)
Uranium ! Uranium-238 a 4.50.10° y
Thorium | Thorium-234 B 24.1 4
Protactinium| Protactinium-234 B 1.18 min
Uranium Uranium-234 a 2.5 103 y
Thorium Thorium-230 a 8.0 10 y
Radium Radium-226 a 1.62 103 y
Radon Radon-222 a 3.82 4
Table A3
The actinium series
Nuclide Mode of Half-1life
decay (y = year, d = day,
Element Isotope h = hour, min = minute,
s = second)
Uranium Uranium-235 a 7.1 108 ¢
Thorium Thorium-231 B 25.6 h
Protactinium Protactinium-231 a 3.43 104 y
Actinium Actinium-227 B 22.0 y
Thorium Thorium-227 a 18.17 d
Francium Francium-223 a, B 22.0 min
Radium Radium-223 a 11.68 4
Astatine Astatine-219 a 0.9 min
Radon Radon-219 a 3.92 s

It can be seen from Tables A2 and A3 that the half-1life of uranium-235 is
much shorter than that of uranium-238, and as a consequence, natural uranium at
the present time contains only 0.71% by weight of uranium-235, the remainder
being uranium-238 (with a minute trace of uranium-234). The specific activity of
a radionuclide (the activity in Bq per unit mass of material) {is inversely
proportional to the half-life. In terms of activity, uranium—235 represents
about 4.3% of the activity of natural uranium.

radon-219

For this reason the other members

of the actinium series, including (also known as actinon)and its

descendents, do not pose a radiological hazard in the general environment

because of the low production rate of radon-219 and its short half-life. In
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uranium processing plants, exposure to radon-219 may need to be considered along
with the other 1isotopes of radon. This is then an occupational exposure and 1is
of no concern as an environmental exposure.

In various rocks the activity concentrations of uranium=-238 and thorium-232
are often similar, and so are the solid members of each series down to and
including the radium isotopes. The decay product of radium is the noble gas
radon which, being gaseous, can migrate through pore spaces in soil and rocks and
reach the atmosphere. However, any radon-220 formed at depth will decay before
it reaches the surface because of its short half-1life of 54.5 s. Radon-222, with
a half-life of 3.82 d, can migrate a considerable distance before a significant
proportion has decayed. It is therefore common 1in most environments to find a
higher activity concentration of radon-222 than of radon-220, and for this reason
most studies of human exposure to radon and its decay products have centred on
the 1isotope radon—-222. However, it has recently been shown that population
exposures to the decay products of radon-220 may not be trivial, and the decay
products of both radon~222 and radon-220 are treated here. Both isotopes of

radon decay according to similar schemes, which are shown in Figure Al.

5.68 MeV 218 65.00 MeV 214
222gy 3824 Po 305 m Pb
=\
"\Q‘%@
Ve’
gl

Mode of decay
2p, 7.69 MeV - 210py,
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Half-life .\-«593.\
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Figure A1 The decay schemes of 2:ZORn and zzan
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The decay schemes shown in Figure Al are simplified by omitting those modes
of decay which only occur as a fraction of a percent of the decay series.

As the deleterious effects of the inhalation of radon-222 and its decay
products have been subjected to greater study than the corresponding hazards from
radon-220, radon-222 and its decay products will be considered first. It should
be noted that the decay products of radon-222 (polonium~218, lead-214, bismuth-
214 and polonium~214) have been traditiomally known as RaA, RaB, RaC and RaCl,
respectively, and this nomenclature is still common in the literature.

As was noted in Section 2 of the main report a high excess incidence of lung
cancer was observed among miners in Europe and North America who worked in mines
where the ores had a high uranium content. Although this was first thought to be
attributable to the high radon-222 gas concentrations in these mines it was
conclusively demonstrated in 1951 that the radon-222 gas was relatively innocuous

compared with 1ts short-lived decay products(z).

From Figure Al it can be seen
that the half lives of these nuclides vary from 164 pus for polonium-214 to a
maximum of 26.8 minutes for lead-214. All these decay products of radon-222 are
heavy metals and the freshly formed atoms become attached to aerosol particles
that are inhaled. A fraction of the inhaled decay products will attach to
surfaces 1lining the airways of the lung by diffusion, impaction and
sedimentation. The two polonium isotopes decay by emitting alpha particles which
result in high doses to small volumes of tissue. It is this irradiation of lung
tissue by alpha particles that 1s thought to result in the increased incidence of
lung cancer in miners exposed to radon-222 decay products.

The alpha-emitting decay products of radon-222 are polonium-218, polonium—
214 and polonium-210. Polonium-210 is preceded by lead-210 which has a 22.3 y
half-life and will be cleared from lung before a significant fraction decays.
Thus, from a hazard point of view, the decay products of radon-222 are considered
to end at polonium-214. 1In practice, the very short half-life of polonium-214
results in bismuth-214 appearing to behave as though 1t first emits a beta
particle and shortly afterwards an alpha particle. This means that, 4in
practice, bismuth-~214 can be regarded as a combined beta and alpha-particle
emitter. The short half-life of polonium—214 also ensures there being equal
activity concentrations 1in air of bismuth=214 and polonium-214. Thus in air
sampling, to determine the airborne concentration of the short-lived décay
products, only concentrations of polonium-218, lead-214 and bismuth-214 need be
determined.

At the time that it was first determined that the hazard in radon laden air
was not radon-222, but the short-lived decay products of radon-222 in the air, no
simple rugged equipment existed for determining the relative concentrations in
alr of polonium-218, lead-214 and bismuth-214. However, as it was thought that

the alpha-particle {irradiation of lung tissue would lead to 1lung cancer, an
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indication of the hazard that a particular atmosphere posed might be given by the
potential alpha-energy concentration in ailr. This can be determined with
adequate preclsion by passing a sample of the air of interest through a filter
paper, and at a later time determining the rate at which alpha particles are
released by the dust collected on the filter paper.

At the time of these deliberations it was considered that 100 pCi 1~1 of
radon-222 in equilibrium with its short-lived decay products (that is 100 pci 1~!
each of polonium-218, lead-214, bismuth-214 and polonium—-214) should correspond
to the maximum permitted potential alpha—energy concentration in the air of
uranium mines. This was the origin of the working level (WL) unit, the

derivation of which is given in Table A4(3).

Table A4
The definition of the working level (WL)

Nuclide Alpha- Half- Number of Ultimate Total ultimate
particle life atoms per alpha alpha-particle
energy 100 pCi particle energy
(MeV) per atom (MeV/100 pCi)
(MeV)
Radon-222 5.49 3.82 d 1.77 10%| Excluded None
Polonium-218 6.00 3.05 min| 977 6.00+7.69 0.134 105
Lead-214 0 26.8 min | 8580 7.69 0.660 103
Bismuth-214 0 19.7 min | 6310 7.69 0.485 10°
Polonium-214 7.69 164 ps 0.0008 7.69 0.000 10°
TOTAL 1.279 103
Rounded up to 1.3 10°

Thus, 100 pCi 1! each of polonium-218, lead-214 and bismuth-214 will ulti-
mately be responsible for the release of 1.279 10° MeV of alpha-particle energy,
but to avoid unwarranted precision this value was rounded to 1.3 10% MeV. From
Table A4 it will be seen that a polonium-218 atom will release 6.00 MeV of alpha-
particle energy, when it decays to form a lead-214 atom. This lead-214 atom does
not release any alpha-particle energy when it decays to form a bismuth-214 atom.
The bismuth-214 atom in decaying to form polonium-214 again releases no alpha-
particle energy but when the polonium—214 atom decays it releases 7.69 MeV of
alpha-particle energy. The original polonium—-218 atom is then responsible for
the ultimate release of 6.00 + 7.69 = 13.69 MeV of alpha-particle energy and this
is the contribution each polonium-218 atom in air makes to the WL. Similarly,
each lead-214 and bismuth-214 atom in the air, although not themselves decaying

by alpha-particle emission, will ultimately release 7.69 MeV of alpha-particle
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energy as their subsequent decay products pass through the polonium-214 stage.
Each atom of lead-214 and bismuth-214 in air then contributes 7.69 MeV to the
WL.

The original basis of the WL was 100 pCi 17! and in SI units this becomes
3.7 kBq w™?, and the WL in SI units is defined as any combination of the short-
lived decay products of radon-222 (polonium-218, 1lead-214, bismuth-214 and

3 of air that will result in the ultimate release of

polonium-214) in 1 m
1.3 10% MeV of alpha-particle energy.

Note that, having derived the WL from set equilibrium conditions, the final
definition is independent of the equilibrium conditions; the only constraint
being on the ultimate alpha-particle energy concentration.

Table A5 presents a number of decay product concentrations which all produce

1 wL.

Table A5
A selection of radon—222 decay products equilibrium
conditions that yield 1 WL

Nuclide Activity concentration (kBq m~3)

Polonium-218 3.7 4.81 6.66 9.25 18.5 35.9
Lead-214 3.7 4.57 4.48 4.66 2.47 0
Bismuth-214 3.7 2.22 1.85 0.925 1.48 0

The working level 1s of course nothing more than the potential alpha-
particle energy concentration in the air. A person breathing air of a given WL
will receive a dose to lung tissue which will (for a steady breathing rate)
increase linearly with the length of time spent in that atmosphere. Thus a unit
of cumulative exposure was required, and this was derived in terms of the working
month which was taken as 170 h. An exposure to 1 WL for 170 h produces a
cumulative exposure of one working level month (WLM). Likewise, an exposure to
2 WL for 85 h, or to 0.5 WL for 340 h, also results in a cumulative =xposure of
1 WLM.

In 1967 the maximum permissible annual exposure to radon-222 decay products
in US mines was set at 12 WLM, but in 1969 this was reduced to 4 WLM(A). In 1978
ICRP recommended a limit of 5 WLM(S). The ICRP recommendation, however, takes
into account the additivity of all effective dose equivalents. They have con-
cluded that for workers, 1 WLM corresponds to an effective dose equivalent of 10
mSv. Since the total of all effective dose equivalents must not exceed 50 mSv in

a year and the gamma dose received in many mines approaches 10 mSv in a year,
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this would, in most Instances, limit the permitted exposure to radon-222 decay
products to 40 mSv or 4 WLM.

For exposures to radon-222 decay products 1in the general environment it
should be apparent that the dose to lung tissue from a given exposure in WLM will
be different from that applying in the mining situation, principally because
breathing rates will be quite different. The relationship between the deposition
of the decay products of radon-222 in lung and breathing rate are not simple.
Generally, the lower the breathing rate the lower the dose rate to lung tissue
when inhaling a given radon-222 laden atmosphere. For this and other reasons the
conversion factor from WLM to effective dose equivalent for environmental
exposures Iin favour in the UK at this time is 1 WLM = 5 mSv effective dose
equivalent(6). .

The WL was specifically introduced to aid in assessing the hazard posed by
inhaling an atmosphere containing the decay products of radon-222. However in
some industries, including wining, materials rich in thorium—-232 are handled;
one such industry 1s the manufacture of gas mantles. In these circumstances
workers can be exposed to high concentrations of radon-220 and its decay
products. The WLM concept was In consequence extended for use in measuring
exposure to the decay products of radon-220, but this move did not go
unchallenged(7). There are similarities in the decay schemes of radon-222 and
radon-220 in that both chains contain polonium isotopes that emit alpha
particles, but there are significant differences.

With the half-life of radon-222 being much greater than that of any of 1its
first four decay products, these decay products are rarely very far from
equilibrium with the parent gas. Under these circumstances nearly all the dose
to lung tissue arises from the inhalation of the decay products of radon-222.
Radon-220 has a half-life of 54.5 s and that of its first decay product polonium-
216 a half-1ife of only 0.16 s. At any distance from a source of radon-220 the
radon-220 and polonium-216 will have decayed, and the hazard arises from the
inhalation of 1lead-212 and bismuth-212. Close to thorium ore bodies the
concentrations of radon-220 and polonium-216 may be much higher (a factor of 100)
than that of lead-212. 1In this case the most significant source of dose to lung
tissue may be the radon-220 and polonium—~216 rather than the later members of the
decay scheme, lead-212 and bismuth-212. It was stated when discussing the origin
of the WL that essentially, as the decay products of radon-222 had half lives
less than 26.8 minutes, all these nuclides deposited in lung would decay there.
In the case of lead-212, with a 10.64 h half-life, a substantial fractiom of that
deposited will be removed from lung by biological mechanisms. This results in
the dose to lung tissue from an exposure of 1 WLM to the decay products of radon-
220 being less than the corresponding dose from exposure of 1 WLM to the decay
products of radon-222. However, lead-212 removed biologically from lung is moved

to other body sites, and hence 1 WLM exposure to the decay products of radon-220
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implies radiation doses, that are not negligible, to organs other than lung.
Taking all these factors into account, ICRP(B) have stated that for workers the
conversion factor from WLM, from radon-220 decay products, to effective dose
equivalent should be one third that applicable to a WLM exposure to the decay
products of radon-222. No other study has considered the conversion factor
applicable to radon-220 decay product exposures in the general environment.
However, there seems no sound reason to suppose that the factor of three
suggested by ICRP for workers should be any different for exposures in the
general environment. The appropriate relationship between a WLM exposure to the
decay products of radon-220 (lead-212 and bismuth-212) and effective dose
equivalent is then 1 WLM = 2 mSv, bearing in mind that ICRP does not consider
that the basis of these conversion factors warrants more than one significant
figure.

The activity concentrations of lead-212 and bismuth-212 to produce 1 WL are
considerably smaller than for the decay products of radon-222. The derivation of
the corresponding activity concentrations of 1lead-212 and bismuth-212 is
approached in a similar wmanner to that outlined in Table A4, except that the
starting point for the WL of radon-222 decay products was a given coancentration
of the decay products followed by a calculation of the potential alpha-particle
energy. For the decay products of radon-220 the definition of the WL is taken as
being the activity concentration necessary to produce a potential alpha-particle
energy concentration of 1.3 10% MeV in 1 m3 of air. Matters are slightly more
complicated by the branching decay scheme for the routes taken from bismuth-212
to lead-208. In the Eotal transition from bismuth-212 to polonium-208, 34% of
the alpha particles emitted have an energy of 6.06 MeV and 66% an energy of 8.78
MeV. Thus, on average, the decay of a bismuth-212 atom will release 7.86 MeV of
alpha-particle energy. Likewlse, for each lead-212 atom that decays 1t too will
release 7.86 MeV of alpha-particle energy when it passes through the bismuth-212
decay stage.

One Bq of lead-212 contains 55261 atoms and 1 Bq of bismuth-212 contains
5246 atoms. Hence, 1 Bq each of lead-212 and bismuth-212 contains 60507 atoms,
each of which will ultimately release 7.86 MeV of alpha-particle energy, or a’
total of 4.76 10° MeV of potential alpha-particle energy.

Thus the number of Bq each of lead-212 and bismuth=-212 in 1 m? of air to
produce 1 WL is 273 Bq m™3, or 7.39 pCi 1-1L.
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AEEendix B

Measurement Techniques

1. DETERMINATION OF THE RADIONUCLIDE CONTENT OF MATERIALS

Naturally occurring radionuclides which are present in building materials
and act as sources of exposure of the general public are thorium-232, radium—-226
and their decay products, and potassium-40. Of all natural potassium, 0.012% is
represented by the radioactive 1isotope potassium—40 which decays by emitting
gamma rays. In principle, the potassium—40 content of a building material can be
ascertained if the total potassium content 1s determined. It is more usual to
determine the potassium—-40 content by gamma—fay spectrometry at the same time
that the thorium—-232 and radium—226 content 1{s determined. The method employed
to determine the radium=226 and thorium—232 content 1is to grind the material to a
size that ensures homogeneity in a specimen of approximately 900 cc. The
specimen 1is then sealed in an air-tight container. When few specimens are to be
handled, specially designed brass containers of regular geometry are used, but
these containers are few in number and, as each specimen has to be stored in such
a container for approximately 5 weeks before the measurement is carried out, a
standard Kilner jar was used.

The reason for sealing the specimen 1s that the gamma rays detected are
those from the decay products of radium-226 and thorium-232, including the
nuclides beyond the respective radon isotopes. 1In the free state in which some
of the radon isotopes are permitted to escape from the specimen, gamma-ray
spectrometry would indicate a lower content of thorium-232 and radium=226 than
the true value because only a fraction of the gamma-emitting nuclides are
retained in the specimen. If a specimen 1is hermetically sealed in a container
and left for about 5 weeks or longer no radon will escape, and radon and its
short-lived decay products will be in equilibrium with the parent radium.

Standard radioactive sources are made up, contalning precisely known
activities of radium-226 and thorium-232, and the standard source containers are
of similar geometry to that of the specimen container. A gamma-ray spectrum from
each standard source 1s recorded and stored by computer. The specimen container
containing the crushed material is then placed in the gamma-ray spectrometer and
the spectrum that 1is obtained 1is compared with that obtained from the standard
sources; Using a regression technique to compare the spectra, the activity of
radium=226 and thorium-232 1s determined. The potassium-40 content of a material
can also be measured by this form of gamma-ray spectrometry. Unfortunately the
Kilner jars used as storage containers had variable potassium contents in the
glass, and hence the potassium—-40 assessments could not be interpreted.

The limits of detection of the spectrometry method are approximately 1 Bq
for radium-226 and thorium-232, and 5 Bq for potassium—40 1f the correct

container {is used.
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A more sensitive technique for radium—-226 involves the total dissolution of
part of the specimen. Subsequent chemical extraction of the radium-226 and
alpha-particle counting of radon-222 in equilibrium with radium-226 provides a
measurement technique sensitive to levels of 4.10°% Bq. Thorium=-232 can be
determined by ion exchange of the dissolved specimen and subsequent electro-
plating and alpha-particle counting. This method is sensitive to 4.1073 Bq.
These latter methods have been used for a small number of specimens and agreement
with results from spectrometry are good. However, the chemical methods are more
time consuming than gamma-ray spectrometry and require the attention of skilled
personnel.

2. THE DETERMINATION OF THE RATE OF EMANATION OF RADON-222 FROM MATERIALS

For many years the emanation rate of radon-222 from a material was
determined by sealing the specimen Iinto an airtight container of known volume.
The specimen was left in the container for about 5 weeks. After this period had
elapsed the rate of formation of radon-222 in the air space of the container
would be equal to the rate of radioactive decay of the radon-222 in the
contalner. The system 1is saild to be in equilibrium and the concentration of
radon in the container air 1s constant. By assessing the radon concentration in
a small volume of the container air the rate of production of radon-222 by the
specimen can be calculated.

(1) that this method will produce a substantial

However, it was pointed out
underestimate of the rate of emanation of radon-222 from the specimen surfaces
when the specimen 1s emanating to alr of zero or low radon—222 concentration.
This effect was termed the 'back diffusion' effect and is a consequence of
Fick's Law. For a material such as brick the release of radon-222 from the sur-—
face 1is the result, in part at least, of diffusion of radon-222 from the high
concentration in the pore spaces near the centre of the brick to the low concent-
ration in the air surrounding the brick. The rate of diffusion is proportional
to the concentration gradient of radon-222. When the specimen is sealed in a
container the concentration of radon-222 in the air surrounding the brick will
increase and hence the rate of diffusion will decrease.

It is not essentlal that the measurement of radon-222 emanation from speci-
mens should be attempted while the specimen 1s surrounded by radon-free air as
this is a situation seldom met in practice. An adequate measure of the radon-222
emanation rate can be determined from a series of measurements of the concent-
ration of radon-222 in the ailr surrounding the specimen before the radon-222
concentration in that air becomes high enough to seriously retard the emanation.

Figure Bl displays the system used 1in this report to determine the
exhalation rate of radon-222 from building materials. The specimen is supported
in a rectangular air-tight container. The container is fitted with a small car-
bon-vane air pump, the power leads of which are brought out through the sides of

the container and sealing compound applied to make sure that there is no air leak
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Figure B1 Container - Lucas flask arrangement for radon
emanation studies from building materials

around these leads. At opposing ends of the container are inlet and exit tubes
connected to self-closing vacuum connectors. The 1id of the container is screwed
firmly to the body, with an intervening gasket liberally coated in vacuum grease.
Immediately the specimen is sealed in the container, the container 1is flushed
through with air from a compressed air cylinder that has been stored for at least
5 weeks. Alr from such a container is free of radon-222 as any that was present
when the cylinder was filled will have decayed by the time of its use.

Approximately 10 h after the container is flushed with radon-free air a 160
ml Lucas scintillation flask is connected to the container by means of the vacuum
connectors. The flask 1s also filled with aged air. The pump within the
container is activated and air passes from the container through the
scintillation flask and back to the container. The pump is operated long enough
to ensure that the air in the container and the scintillation flask is of uniform
radon-222 concentration. The pump 1s then stopped and the scintillation flask
disconnected.

The scintillation £flask comprises a cylindrical body, with a top-plate
containing two self-closing vacuum connectors (female) and a transparent window
at the bottom. The metallic inmer surfaces of the cell are coated with zinc
sulphide scintillation material. After admitting air containing radon-222 to the
flask the short-lived decay products of radon-222 will be formed and after about
3 h they will be in equilibrium with the parent radon-222. At equilibrium there
will be three alpha particles emitted within the flask for each radon-222 atom

that decays. The flask 1is placed in an apparatus such that {its transparent
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window 1is in close proximity to the photocathode of a photomultiplier tube. The
number of alpha-particles released within the flask for a given period can then
be recorded. To achieve maximum sensitivity a long counting period, usually in
excess of nine h, is used. '

At further times of approximately 24, 36 and 48 h after the contalner is
sealed and flushed with aged air, further samples of the enclosed air are taken
with the Lucas flask. The same flask 1s used for each measurement as this
obviates the need to make corrections for the dilution of the container air at
the sampling time. When the Lucas flask 1Is connected to the container, the pump
within the container is operated to mix the air and circulate it through the
flask. The flask is disconnected and placed in the counting apparatus. At the
time of the sample the radon concentration in the container and in the flask are
similar, and it would decay at the same rate 1f the container did not contain a
source of radon. During the counting period, while the flask is not connected to
the contalner, the radon concentration in the container rises more than it would
if the flask were attached. As the flask volume 13 less than 10% of the free
volume 1in the container no significant reduction 1in emanation rate is
experienced. When the flask 1s connected to the container for the next sample,
the concentration of radon in the flask and container will, essentially, be the
same, as if the flask had been permanently connected to the container.

From the measurements outlined above, the concentration of radon—-222 in the
container alr at the sampling times 1s obtained. For each measurement there 1is
an uncertainty due to the random nature of radioactive decay. This uncertainty
is often referred being to as due to counting statistics and is always highest on
the determination at the first sampling time because the lowest concentration is
then being measured. As the concentrations measured are likely to be low it is
essential to use a flask that has a low inherent background counting rate and
that the background counting rate 1s determined over as long a period as is
practical:

When a flask 1is counted the integrated count, CT’ (from T) to T, after the

sample) 1s recorded and comprises two components

C.,= CR + CB

T vev..(Bl)

where CR is the count due to radon in the flask

and CB is the count due to the background count rate of the flask.

- ver.(B2)
%

>l o
o

) [exp (-kRTl) - exp (-KR TZ)]
where KR is the decay constant of radon-222, 0.00755 h-!
© the count rate (h"l) due to radon-222 in the flask at the

o
sampling time (T = 0)
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and B is the background count rate (h~1) of the flask and is
determined over N h.
The total background count recorded in N hours is NB counts. Assuming NB to
%

be a Poisson variate the standard deviation 1s (NB)?. The standard deviation on

the background count rate 1is then

L i
(NB)*/N = (B/N)® eee.(B3)
Let
%k [exp (-KR Tl) - exp (-KR TZ)] =K ceesa(BG)
Then
C (T, - T,)B
C. =% - : = (counts/h™1) s+ (B5)

o K K

The standard deviation on Co (assuming Poisson statistics are valid) is then

3
% % ¥ [CT" (Ty - TI)Z%] veera(B6)
For a typical low—activity air sample taken 10 h after sealing:

B = 20 n7!

N = 72 h

T, = 2

T, = 13.5

CT = 500.
Then C0 = 24.9 counts h~! and S° = 2.l4 counts h'l, or in this case a

coefficient of variation of 8.5%Z. This is a typical result from a clay brick
with a sample taken 10 h after sealing. The coefficient of variation improves as
later samples are taken and the concentration being determined is higher. The
count rate, Co’ is directly proportional to the radon—222 concentration in the
flask at the time of taking the air sample.

Assuming the radon-222 emanation rate from the specimen into the container
air is at a constant rate (which will be essentially true providing the specimen
has not been sealed into the container for a period muich in excess of the half-
life of radon-222), then the count rate from the flask as a function of the

sampling time, t, is

G, = Cg [lexp(=age)] vene (B7)

Cs is the steady-state, or equilibrium, count rate which Co approaches
asymptotically for large t (Co = 0.995 CS at t = 700 h).

Because of statistical  wuncertainties associated with counting
disintegrations from radioactive material, which depend upon both the activity of
the source and the period over which measurements take place, the measurements of
radon-222 concentration taken during the measurement of a building material do

not have equal coefficilents of variation. The four values of radon concentration
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are fitted to the function given in (B7) by a weighted least-squares regression

to give
C —awn( - t
oi[l exp( KR i)]

SZ
oi

C = «ses4(B8)
[l-2exp(—KRti)—exp(—ZKRti)]

B~

)
i s2
ol

In equation (B8) the determination of Co and S0 for sampling time ti is
represented by COi and Soi'

A typical example for a specimen of clay brick is given in Table Bl. For
each sampling time, t, the count rate, Co’ and standard deviation So are calcu-
lated from equations (B2) and (B6), respectively. These are the values shown 1n
columns five and six. The equilibrium counts h'l, CS, 1s then found using the
four individual measurements and substituting in equation (B8). In this case CS
is 442 counts h~™l. This value 1s then used in equation (B7) to produce the

values in column seven of Table Bl.

Table Bl

Growth of radon=222 concentration in a container containing

a clay brick

Time, t, of Flask counted Gross Count rate Co' count rate
air sample count |at, t (counts h~}) at t from
(h) From To equation (B7)
() | (W c, S,
9.92 11,92 | 23.42 568 35.4 1.92 32.0
23.5 25.5 33.5 623 64.7 3.09 72.1
33.9 35.9 47 .4 1273 100 3.11 100
44,7 46.7 51.2 653 133 5.77 127

The scintillation flask used in the above weasurements had a background
counting rate of 16 counts h~! determined over 16 h.

The experimental results for two bricks of differing radon—-222 emanation
rates are shown in Figure B2. In Figure B2 the solid lines represent the
theoretical growth curves given by equation (B7) and the experimental points are
shown with error bars which represent one standard deviation due to counting
statistics only.

As the counts recorded by the Lucas flask method are derived from the parent
radon and its decay products the counts are not independent and simple Poisson

statistics do not apply. In this case the variance of C observed counts is not
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Figure B2 Growth curves for Northcot multi-clay brick and SL20
sand and lime brick

C, but JC(Z). Where J is a complex function of the efficiency of the Lucas

flask, the time delay between filling the flask and starting the alpha count and
the duration of the alpha count.
In equation (B6), CT can be written as
= - +
CT CT CB CB
where CT - CB is CR from equation (Bl).
The varilance of CR is JC
JCR = JCT - JCB

The variance of CT is then

- +
JCT JCB CB
and this can be reinserted in (B6) to give

|-

[(JCT+ (1-3) (T, = T,) B + (T, - T,)2 %]’f veren(B9)

For J = 1, equations (B6) and (B8) are identical, and in the application
used here the disregarding of the J factor makes 1little difference to the
results, as is shown in Table B2, This table reproduces the basic data of Table
Bl, but introduces the J factors., Each counting regime has been allotted a J

value which, while not precise, is of the right order.
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Table B2

Growth of radon-222 concentration in a container containing a

clay brick taking account the appropriate J factors

Time, t, of Flask counted Gross J Count rate at t cl
air sample From To count Co So

(h) (h) (h)

9.92 11,92 23.42 568 2.2 35.4 3.14 ‘ 31.9
23.5 25.5 33.5 623 1.7 64,7 4,20 71.8,
33.9 35.9 47 .4 1273 | 2.7 | 100 5.26 | 99.8
44,7 46.7 51.2 653 1.4 133 6.91 |127 f

As can be seen from the final columns of Tables Bl and B2, little difference
is obtained when the more correct statistics are applied. In this case the
value of 442 counts h~l for CS derived from Table B2 is the same (correct to
three significant figures) as that from Table Bl. Other examples have been
investigated and the largest difference in CS values between the two methods was
just under 2%. These results are expected in this application as, by either
method (with or without J), the smaller coefficients of variation are obtained
for the measurements at the later times.

3. DETERMINATION OF THE CONCENTRATION OF THE DECAY PRODUCTS OF RADON BY AIR

SAMPLING AND THE CALCUALTION OF RADON PRODUCTION RATES AND NORMALISED

VALUES

3.1 Determination of the concentration in air of the decay products of
radon-222

A number of methods have been devised for assessing the concentration of the

decay products of radon-222 in air by passing a sample of the air of interest
through a filter paper and then analysing the decay of deposited nuclides on the
filter paper after sampling has been completed. If the air contains the decay
products of radon-222 only, or if the decay products of radon-220 present in air
are at a very low concentration compared with those of radon-222, then three
integrated gross alpha counts have to be taken after sampling to determine the
concentrations of polonium—-218, lead-214 and bismuth-214, A common procedure
(devised by Thomas) is to take an alr sample at constant flow rate through the
filter paper from O—5 minutes, and then carry out gross alpha counting of the
material deposited on the filter paper for periods from 710, 11—26 and 27—35
minutes to give counts Cl’ C2 and Ca, respectively. The three counts obtained
are substituted in three equations, one each for polonium—218, lead-214 and
bismuth—214(3). As the WL value in air is a linear combination of the decay
product concentrations, an equation can also be found, that can be solved by the
use of Cl’ c, and C5, to give the WL directly. If the only interest is in deter-
mining the WL value then any sample and counting regime will suffice, and

adequate precision can be obtained by the use of one count only, provided a 40
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(4)

minute delay, at least, is allowed between the end of the sample and the start
of the count.

If the individual decay product concentrations are required then the samp-
ling time and the ensuing counting periods have to be chosen with care. However,
with all sampling schemes where gross alpha counting takes place only after the
termination of sampling, the uncertainty in the determination of polonium-218
concentration is large. This is due to the short half-life of polonium-218 (3.05
minutes), and in the case of Thomas's method 62% of the polonium—218 deposited on
the filter paper will have decayed before the first gross alpha count is
started.

To overcome this problem, an instrument was designed that permitted gross
alpha counting as' sampling was taking place, as well as for periods after
sampling had ceased(s). This instrument was originally designed for use in
mines, using a model of the mine atmosphere that permitted only two counts to be
taken. The first count to take place during sampling and the second count for a
similar period after sampling. From the ratio of the counts, computed tables
can be consulted which provide factors relating the first count to the
polonium-218 concentration and the second count to the WL. This instrument and
later versions of it were used to determine the concentration of the decay
products of radon—222 in the general environment. Instead of relying on a model
of the atmosphere the first count was taken during sampling, and two further

counts were taken after sampling had ceased(6’7).

In general, the procedure is
to count while sampling from 0 to Tl minutes. Sampling stops at T, and then
counts are made from T1 + 1 to T2 minutes and from T2 + 1 to T; minutes, this can
be denoted by I (Tl’ T,, T;). The most usual regime is I (15, 36, 57), ie sample
and count from O to 15 minutes, count from 16 to 36 minutes and from 37 to 57
minutes to provide counts Cl’ C2 and C3, respectively. Table B3 demonstrates the
advantages of counting while sampling in order to obtain a low uncertainty on the
polonium—218 assessment., In this table the atmosphere considered contains 3.7
Table B3

Uncertainty in assessing polonium-218, lead-214, bismuth-214

concentrations and WL when the concentration in air is 3.7 kBq n~3 each of
1

polonium-218, lead-214 and bismuth-214, the sampling flow rate is 10 L min~

and the alpha counting efficiency is 0.2

Thomas Uncertainty (one SD) using I (Tl’ T,, T3)

I (5, 25, 35) I (10, 26, 35) I (15, 36, 57)
Polonium—-218| 11.8% 5.0% 4,47 3.0%
Lead-214 3.7% 3.2% 2.9% 1.0%
Bismuth-214 3.9% 2.8% 2.5% 1.4%
WL 1.4% 1.1% 1.0% 0.37%
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kBq m~3 each of polonium-218, lead-214 and bismuth=214. The sampling flow rate
is 10 1 min~! and the counting efficiency 1is 0.2. The uncertainty on the
assessment of each parameter is given for the Thomas method, and for two
procedures of L (Tl’ Ty, T3) which have the same overall measurement time as the
Thomas method (35 minutes): the first also has the same sampling time of 5
minutes. Finally the figures achievable with the currently used regime, I (15,
36, 57), are given.

In practice, a larger pump which permits sampling at about 40 1 min~! 1is
used for environmental monitoring and the uncertainties are further reduced, as
the uncertainty is inversely proportional to the square root of the flow rate.

The latest versions of the instruments for measuring the concentration of
radon decay products are fully automatic for the decay products of radon-222, and
with the minimum of operator intervention will extend the number of alpha counts
recorded can be extended from three to five or six, thus permitting the
assessment of the concentrations of the decay products of radon-220 as well(s).

3.2 Measurement of the radon—-222 production rate

The measurement of polonium—218 concentration in indoor air and in the open
air is used to estimate the rate of production of radon-222 in the room being
studied.

In gemneral,

dQR

L veees(B10)
T - BTNy T IR I

where QR is the concentration (atoms m 3) of radon-222 in room air
k the radon-222 production rate of the room in atoms m™> of room air
h-!l
j is the ventilation rate (h~l) with air exchange solely between the
room and the outside air
Qé be the concentration (atoms m~3) of radon=-222 in outside air
and KR the decay constant of radon—-222 (h~1l).
In the steady state dQR/dt = 0 and

= - ipl
k= g+ 1) - 10 eeeao(BLI)
However, in all practical cases j >> KR and
= i - 1
k = QJ = 3% eeeee(B12)

The radon-222 production rate could be determined from equation (Bl2), but
in practice it is more convenient to measure the concentration of polonium—~218
than that of radon-222.

For polonium-218 the corresponding equation to (BlO) is

dQ

— = - - q sl
It xRQR KAQA o, *3Qy esses(Bl3)

b
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where KA is the decay constant of polonium-218 (h~1)
QA the concentration (atoms m'3) of polonium-218 in room air
and Qi the concentration (atoms m‘3) of polonium-218 in outside air.
In the steady state dQA/dt = 0, and from (Bl2)
snl
+
Q =ﬂ
R ]
Hence
Ak + A Ql
R R'R _ Al o
= b 2 1 - LI I B )
A= 30,(h, + 9) = 3200 - A0 (B14)
In outside air close to the ground polonium-218 will be in equilibrium with
radon-222 and
1 - 1
kRQR kAQA
= § - 201 - 1
gk = 3,0, + 1) - 3% - ek

. 2y ol i 1
JQAAA(RA + 1) 38 ,Q4 JKAXAQA
Agk = = + — = g «ees.(B15)
A A A

but* KAQA is the concentration of polonium~218 in indoor air (Bq m‘a), CI’
and kAQi is the councentration of polonium-218 in outdoor air (Bq m'3), c

0’
KRk is the radon-222 production rate K (Bq m~3 h~l)
2
JCI (KA + D ] CO
k= X - X T ¥
A A
K=3(+ j/xA) (C; = ¢y eeeso(B16)

or for A, = 13.64 h-l

K= 3 (1 +0.07333) (¢, - C veee.(B17)

0’

Thus, by measuring the concentration of polonium-218 in indoor air and in
the air outside, together with the ventilation rate, equation (Bl7) is used to
effect an estimate of the radon production rate. From a knowledge of the radon—
222 production rate the actual concentration of radon—222 and its decay products
{n room air at any given ventilation rate can be predicted. The above analysis
assumes that the decay products of radon-222 are removed from room air solely by
radioactive decay and ventilation to the outside air. In practice some decay
products are removed from room air by plate-out to room surfaces. Plate-out can

be taken into account in the above analysis by adding an additional loss term to

*As A, and A, are in units h~! the true conversion from atoms o3 to Bq o3
should be (KAQA)/36OO, but as the factor 1/3600 is a scaling factor appearing on
both sides of equation (B-16) it has been omitted for clarity.
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equation (Bl3) that accounts for plate-out removal of polonium-218 from room
air.
Equation (B13) then becomes

dQ
A - - - 1
T - )\RQR KAQA )\.PQA jQA + jQA «s+..(B18)

where KP is the removal-rate constant for the plate—out mechanism.

Equation (Bl7) then becomes

K= 3 (1 +0.07333j) (CI - CO) + 0.0733 j}\PCI eeees(B19)
Unfortunately AP is difficult to quantify, as plate-out removal constants are
vastly different for the attached and unattached poloniuwm-218, and the fraction
unattached depends on the particular location being investigated. Methods of
measuring plate-out rate constants are being investigated to enable
representative values to be determined.

3.3 Normalised WL values

Let a room have a source term of k atoms m~3 s~! of radon-222, then for
radon-222
%
dt

where kR is the decay constant of radon-222 (s'l)

= - - 1
k = ApQp - 1Qp + Q)

and j the ventilation rate (s'l).
In the steady state dQR/dt = 0 and

= 1
G (g + 3 =k + Jo}

but for all practical ventilation rates j >> KR and

=X 1
R=35*% (B20)

For polonium-218

L - AQ, - 3, + 30}

dt R*R ATA A A
where hA is the decay constant of polonium-218 (s~!).

In the steady state
KRk
Q (hy + ) = -+ + Q)
Mk M% I

. cev..(B21)
W T T O

For lead-214
—— = - - 3 ].
dc MaQy T AgQp ~ 305 * J0g

where QB is the concentration (atoms m‘3) of lead-214 in room air
XB the decay constant of lead-214 (s'l)
and Qé the concentration (atoms m'3) of lead-214 in outside air.

- 94 -



In the steady state
1 1
Q (. + §) = xAka + XAARQR a jKAQA + 4Q
BB Y TS T TG T O T e

1 1 ol
g, a Margle MM %R B MaQy n N (B22)
BT I FDOG) T AN OGH) T GO | O

For bismuth-214
dQC )
at. = M% T AcQ T Qe+ I
where QC'is the concentration (atoms m'a) of bismuth-214 in room air

KC the decay constant of bismﬁth-214 (s’l)

and Qé the concentrations (atoms m'3) of bismuth-214 in outside air.

In the steady state

1 1
LB = MargrRk MR INAgQ
¢ o O T R0 T T ()
Mg
‘ol
+ TG D) + Qg
1
N Mghgk ngal

Yo T TIOFADGAD T T D O
1 1 1
KAABKRQR jk&kBQA jQC

+ + +
N OGFDRFD ~ DO D+ T # )

ee0e.(B23)

XRk is the radon=-222 source term S0 (Bq w3 s'l) and the activity
concentrations (Bq m~3) are given by
Ca = MaQp» Cg = AgQy and Cp = X.Q,
where CA is the concentration (Bq m‘3) of polonium—-218 in room air
CB the concentration (Bq m'3) of lead-214 in room air
and CC the concentration (Bq mf3) of bismuth-214 in room air.

Similarly, the activity concentrations in the open air are given by
l = 1 1l & 1 1 o 1
CA KAQ ) CB KBQB and Cc KCQC
where Ci is the concentration (Bq m~3) of polonium~218 in outside air
Cé the concentration (Bq m'a) of lead-214 in outside air
" and Cé the concentration (Bq m~3) of bismuth-214 in outside air.
From (B21)
1 1
. 4o A S S (B24)
ATIO T O T L e

c

where C; 1s the councentration (Bq m‘3) of radon-22 in outside air.
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From (B22)

1 ) 1 i~l
o - M %o atsCr L\ . vevr.(B25)
87 T, D055 T m0SD T TG T O
From (B23)
1
. N MgheS, . A AgheCl
¢ T FNOGDOF) T T D OghD)
A Al jr.cl jcl
+ B CA + <8 it vee..(B26)
AOFDOF T T aAn T D

If in the open air the decay products of radon-222 are in equilibrium with
the parent, then

l =¢l =¢1l = ¢l
c c c CC

R % =0
1 1
L NS MG R
AT I T T
\.S
_ M . veen(B27)
€a s Ty T G
1 o ol 1
e - __a's% P 5 T . %
3T 00, o Fumogm T
A S
- ABO 1
Gy oy * G .e..(B28)
_ 1
oo N Ngh oSy .
¢ T IEIOGOFD T IO O
1 1 1
L S L 5%
TN OO TG R
¢ - MM eo 4ol v (B29)
¢ T IO T %

The working level (WL) 1s a 1linear combination of the activity
concentrations of polonium=-218, lead-214 and bismuth-214 weighted according to
the potential energy contribution per wunit activity concentration of each
nuclide

WL = K, C, +K C_+K,C

A A "B B c ~c vvee.(B30)

where KA’ KB and K, are the weighting factors.

c
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Thus

WL = Eata%e_ + kel o+ “5"a"8% + kCl
J(A,+3) A”A FON,F3) Chg+3) K¢
KrarsreSo . gl
FONFI OGHF ) (A +]) crC
i 5 Kala N Kghals . Krarshc ]
J(A+3) A+ (Ag+i) JOFD OGFD O+

+xcl o+ L+ kel
Kye Kglp + K€ veee (B31)

However, KACA + KBCé + K Cl is simply the WL value in the open air, WLO.

The above derivation has been performed using seconds as the unit of time.
This preserves the strict relationship for the conversion from atoms m™° to
Bq m~3 (C = AQ), but any consistent set of units may be used and it is more usual
to have ventilation rate in units h™!, where the following can be substituted in
equation (B31).

K, = 2.786 1075 WL (Bq w~3)~! for polonium-218

KB = 1,370 107" WL (Bq m~3)~! for lead-214

K, = 1.008 10™% WL (Bq mw~3)~! for bismuth-214
KA
KB
KC

= 13,64 h~!l
= 1.551 h”1
= 2,111 h~!
to give, with SI now the radon-222 source term in Bq m™3 h~1,
- -3 0.3800 2.899
L 0= 8y [ J(13.66%7) T J(13.66%)(L.5510)
4.502
* j(13.64+j)(1.551+j>(2.111+j)]'+ WLy veve.(B32)

It 1is possible to normalise a WL value in indoor air measured at ventilation
rate j(h'l) to that which would occur at some other ventilation rate. For
convenlence, normalisation to the value occurring at one air change per hour is

often used. The value of WL at one air change per hour, WL is found by simply

N’
substituting 1.0 for j in equation (B32).

This yields

= -4
WLN 1.423 10 SI + WLO eee..(B33)

Then from equation (B32) and (B33)

][ F (13,6443 )(1.551+7)(2,111+§)

2.670(1.551+j)(2.11i+j)+20.37(2.111+j)+31.64]+ WLy «..(B34)

ity i
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4. PASSIVE RADON DETECTORS

Many dieletric materials suffer sub-microscopic damage when struck by alpha-

particles or other heavy charged particles. Suitable treatment can enlarge the
damage tracks to a size whereby they may be seen under a lower power microscope.
A variety of such materials have been used to measure the concentration of

radon—-222 in alr. Some materials that have been used for this purpose are poly-

carbonate(g), forms of cellulose nitrate, such as LR-115 and CA—BO-IS(IO), and

allyl diglycol carbonate (CR-39), which is the material used in the measurements
11

reported here( ).

When an alpha particle 1impinges upon a thin sheet of CR-39 the alpha
particle penetrates a short distance before being stopped. Chemical bonds along
the path of the alpha particle in the dielectric are disrupted but there is no
visible evidence of this. If the dielectric is etched 1n a caustic solution the
material damaged by the alpha particle etches at a faster rate than the bulk of
the material. This procedure can increase the pit size such that it may be seen
under a high-power microscope. If the etching 1is continued, in the presence of a
high alternating electric field, the etched pits are broken down by the field to
produce large tracks visible under a low—power microscope, or they can be seen on
the display of a microfiche reader.

The passive radon detector currently used consists of a émall plastic cup in
the bottom of which is placed an 18.5 mm square of CR-39. A tubular spacer is
then placed on top of this element and a second element placed on top of the
spacer. A 1lid 1is then fitted to close the detector package. The 1lid prevents
the ingress of dust and the decay products of radon-222 in the surrounding air.
Radon—222 does diffuse into the container with a diffusion half-time of about 2
h. This half-time 1is short compared with the total measurement period and does
not affect the integrated radon concentration, because when the exposure ceases
the radon within the cup will take as long to diffuse out. The radon within the
cup will form some decay products and the CR-39 will be struck by alpha particles
from the radon itself and from those decay products formed in the volume of the
cup. At the end of the exposure period the number of damage tracks per unit area
of plastic is proportional to the average radon-222 concentration.

The processing of the detector involves a chemical etching stage of 1 h in
20% NaOH at 80°C, followed by electrochemical etching in 30% KOH with an applied
field of 18.3 kV cm™! rms at 2 KHz at a temperature of 30°C for 6 h. Different
sheets of CR-39 vary in senmsitivity from 1.9 1072 to 4.3 1077 tracks mm™~? for an
exposure of 1 Bq m™3 h, and the background track density varies from 0.15 to 0.40
tracks mm™2. Thus, for each sheet of CR-39, some detectors are used for cali-
bration purposes and others to determine the background, and these figures are
used in calculating the exposures received by the remalning detectors made from
that sheet.

The electrochemical etching procedure results 1in large tracks that can

- 98 -



easily be counted and leads to a short processing time for the detector.
Unfortunately, during the etching process it is possible for a track to be etched
completely through the detector element, resulting in a short-circuit in the
etching cell which terminates the etching of that element. It 1s not then
possible to continue the processing of that element and that result is lost.
This is the main reason for the inclusion of a second detecting element 1in each
package. After the return of the dosemeter, the reserve element is kept in a
radon-free atmosphere, and if its partner fails this reserve element can be
chemically etched and assessed using a high-power microscope. A new method of
assessing the passive radon detectors is being introduced. In this method,
chemical etching alone 1is carried out and a fine scintillator material in an oil
suspension is brushed on to the etched surface. The surplus oil is removed and
the plastic interposed between an alpha-particle source and a photomultiplier
tube. The scintillator granules trapped in the etched pits respond to the alpha
particles and emit light. 1In this way the light output is proportional to the
track density and a detector element can be read out in 5 s(lz).

5. SIMPLE MODEL FOR COMPARING WHOLE-HOUSE AND SINGLE-ROOM RADON CONCENTRATIONS

As was stated in Section 5.2.4 of this report, the results of measurements
of the radon-222 production rates in single rooms and under whole-house
conditions produced quite different calculated mean radon concentrations under
given ventilation rates in any given room. The following simple model, while not
completely explaining the discrepancy, does demonstrate that concentrations 1in
individual rooms may be quite different from that under whole-house conditions.

Figure B3 1s a simple representation of a three compartment dwelling. A

represents a ground-floor room, B a first-floor bedroom, and C is intended to

ja-——. B R * JBC
leg— T
I
o lac
AT A Jea

Figure B3 Simple model for comparing whole
house and single room radon studies
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represent the downstairs hall, stairway and upper landing. As shown, internal
doors are assumed closed and for each room the air exchange rates are (h~1):

jA with the outside, jAC with C (for room A);

jB

Je

For simplicity the structure has no windows. The ceilings of all rooms emit

with the outside, jBC with C (for room B);
with the outside, jCA with A and jCB with B (for room C).

no radon nor does the floor of B. It is also assumed that there is no direct
path for radon transport from A to B. Let the radon production rates of rooms 4,
B and C be KA’ KB and KC Bq m~3 h‘l, respectively.

With all internal doors closed, and in the steady state, the concentration
of radon-222 in rooms A, B and C, respectively, will be QA, QB and QC Bq m'a, as
for all practical air exchange rates the loss of radon-222 by decay is
negligible.

QA = ;é_;_igégg essss(B35)

A T

0 - :B : ngQC «ees.(B36)
B BC
oo Sl L5 e

QC = ‘A “ac - ? B — eeess(B37)

Jaclca JIBcics
Ip *3ac 38t ge

Ig*dgg * iy -

If the 1internal doors are opened, but the ventilation rate to the outside
air remains the same, there will be a uniform radon-222 concentration throughout
the house, QH’ where

+ i + j
Ka dca dpc * %5 dcpdac * K¢ dac Ine eee..(B38)
3y dca Ipe * g Jacdes * g ac Jpe

Qg =

Let the volumes of rooms A and B be equal and the volume of room C to be 1.5
that of A or B. Assume that the ground is the dominant source of radon~222
within the structure and that for room A the floor and ground contribute 2/3 of
the total radon input and the walls 1/3, and, for simplicity, assume that the
radon concentration in outdoor air is zero. Expect room C to have the highest
ventilation rate, as the hall may contain a loose fitting exterior door and

letter box, and choose the following values as reasomable examples:

K, =21 Bq ™3 n7} jy = 0.5 h~l Jpe = 0-15 h-!
Ky = 7 Bqg n3 n! ig = 0.3 h! Jgu = 0.1 h-!
Ko = 22 Bq w® h} jg = 2.0 n7t I = 0.15 h~!

jep = 0-1 h-!

Then, with the internal doors closed, the radon-222 concentration in room A will
be 34.4 Bq n~3; in room B, 18.6 Bq m~3; in room C, 13.6 Bq m~3. With the internal

doors open the uniform radon-222 concentration throughout the house would be
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16.1 Bq m~3, On the basis of a whole-house measurement the correct whole-house
radon production rate would have been calculated as 17.3 Bq m™3 h™!, and this
would result in the prediction of a radon-222 concentration of 17.3 Bq w3 at a
ventilation rate of one air change an hour. On the other hand, had a single-room
measurement been carried out in room A the measured ventilation rate would have
been 0.5 + 0.15 = 0.65 h™!, and the measured radon concentration of 34.4 Bq m~3
would give a radon production rate of 22.4 Bq m~3 h~!, This value is higher than
the true value because the air exchange between rooms A and C has been neglected,
it being assumed that the air exchange rate of 0.65 h~! is solely with the
outside.

The single-room measurement would predict a radon=-222 concentration in room A
of 22.4 Bq m~3 at a ventilation rate of one air change per hour, which is closer
to the true value of 21 Bq m~3 than 1s the 17.3 Bq m~3 predicted from the whole
house measurement.

Whole-house measurements may not, therefore, produce a figure for the radon
production rate that permits a realistic prediction of the 1likely radon
concentration in any particular room. Single~room measurements, while being
prone to error due to air exchange between adjoining rooms, are more likely to
produce estimated concentrations close to thelr true values. The lower the air
exchange rate between rooms the closer the agreement will be.

6. RADON DIFFUSION THROUGH MATERIALS

Radon will diffuse through many plastics as well as through porous media,
such as soils and concrete. Figure B4 illustrates the case where radon 1is

diffusing through a homogeneous material which contains no radium~226.

"O=——rT T T T T T T

zzan cone. = 1 ZZJR" cone. = Q

Hamogenseus material
reiaxation length Scm

—

xu0Q xal

Relative zulln concentratlon
o
T
i

LeS L=10 quation 843

Other curves from
equation 842 for
the L values shown

w15 L2320

0.01

4 10 12 W 6 18 20
x cm

Figure B4 22q, concentration profile in a
homogeneous medium as function
to length
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One dimensional diffusion 1s characterised by two general equations. The
first, from Fick's law, is J = - D(dC/dx)
where J is the flux of activity across unit area of the material in unit
time (Bq m~2 s~1)
D the diffusion coefficient of radon in the material (m2 s"l)
C the concentration (Bq m"3)
x the direction of diffusion
and dC/dx the concentration gradient.
The second is
Diig -AC+K=0 eess+(B39D)
dx2
where A is the decay constant of radon-222 (2.1 1086 s‘l)
and K is a term that only exists if the material contains a uniform
distribution of radium-226 which produces radon-222 in the medium
at a rate of K Bq o3 g1,
The basic diffusion eguation for a stable gas under steady-state conditions {is
G
dx2
That is when the concentration of gas at any point in the system is constant with
time.
The 1loss of a radioactive gas 1In transit through the medium due to
radioactive decay is represented by AC. For the system shown in Figure B4 the

equation is simply

2
Dd C _ AC = 0 «see0(B40)
dx?
With boundary conditions C = C0 at x = 0 and C = 0 at x = L the solution is
Cpsinh [(k/D)g (L - x)]
C(x) = L

sinh [(A/D)?* L]

(D/}\)!5 has the dimensions of length and is often referred to as the
relaxation length or diffusion length and given the symbol ls.
For L > 3 Rs, and providing x is less than 0.8L, equation (B4l) reduces to

the simpler form
C(x) = C0 exp [-(-x/ls)] eesee(B42)

From (B42) it can be seen that if this equation is valid then an increase in
path length through the medium of Xs will result in the concentration being
reduced by a factor of l/e (ie, the concentration falls by 63%). This, however,
is only true for the conditions under which equation (B42) is valid and only
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within a homogeneous medium. This reasoning cannot be applied when considering
radon passing from soil into concrete or concrete into plastic, etc.

In porous media, such as soll, the concept of effective diffusion
coefficient has to be introduced. This accounts for the situation that when
radon diffuses into a reference area of porous medium the actual area
participating in the diffusion process 1s predominantly the open pore areas,

(13)

which form a small proportion of the total area. Culot et al have shown that
the effective diffusion coefficient incorporates the porosity of the medium, as
was shown In Section 6 of this report, with the effective diffusion coefficient
denoted by Ke and the porosity by P.

Figure B5(a) depicts soil containing a uniform radium~226 concentration
which produces radon-222 in the soil at a rate of K Bq w3 s, It is assumed

that the radon concentration at the soil—air interface is maintained at zero.

22200 flux density from sail = 525 Bq m3 s

Air(mRn conc. zero)
x=0

T

Bulk radon production roto-10 Bq m

Figure B5{a) 22 emanation from sail

222pp, flux density 17.0 Bq m2 s~

T ..

{L=0.1m in
Concrete this exampie )
=21 10-9
Air [ X
1222an cone. Zero) Poroslty 201

iz **‘7////////*

Bulk radon production rate 210° Bqm’s”

Figure B5(b) %2R emanation from the top of a
concrete slab placed on the soil of
Figure BSla)
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The relevant equation in this case is

Kes d2c(x)

PS dx 2

-2 C(x)+K=0 ceoes(B43)

where Kes is the effective diffusion coefficient in soil

and Ps the porosity of soil.

With the boundary conditions that at x = - =, C(x) = K/A and at x = 0,
C(x) = 0, this yields the solution

C(x) =-§ {1 - exp [-x (APS/Kes)*]} veee.(B44)
or if [Kes/(APs)]% = RS (the relaxation length in soil)
C(x) =% 1 - exp (x/8)] ceeen(B4S)

The flux at the air — soil interface 1is then given by

7 _ dC(x)
es dx x =0
-k Kes eeeas(B46)
A ls

For illustration purposes, with K/A = 102 Bqg o3 and a typical value for K
of 5.25 10-7 m2 s~1¢14) 4ng P of 0.25, them 1 = 1 m. .

The flux from the soil is then 525 Bq m~2 s~1l.

Figure B5(b) illustrates the case where a concrete slab of thickness L 1is
placed on the soil of Figure B5(a). The concrete in this example is considered

to be devoid of radium-226. 1In this case the relevant equations are

Kes  d2c(x) - AC(x) + K = 0, x <0 veee(B4T)
P dx
S
Kee  d2c(x) - AC(x) =0, 0 < x <L vee..(B4B)
dx
c

where Kec 1s the effective diffusion coefficient in concrete

and Pc the porosity of concrete,

The boundary conditions are: at x = L, C(x) = 0; at x = 0, C(x-Sx) =
C(x + Sx) Sx » 0, ie, the concentration at the soil surface is equal to the

concentration at the concrete base

dC(x) _ dC(x) o
es dx x=0 Kcs dx x =0 flux continuity

and at x = ==, C(x) = K/\.
The solution of equations (B47) and (B48) under these conditions yields the

radon concentration in the soil to be given by (x < 0)

K exp(x/ls)
Cx) =5 |l " T3 a7k ) ® Jitanh (L7 seee.(B49)
C ec es S s
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and the radon concentration in the concrete slab is given by, for 0 < x <L,

Clx) = NN ¢:L10))

>~

2 K [cosh(x/l ) tanh(L/2 ) - sinh(x/2 ):I
¢ _es c c c
K.c ls I+ (xc/Kec) (KS/RS) tanh(L/Rc)

1
where 'Qc = (Kec/)\Pc)T is the relaxation length In concrete.

The flux through the top surface of the concrete slab is then

i = = dc(x) |
C ec dx | x =L
K L -1
-3 i—ei[cosh(L/xs) (2 /K) sinh(L/ch)] veess(BS51)

s

A typical value for the effective diffusion coefficient of concrete, K , is

ec
2.1 1072 m2 s~! and a porosity, Pc’ of 0.1 yields a relaxation length, kc’ of
0.l m.

Thus, considering a concrete slab 0.1 m thick laid on the soil, the flux
through the top surface of the concrete is 17.0 Bq m~2 s~!, and the concrete
reduces the flux from the soil by nearly 97% rather than the 63% that would be
suggested by the relaxation length concept.

Such a reduction in flux is unlikely to persist with am actual concrete slab
as cracking will occur, which facilitates the transport of radon through the
slab. The above analysis can be extended to consider the effect of inserting a
membrane in the concrete to act as a radon barrier. Figure Bé shows the relative
flux from bare soil and through 0.l m concrete slabs, with and without a 2.10~“% m
thick membrane of various diffusion coefficients. For a membrane of diffusion
coefficient < 10713 m2 s~1  extensive cracking of the concrete on either side of
the membrane has a negligible effect on the emergent flux from the top of the
slab.

Dy = The diffusion coefficient of radon in the momhrt‘mo.m2 st

222Rq, flux density , Bq m2 s
525 17 1.6 6.68 0.316

Bare soil 2
$ é Dy Dm Dy |Membrane

-11 310712 -12 10-!. -

thmk

i
ALl

Bulk radon production rate = 109 8qg m” s

Figure B6 222Rn flux density through 0.1 m concrete blocks
with and without membranes
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To determine the diffusion coefficient of radon-222 in a variety of membrane
materials the apparatus, shown schematically in Figure B7, was constructed.
Essentially, this consists of two cylindrical compartments. The two compartments
can be bolted together, and around the flange through which the bolts pass are
two O-rings. Each compartment has two hoses terminated by self closing vacuunm
connectors that can mate with a Lucas flask. The membrane material is situated
between the compartments and held by the flange holding the two compartments
together. Initially compartments A and B are filled with radon-free air.
Container A is then filled with a high concentration of radon-222 and this con-
centration measured. It was intended that the concentrations in A and B would
later be measured and the diffusion coefficient would be determined from the
decrease in concentration in A and from the increase in concentration in B. Any
discrepancy between the value of the diffusion coefficient calculated by these
routes would be indicative of a leak in the system. The analysis of this system
has proved more difficult than was first thought and is not complete. To date,
the apparatus has been used in the simple mode of filling A with a high

concentration of radon and maintaining the radon concentration in B close to

At t=0 Cp =Cq

To measurement To measurement

flask flask
T BT
] |

Container A ! : Container B

volume VA : : volume VB

222Rn conc. Cp Membrang | :t\- | 222Rn conc.Cg
] Eg: : Area , A At t=0 Cg =0
—»

le— x

1

From mmsur{nanl Fixing  From me&suremenl
flask flanges flask

Figure B7 Measurements of the diffusion
coefficient of radon in membrane
materials
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zero. The concentration of radon in container A is measured at a number of times

after being filled with radon, and the concentration, C , at time t is given by

C, = C, exp [Vi—%gﬁg—T;7]3]exp(-Xt) eeess(B52)
where CO is the radon concéntration at £ =0
A the decay concentration of radon-222 (2.1 1076 s~1)
A the area of the membrane (m?2)
v the volume of'container A (m3)
X the thickness of the membrane (m)
D the diffusion coefficient (m2 s~!)

and 1 = (D/x)% is the relaxation length m.

Equation (B52) is difficult to solve for D, but if x/& < 0.1, tanh (x/R) =
x/% and D is given by

Ln(C _/C )]
_ Vx o t'|_
D -A—[-T A .....(353)

Equation (B53) is valid for a 2.10"% m thick membrane for D > 8.4 10-12 pm2 s~
Equation (B53) also simplifies for x/% > 4, as here tanh (x/4) = 1. However, for
such low values of D (D < 5 10715 m2 g71) it would not be possible to measure the
diffusion coefficient of a radioactive gas such as radon with a decay constant of
2.1 107% s~l, In this case DA/VA for an apparatus of practical dimensions will
be less than 1078 s”!, and such a small change in the apparent decay constant
would not be detectable. For D < 8.4 10712 m2 5”1 an iterative method must be
used to solve equation (B52).
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Appendix C

Detailed results of the studies of radon-222 emanation from

building materials

In Section 4.2 of this report, broad classes of radon-222 emanation rates
were given for a number of materials. For example, all clay bricks were grouped
together although there were 18 different types of clay brick tested., In this
appendix the results for all sample types are given in Table Cl so that
variat%ons between types can be identified.

A number of manufacturers supplied details of the constituents of their

products and the method of manufacture. These details are given in Table C2.

Table Cl
Radon—-222 emanation rates from building materials

Sample | No. Radon-222 emanation ratas
|
Bq m~3 o-! By m~2 g1 Bq kg~! 71
x 1073 x 10-% x L0~6

mean range nean range nean range
Aerated concrete block 1 15 - 330 - 18 -
Insulating PFA block 1 4.9 - 80 - 3.6 -
Concreta block containing 1 30 - 530 - 16 -
mnine wasts from Cornwall
Sintered colliery 1 1.9 - 23 - 1.6 =]
waste block
Concrete using granite 1 8.2 = 180 - 4.9 =
from Guaislake Quarry
Thermolite Block 1|13 - 200 - 18 -
6" concreta block 3 2.5 2.3=2.7 90 85-97 1.3 1.3~1.4
4" coucrete block 3 7.3 6.8-7.5 220 200-230 3.7 3.5-3.8
3" concrete block 3 3.0 1.9-3.9 77 50=-100 1.7 1.2=2.2
Portion of paving slab 2 4.3 3.4-5.1 68 58-78 2.1 1.8=2.4
Light-weight concrste 3 4.1 2.3=5.1 120 68-150 4.7 2.6=5.7
block
Asrated concrete block 1 5.5 - 99 - 6.8 -
Brick composed of 1 0.41 - 5.6 - 0.24 =
colliary waste
Brick made from oil 1|17 - 290 - 11 -
shalae
Motharwell colliery 1 1.1 - 17 - 0.63 -
shale brick
LECA block 4 1.3 0.77-1.6 38 23~47 1.3 0.90-1.8
SL20 silica white 5 3.1 2.7-3.8 48 41-58 1.8 1.6 =2.2
brick
F54 flint and lime 5 2.2 1.4=2.7 33 22-43 1.1 0.75=-1.2
buff brick
F50 heather silica 5 2.6 2.2-3.1 40 33-48 1.4 1.1 -1.6
brick
Silica brick of unknown 12 9.2 7.7-11 130 120-150 5.5 4.8-6.3
manufacture
Appleby rural red 5 1.8 1.5-2.4 30 25-40 1.0 0.87-1.4

rugtic brick
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Table Cl {cont.)

Sample No. Radon=222 emanatiom rates
Bqm 3 st [ Bq m~2 g~} Bq kg~! s7t
x 1073 | x 1076 x 1078
| mean l range mean [ range mean range
' Beare Green pastone 3 0.90 0.68~-1.1 13 10-17 0.53 0.43-0.58
clay brick
Beare Green Weald hand 5 1.1 0.83-1.6 18 13-25 0.63 0.48-0.98
made light multiclay
brick
8laby golden blende hand 5 0.95 0.68=-1.10 | 10 7.3-12 0.53 0.38-0.61
made clay brick
| Dorking multicolour 3 0.32 0.16-0.50 3.6 2.0-5.7 | 0.15 0.08-0.24
stock clay brick
| Ibstock beacon Sahara 5 0.65 0.52-0.85 7.8 1.4-12 0.42 |0.32-0.54
multiclay brick
Ibstock red rustic multi- | 3 1.2 1.0 -1.3 15 13-17 0.63 |[0.56=-0.70
clay brick
Northcot multiclay 5 0.70 0.55-0.86 12 9.2-14 0.38 [0.30-0.47
brick
LBC dapple light clay 5 0.95 0.73-1.1 14 12-16 0.63 |0.54=0.71
brick
LBC Cotswold clay 4 0.95 0.61-1.2 11 6.6~14 0.56 [0.35-0.73
brick
Blaby Winsdor grey 5 0.88 0.55=1.2 13 8.6-17 0.53 |0.34-0.66
brick
Chailey stock clay 5 1.3 1.1 -1.8 15 12-23 0.81 |0.64-1.1
brick
| Elliot light red 5 1.2 0.66-1.5 12 8.5-14 0.47 [0.33-0.60
brick
Kirton browm clay 5 0.97 0.58-1.4 10 6.1-16 0.59 |0.39-0.80
S brick
| K{rton minster grey 5 1.2 0.88~-1.4 12 8.9-15 0.64 |0.48-0.78
hand made brick
| otterham second hard 5 1.4 1.2 -1.6 21 ! 18-24 0.92 0.82-0.99
stock clay brick
:Severn Valley orange 5 1.1 0.87~1.2 13 t1-15 0.66 |0.53-0.73
multiclay brick
| Armitage class B 5 1.2 0.97-1.4 13 10-15 0.48 |[0.39-0.58
| brick
| Baggeridge best blue 5 0.89 0.68-1.0 15 12-17 0.40 0.31-0.44
brick
Baggeridge red rustic 5 1.4 1.0-1.6 21 14=-22 0.81 0.60-0.92
brick
Ludlow crushed granite 4 7.8 5.2-11 130 88-180 3.6 2.4=5.2
brick
9" Fyfe-stone block L322 19-27 630 540-790 9.7 7.9-12
(grey) |
9" Fyfe-stone block ! 3 20 19-21 540 510-580 9.0 l8.8-9.5
(pink) [ | | |
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Table C2

Manufacturing process and constituents of a selection

of materials given in Table Cl

Material Details

Blaby Windsor grey brick Main constituent: Keuper Marl (late Triassic
in age). No information supplied as to analysis of marl
used.

Process: fired to a temperature of 1060°C using natural
gas.

Water absorption: 27% by weight.
Blaby golden brown brick 4s for Blaby Windsor grey, but with differeant facing sand.

Beare green wealde hand Main constutent: Weald clay having approximate

made light multiclay composition, 67/%, 8102; 17% A1203; 4,8% Fe203; 0.71% Ca0;

brick 0.62% Mg0; L.77% K,0 and 0.277 Na,0, with a 6.3% ignition
loss.

Additive: golid fuel

Process: soft mud

Water absorption: 162 by weight

Beare Green pastone As for Beare Green Wealde hand made light multiclay, but
with the addition of a small quantity of 1‘102 to the facing|
sand.

Ibatock beacon Main constituent: Keuper Marl as described for the

Sahara multiclay brick Appleby rural red rustic, but using buff clay

having che following composition, 55% 5102; 0.6% T10;
12.17% A1203; 4,.7% Fe 043 6.3% Ca0; 4.92 Mg0; 5.0% K20 and
0.3% Na,0, with Ll.A% ignition loss.

Additives: pond slurry analysed as 302 moisture, 21Z ash,
1.5% sulphur, 0.9% chlorine. Barium sulphata is added as
a glurry at 0.1% by weight.

Process: wire cut.

Water absorption: 21% by weight.

Ibatock red rustic As for the Appleby rural red brick, but with the omission
aulticlay brick of the coke breeze.

Appleby rural red Main constitutent: Keuper Marl laid down with near
rustic brick horizontal seams of red and grey/green uudstone combined

with siltstone bands and gsandstone. The red clay i3 used
for this brick and has the following composition.

60.7%7 510,; 0.7% TL0; 12.52 Al,0;; 5.2% Fe,05; 2.3% Ca0;
2.8%2 Mg0; Z.BZ K,0 and 0.32 Naza.

Additives: coke breeze (as fuel) analysed as L5% moisture,
10%Z ash, 1.25% sulphur, 73% fixed carbon and 2% volatiles.
Barium carbonate added as 0.l1% by weight to pravent
'scumming’' and effluorescence.

Process: wire cut

Water absorption: 162 by weight

Northcot multiclay Main constituent: clay of the Lower Lias from the Wellaoe
brick Quarry, BlockIey, Gloucestershire.

Additive: none given.
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Table C2 (Cont.)

Material

Decails

|
|

Chailey stock clay brick

Kirton brown clay brick

Kirton Minster grey
brick

Otterham second hard
stock

Baggeridge best blue.
grade A

SL20 brick

F54 buff brick

F50 heath brick

Main constituent: Weald clay havinz aporoximace coam=
position, /5% 510, 9.8% AL,04; 4.3%Fe 033 1.5% Ca0; 0.312%
MgO; 0.477 K,0 and 2.2% Nazg, with a 5% ignition loss.
Additive: solid fuel.

Process: ~ soft mud.

Water absgorption: 9% by weight.

Main constitutent: Keuper Marl fired to temperature of
1050°C using liquid petroleum gas.

Additive: none stated.
Process: extruded wire cut.

Water absorpcion: 25% by weighc.

As for Kirton brown clay brick, but with different facing
sand.

Main comstituent: Kent brick earth containing approxi-
mately 59% Siaz; 117 A1203; 47 Fe203; 5% Ca0; 2Z Mg0;
2% K,0 and 12 Na,0, with an ignition loas of 6.5%.

Additives: solid fuel, chalk. The chalk {s added purely
to give a yellow colour to the finished product.

Process: soft aud.

Water absorption: (of the fired brick): 237 by weight.
Main constituent: Etruria Marl quarried from a bed just
south of the northern outcrop of the north Warwickshire
coal beds.

Additives: none except wacer.

Process: extrusion. Final stage of firing carried out in a
reducing atmosphere to develop blue colour.

Water absorpcion: approximately 3.3% by weight.

Main constituents: Ryarsh quartz greensand from Ryarsh,
Kent. 1l.6% of hydrated lime (from Blue Circle
Industries) and 1-27 of mains water are added. These
being percentages by weight of total siliclous aggregate.

Procesa: not stated.

Water absorption: aot stated.

Main constituents: 53 durite (a calcined flinc), 272 sea-
dredged quartz and 20% Ryarsh quartz greensand.

Additives: 8.87 hydrated lime, 0.5% yellow synthetic iron
oxide and 1-27 of mains water. These percentages are by
weight of total weight of the silicious aggregatae.

Water absorption: not stated

The same as the F54 buff brick with the exception that there
i3 no yellow iron oxide pigment added.
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As can be seen from Table C2 the F54 and F50 bricks are of similar
composition, as are the two Beare Green bricks, the Blaby bricks and the Kirton
bricks. Although no details are available on the counstituents of the LBC dapple
light and the LBC Cotswold bricks these are the same fletton type brick with
different facing sands. Inspection of Table Cl indicates that these palrs of
bricks do have similar radon-222 emanation rates.

The emanation of radon-222 from materials is affected by such parameters as
humidity and atmospheric pressure. To investigate the repeatability of the
emanation rate measurements a limited number of specimens were measured again
some two months after the first measurement. The results for the three &4-inch

concrete blocks are given in Table C3.

Table C3

Repeated measurements of radon-222 emanation rates

of 4 inch concrete blocks

Block Radon—-222 emanation rates
lst measurement 2nd measurement
Bq m~3 s”1[Bq m™2 s'l!Bq kg "l s71| Bq w3 s7!|Bq »2 s~!f Bq kg~ls~!
x 1073 x 1076 x 1076 x 1073 x 1076 x 1073
1 6.8 200 3.5 6.5 200 3.4
2 7.5 220 3.8 6.7 200 3.4
3 7.6 220 3.8 6.7 200 3.4

Table C3 suggests that individual measurements of radon-222 emanation rates
produce results that are within 10% of the average value., The reason for the
remarkably close agreement between the specimens at the second measurement stage

is unexplained.
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