Technical Solutions and Remedial Strategy



D7:1986

INDOOR TIONIZING RADIATION
Technical solutions and remedial strategy
Sven-01ov Ericson

Thomas Lindvall
Lars-Goran Mansson

This document refers to research grant No. 810531-2
from the Swedish Council fcr Building Research, Stockholm.



ABSTRACT

Radon in indoor air is discussed in the perspective of
the effective dose equivalents from other sources of
radiation. Estimates of effective dose equivalents from
indoor radon and its contribution to 1lung cancer
incidence are reviewed. Swedish experiences with cost
effective remedial actions are presented. The authors
présent optimal strategies for screening measurements
and remedial actinns in a coet-benefit perspeclive.
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PREFACE

This report has been prepared as a Swedish contribution
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{IEA). The purpose of this report is to present a state
of the art review of present knowledge on indoor
ionizing radiation with special emphasis on the
_possibility to prevent excessive concentration of radon
in new constructions and cost effective remedies for
present buildings. The report also includes the
authors’ view on the issues of optimal strategies and
cost-benefit considerations.

This report has been approved for publication hy the
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1. INTRODUCTION

Toxic or otherwise potentially harmful substances are
natural and inevitable components of our environment.
Many of these substances, i e some trace elements and
vitamins, are essential to life in trace quantities and
harmful or even lethal in higher concentrations. Others
are only toxic without any known beneficial function.
The toxic properties are sometimes related to the
arrangement of harmless elements into a biologically
active chemical compound, examples of which are toxins
produced by bacteria and the arrangement of oxygen,
carbon and hydrogen into alcohol. The toxic effect can
also be carried by the atom itself, i e toxic heavy
metals such as mercury and cadmium. Radioactive
nuclides can cause health effects through the emitted
radiation.

Trace amounts of naturally radioactive nuclides are
present in soil, rock and building materials, as well
as in living organisms including human beings. Through
the emitted radiation these nuclides can cause harm
when present in concentrations so low that even the
strongest poison would be completely harmless. Living
organisms also receive some radiation, cosmic rays,
from sources outside the earth. The combined effect of
all natural radioactivity contributes more to the total
radiation burden than do all artificial sources of
radiation including medical diagnostics, nuclear energy
and fall out from nuclear weapon testing. It is not
surprising that natural radiation has been attracting
increasing attention from the radiation protection
community. The most important factor contributing to
the total dose burden from natural radioactivity is
radon and its short-lived decay products present in
indoor air.

Table 1 illustrates the contribution from various
sources to the collective effective dose equivalent to
the Swedish population /25/.

The table shows that in Sweden radon in dwellings is
not only the single most important contributor to
radiation dose burden, but is even twice as important
as the sum of all other sources, nuclear energy and
medical diagnostics included. In the table the doses
from radon daughters in indoor air have been calculated
according to the United Nations Scientific Committee on
Effects of Atomic Radiation (UNSCEAR) /89/ as 0.08
mSvy~+ per Bgm~~. The relationships in Table 1 are not
unique for Sweden but representative also for Finland
and Norway and some areas in other countries. One
example is South-eastern Graubiinden in Switzerland,
where cristalline precambrian rock with a high uranium
and thorium content reaches the surface. In this area
measurements indicate a geometric mean radon concentra-
tion in the living quarters of 255 Bq/m3 (approximately
10 mSvy‘l assuming equilibrium factor equal to 0.5)

/19/.
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Table 1. Collective effective dose equivalents from
different sources of radiation to the Swedish population,
personSieverts and year:; absolute and relative numbers (%)

/25/.
Sources of radiation personSv/year %
Cosmic rays 2400 4.7
Natural radioactivity in the body 3500 6.9
Radidlion from the ground (4000 personSv/
year corrected for 20% occupancy outdoors) 800 1.6
Nuclear enerqgy, dose to the public 0.3 0.0006
Nuclear energy, occupational dose 15 0.03
Nuclear weapons fall out 100 0.2
Radon in dwellings 34000 67
Gamma radiation indoors, (80% occupancy) 4000 7.8
Consumer articles, watches, fire alarms,
TV, screens etc 1 0.002
Other industry, occupatiunal dose 215 0.005
Research and education 10 0.02
Dental X-ray, patients 600 1

° , occupational 0.3 0.0006
Radiation therapy, patients ’ irrelevant

" , occupational 1 0.002
Medical X-ray, patients 5000 10

# » occupational 2.3 0.005
Medical isotope examination, patients 580 1

» , occupational 2.2 0.004
Veterinary X-ray, owner of animal 0.4 0.0008

.  occupational 0.3 0.0006

In most countries, however, radon in indoor air contri-
butes less than 50% of the total dose burden. For
example, in the United Kingdom radon decay products in
indoor ai: haes a mean concentration of 12 Bg/m” and is
the most important contributing factor responsible for
33% of the total dose burden /65/. The situation in the
Federal Republic of Germany is similar with a mean
indogQr air concentration of radon daughters of 17
Bg/m~. UNSCEAR /4/ has estimated that the avesage
indoor concentration of radon daughters is 15 Bg/m” in
the temperate regions of the world.

Through radiation protection activities the total dose
burden from artificial sources of radiation has been
reduced or remained constant. However, doses from radon
in indoor air have increased considerably during recent
decades. Measurements of radon in Sweden 30 years ago
indicate an average concentration of radon daughters of
12 qu'3 (the average potential alpha energy concen-
tration corresponding to an equilibrium equivalent
concentration (EEC) of radon daughters). Recent radon
measurements in randomly sampled dwellings indicat
that the corresponding figure today is 53 +16 Bgm~™
/58/, /69/, /83/, equivalent to a four to fivefold
increase in the potential alpha energy concentration in
30 years. But this may be an overestimate because the
measurements did not cover the same areas.



2. SOME FACTS ABOUT RADON

Uranium-238 and thorium-232 are rigioactive with very
long half-lives, 4.5°10° and 1.4-1010 years respective-
ly. These elements are slowly transformed into stable
lead-206 and lead-208 respectively. The transformation
takes place by consecutive decays in a chain of several
unstable intermediate nuclides. At equilibrium the
relative amount of each nuclide is inversely proportio-
nal to its half-life. With one exception, the interme-
diate nuclides are isotopes of metals and thus immobile
in the matrix. The one exception is radon, which is
produced by decay of its parent nuclide radium. It is a
noble gas and thus free to move by diffusion as well as
by convection, if not trapped by the surrounding
matrix. The isotope of radon produced in the thorium
decay chain, 220gpn, has a half-life of only 54.5
seconds. Due to the short half-life only a very small
fraction of this isotope emanates from building
materials or infiltrates from the ground subjacent to
the building, and mixes with the indoor air. 13 the
uranium decay chain one intermediate nuclide is 22gn
with a half-life of 3.8 days. This time is long enough
to allow for a partial release from building materials
and soil. The half-life is short enough to restrict
transport by pure diffusion to short distances only,
but once the radon has left the solid material and
become mixed with air, convective transport over longer
distances (several meters) from the soil into a
building is possible.

From the half-life of a nuclide it is possible to
calculate how many atoms it takes to get one decay per
second, which is the definition of one bequerel égq).
476 000 atoms are needed to get one bequerel of 222gp,
A decay of one atom of radon is followed within a short
time by the consecutive decay of the shortlived radon
daughters, polonium-218 with a half-life of 3 min and
260 atoms/Bg, lead-214 with 27 min and 2300 atoms/Bgq,
bismuth-214 with 20 min and 1700 atoms/Bqg, and
polonium=-214 with 2°10"4 sec. One Bg of radon
daughters (EEC) is thus altogether only approximately
4300 atoms.

In air the nuclides originating from radon are present
in varying proportions. An exact characterisation is
complex and must involve quantification of their indi-
vidual concentrations. As a simplification, the concept
of potential alpha energy concentration or equilibrium
equivalent concentration of radon (EEC) is used for any
combination of these nuclides having the same potential
of emitting energy as alpha particles under complete
decay to lead-210 as if they were all present in_the
same activity concentration (qu3).Thus one Bq/m3 of
radon daughters (EEC) refers to any combination of the
individual radon daughters having the sgme potential of
emitting alpha particles as one Bg/m~ of each of the
nuclides.

A fraction of the radon daughters can occur as free



ions or small neutral clusters of atoms (approximately
5 nm) in the air. In normal conditions, however, the
majority is attached to particles in the air. This is
usually referred to as the attached and the unattached
fractions. However, the airborne radon daughters may
exist in a size continuum from small clusters of atoms
up to the size of the indoor aerosol /44/ /70/;
Experiments have shown that moderate concentrations of
radon daughters indoors can increase considerably and
even more than double in the presence of cigarette
smoke /104/.

In outdoor air a typical concentration of radon is 5
Bq/m3, corresponding to an average distance of 7 mm
between atoms of radon. In average indoor air with 20
Bq/m3 the average interdistance is 4 mm. In the minori-
ty of dwellings with >1000 Bq/m3 the distance between
radon atoms is less than 1 mm. This corresponds to an
almost incredibly low fraction of the atoms beng
radon. For each atom of radon there are 2-1016, 3-10
and 6°1013 atoms respectively of other elements.

At about 400 Bq/m3 of radon daughters in indoor air the
risk for human adverse effects commonly calls for the
intervention of society. This concentration corresponds
to only 1.7-10° atoms per m3 or 6°1071° gram/m3. No
chemical compound or element would show toxic effects
at such a low concentration.

The radiocactive nuclides in the decay chains of uranium
and thorium emit different types of radiation, of which
gamma and alpha radiation are the most important. The
two types of radiation have very different properties.
Gamma radiation is penetrative and made up of energetlc
photons. This type of radiation, emitted by nuclides in
the building materials, results in a field of gamma
radiation in the dwelling and an almost uniform dose to
the whole body. Alpha radiation is made up of par-
ticles, i.e., nuclei1 of helium consisting of two
neutrons and two protons. This type of radiation pene-
trates a few centimetres through air and only 40 to 70
micrometres through tissues. Thus this type of radia-
tion can only reach 1living cells through decay of
radiocactive nuclides within or on the body. The health
hazard derived from the resultant effective dose equi-
valent is generally assumed to be a factor of 20 higher
than from the same energy absorbed as gamma radiation
in tissues. The basic reason for this is that alpha
radiation has a high linear energy transfer (high LET-
radiation), giving an intense impact on the small
volume of tissue affected. When gamma radiation
penetrates tissues the energy in the gamma photon is
distributed along its long path of penetration (low
LET-radiation).



3. RISK ANALYSIS AND HEALTH EFFECTS

Exposure to radiation is generally assumed to result in
a linear increase in the probability of developing
fatal cancer.

Different types of radiation and doses received by
different parts of the body can be compared only after
transformation into a common dimension, the effective
dose equivalent with SI unit Sievert (Sv). The inter-
nationally adopted weighting factors for this transfor-
mation for different types of radiation and various
organs are continously subject to revision in the light
of new data evaluated by the International Commission
on Radiological Protection, ICRP.

The amount of radiation energy, SI unit Gray (Gy),
joule/kg, absorbed in a tissue is transformed to dose
equivalent, unit Sievert, to that tissue by a quality
factor specific to the type of radiation. For gamma
radiation this factor is one and for alpha radiation it
is 20.

The dose equivalents for a specific organ are transfer-
red to effective dose equivalents by internationally
adopted weighting factors for each organ. After these
transformations it is possible to compare consistently
health hazards from alpha radiation to the lungs with
gamma radiation to the whole body. It is then generally
assumed that the dose equivalent 1 Sv to the lungs
corresponds to 0.12 Sv effective dose equivalent or to
a uniform dose of 0.12 Sv to the entire body.

According to the ICRP it is commonly assumed that the
effective dose equivalents can be indicators of the
probability of developing fatal cancer induced by
radiation. The probability is often quantified as about
2 fatal cancers per 100 personSievert.

Present estimates of the relationship between exposure
to radon daughters in indoor air and the added risk of
developing lung cancer are derived from dosimetric
modelling or by analogies or from extrapolations from
epidemiological studies on the excess prevalence of
lung cancer among miners. The dosimetric models cal-
culate the distribution and movement of radon daughters
in the body. From this the doses received by different
tissues are calculated and subsequently the effective
dose equivalent modelled. Such modelling inevitably
involves several assumptions and a considerable uncer-
tainty. Several epidemiological studies have been
reported /1/, /2/, /15/, /26/, /53/, /59/, /75/, resul-
ting in a fair consensus on the relationship between
increased lung cancer incidence and exposure to radon
daughters in mines .

When applying results from miners to the general
population some differences can be compensated for, i e



breathing rate and duration of exposure. Other diffe-
rences can be compensated for only with assumptions
which result in considerable uncertainty. Among these
differences are:

-~ miners are healthy adult males whereas in dwel-
lings the whole population is expecsed;

- the higher breathing rate during work in mines can
result in a distribution of the radon daughters in
the respiratory tract different from the distribu-
tion After the slower breathing rate in dwel-
lings,

- the exposures in mines are characterized by high
concentration of short duration liwmilted Lo 40 hours
a week for 40 years:; in dwellings the exposure is
extended over longer times but at lower concentra-
tions.

buring recent years several scientific bodies have
evaluated the results from dosimetric modelling and
epidemiological studies attempting to reach consensus

daughters in dwellings, expressed as a conversion
factor between exposure, concentration and the resul-
tant effective dose equivalent. UNSCEAR gave as_a refe-
rence conversion factor 0.061 mSv/year per Bag/m~>, assu-
ming that 80% of the time was spent i?Foors /89/. This
corregponds to 0.08 mSv/ycar per Bg/m~, assuminy 100%
indoor occupancy. The range of uncertainty was expres-
sed as 0.04 - 0.1. The OECD assumed a conversion factor
of 0.065 mSv/year per Bg/m> of radon EEC in buildings
with_low ventilation rates, and of 0.095 mSv/year per
Bg/m” in buildings with average ventilation rates /63/.
The National Radiological Protection Board in the UK
has adopted 0.05 mSv/year per Bq/m3 (5 mSv/WLM) as a
reference conversion factor between exposure under 75%
occupancy /65/. In the USA the National Commission on
Radiation Proteclion and Measurement (NCRP) estimated
the lifetime excess risk for domestic exposure as
equivalent to a conversion coefficient of 0.13 mSv/year
per Bg/m” {12 mSv/WLM) /42/.

In its preliminary report the Swedish Radon Commission
(SRC) used 0.135 mSv/year per Bg/m~ equilibrium equiva-
lent concentration of radon as a reference value for
100% indoor occupancy /68/. In its final report, the
SRC did not .take any stand, referring only to the
figures given by the ICRP, UNSCEAR and OECD. The SRC
slressed that on the present scientific base every
quantification of the relationship between exposure and
risk must be deemed very uncertain /69/.

The good agreement between the conversion factors given
by the different groups probably reflects a fair
consensus on reasonable assumptions in the process of
allocating resources to this field in competition with
other demands for health protection. The uncertainty in
the scientific database is probably wider than illust-
rated by the small difference in conversion factors.

-k
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It is, however, rather a rule than an exception that
estimates of exposure-risk relationships are uncertain.
Although the estimates sometimes are very uncertain
they probably are better than nothing when setting
priorities in environment and health protection.

In the following the conversion factor of 0.061
mSv/year per Bg/m~” for 80% indpor occupancy is used in
combination with the risk estimate 0.02 fatal cancers
per personSv given by the ICRP. Thus one Bq/m” of radon
daughters is assumed to result in 0.061 mSv/year or in
the risk 0.061x10-3x0.02 = 1.2°10~% fatal cancers pe
year, or in the lifetime risk over 70 years of 9°10~
fatal cancers. If this risk estimate is correct it
would mean that 400 out of the present 2500 cases of
lung cancer per year in Sweden are related to
inhalation of radon daughters in indoor air. Effective
dose equivalent figures and lifetime risk estimates for
representative concentrations of radon daughters in
indoor air are presented in Table 2.

Table 2 Effective dose equivalent and lifetime risk for
representative concentrations of radon daughters (equilibrium
equivalent concentrations of radon) in indoor air.

Indoor radon daughter concentration mSv/years lifetime risk

Estimated indoos mean for temperate
regions 15 Bg/m~ /UNSCEAR 82/ 0.9 0.1%

Finnish, Norwegian and Swegish

indoor mean, about 50 Bg/m 3 0.4%
Swedish action level 400 Bq/m3 24 3.4%
Swedish action level 2000 Bq/m3,

remedial action recommended within

one year 120 17%

The risk estimates of lifelong exposure to 2 000 Bq/m3;
Table 2, might overestimate the true risk, since the
linear relationship between exposure and risk cannot be
extrapolated to very high levels of individual risk.

All risk estimates referred to in Table 2 are based on
the so-called absolute risk concept. This concept con-
siders only the excess radiation risk as a function of
the cumulative dose or exposure. However, analysis of
the increase with time of the lung cancer death rates
in exposed populations suggests that a relative risk
model may apply. According to this model the incidence
of lung cancer in exposed populations, after an initial
latency period, follows that of non-exposed popula-
tions, but at a higher level by a factor constant in
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time after exposure. The model implicitly accounts for
an influence of smoking provided there is a multi-
plicative interaction with exposure to radon daughters.
With the relative risk model it has been estimated that
about 10+5% of the lung cancer death rates among people
living In "normal" areas with 8-25 Bq/m3 of radon
daughters in the indoor air might be attributable to
radon daughters exposure. For chronic exposures at
about 300-500 Bq/m3 the lung cancer death rate might be
twice as high as it would be in the same population
with no excess exposure to radon. According to the
relative risk-model, exposure to radon in absolute
terms would be much more dangerous for smokers or
people with otherwise enhanced risk of developing lung
cancer /39/, /40/.

A working group of the World Health Organization (WHO)
has evaluated radon in indoor air and concluded, in
accordance with the relative risk concept, "that
estimated risk of lung cancer, attributable to inhaled
radon daughter concentrations indoors: is a significant
fraction of the total lung cancer risk. It is estimated
that at the observed mean levels indoors, about 10% of
all lung cancer cases might be caused by radon
daughters. ... At the high end of the concentration
distribution, the risk is ot the order ot that caused
by cigarette smoking. ... Reducing exposure to radon
daughters is an effective approach to reducing 1lung
cancer risks" /98/.

A more accurate estimate of the true relationship bet-
ween exposure to radon daughters in indoor air and lung
cancer incidence is urgently needed and can only be
established by epidemiological studies in dwellings.
Research in this field is difficult because of:

- long latency time; 10 - 30 years between cxposurc
and manifested lung cancer,

~ several factors other than radon can result in lung
cancer,» and

- except in the small number of dwellings with extre-
mely high concentration of radon daughters the
expected increase in morbidity is small, so that a
very large sample is required to give a statistic-
ally significant result.

In Sweden, epidemiologists have been investigating the
health effects of indoor radon for some years. Pub-
lished results of a few pilot studies indicate a
statistically significant association between bronchial
cancer and estimated exposure to radon in dwellings
/2/. In one study 53 cases of lung cancer and an equal
number of controls, matched for sex, year of birth and
smoking habits, were extracted from the Swedish twin
registry, and from a material of lung cancer cases and
controls in Northern Sweden. Exposure was estimated
from data on house characteristics of relevance for
indoor radon levels, e. g. building material and type



of ventilation. The results indicated a higher exposure
to radon for the lung cancer cases than for the
controls among smokers but not among non-smokers /66/.

Recently, a case-referent study on the possible
association between radon emanating from the ground and
bronchial cancer has been performed among 292 female
lung cancer cases and 584 matched population referents.
Both groups had lived at least 30 years in the City of
Stockholm. Indoor radon and radon daughter measurements
were made in a 10% sample of the dwellings where the
cases and referents had lived. A relative risk of 2.2
(p=0.01) was found for lung cancer associated with
living in dwellings close to ground in areas with an
increased risk of radon emanation /84/.

Larger studies with potential to quantify any relation-
ship between exposure to radon in indoor air and lung
cancer with statistical significance are being planned
in Sweden and in Norway. A pilot study in Norway has
shown that it is feasible to conduct epidemiological
studies in the Norwegian population since there are a
reliable lung cancer incidence database, large regional
variations in indoor radon concentrations, a reliable
database on building stock, and a reliable database on
smoking habits among different parts of the population

/80/.






4 SOURCES OF INDOOR RADON

Radon enters a building

- from soil, fill or capillarity breaking layer,

- by exhalation of a fraction of the radon which is
produced by decay of radium in the building mate-
rials,

- with drinking water, and

- with supply air or infiltrating ambient air.

In detached houses and in flats at ground 1level,
infiltration of soil gas can act as a carrier for radon
from subjacent soil, fill or the capillarity breaking
layer. This is the most important and problematic of
the different sources because it can result in extreme-
ly high indoor concentration of radon. Infiltration by
this route gives radon daughter concentrations an order
of magnitude higher than by using Swedish aerated alum
shale concrete in efficiently weather-stripped buil-
dings. Infiltration of soil radon can occur on soil
with quite "normal" radium activity if the soil is
permeable, like gravel.

The exhalation from building materials for practical
purposes can be regarded as constant over time. Thus
the contribution from building materials to the concen-
tration of radon in the indoor air is inversely related
to the ventilation rate. In flats with no contact with
the ground exhalation from building material is typi-
cally the major source of indoor radon.

Significant contributions to the indoor concentration
of radon can be released from drinking water if this is
taken from a well drilled in certain types of rock, for
example granite.

It is generally accepted that type of building and
basic design has a great influence on indoor radon
concentration. Flats without ground contact and
detached houses on spot footings are resistent to
infiltration of soil radon. Dwellings with open contact
to a basement, on the other hand, are most prone to
infiltration of soil radon. Foundation walls made of in
situ concrete are normally tight while walls made of
concrete blocks can present a route of entry for radon.
Monolitic reinforced basement slabs can be made tight
enough while foundation on footings and separate slabs
in each room in the basement is a common design in
houses with excessive infiltration of soil radon.

4.1 Radon from the soil

The production rate of radon in rocks and soil varies
with the concentration of radium. Each bequerel of
radium gives one atom of radon per second. And as one
bequerel of radon equals 476 000 atoms one bequerel of
radium produces 3 600/476 000 = 0.0076 bequerel of
radon per hour. Most of the radon is produced in the
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solid grains of soil or in the interior of crystals in
rock and is immobile. A fraction, however, enters the
gas-filled pores in the rock or soil. This fraction,
typically 5-30% but sometimes in clay up to 60 % /69/,
can be produced by the decay of radium precipitated in
cracks or expelled from crystals by the recoil from the
alpha particle emitted when the radium atom decayed.

The resulting concentration of radon in the interstices
between particles in soil or in cracks of a rock always
is of orders of magnitude higher than can be accepted
in a dwelling. The reason for this is that
- the surface to volume ratio in soil is much higher
than in dwellings,

- there is much more mineral matter per unit of gas
volume, and
- the exchanygye rate with Lhe almosphere is lower.

The concentration is a function of
- radium content,
- fraction of free radon emanating from the particles
into the soil gas,
- the pore volume,
- fraction of pore volume filled with water, and
- air exchange rate with the atmosphere.

The following example illustrates the situation: Assu-
ming 1600 kg of soil per cubic metre, 30% pore volume,
10% of radon emanating from particles to the pores,
radioactive equilibrium between radium and radon, and
world average concentration of radium in the soil, 25
Bg/kg /89/, the concentration of radon_in the soil gas
would be 1600/0.3x0.1x25 = 13 000 Bg/m3.

In Sweden, concentrations in soil gas of 20 000 Bq/m3
are regarded as "normal". At a depth of 1 metrec in
eskers the concentration of radon is often 70 000 - 120
000 Bq/m3 indicating that 25% of the radon is free and
emanates to the soil gas /69/.

The concentration of radon in the soil gas 1is not
constant. At the Swedish Geotechnical Institute the
concentration of radon in soil gas was monitored over a
period of 19 months in six localities in clay, sand,
and gravel over granite and alum shale /56/,/57/. The
measured concentration of radon was correlated to
geohydrological and meteorological parameters. 1In
wintertime frozen soil and snow acts as a tight cover,
resulting in high concentrations. Heavy rainfallls can
seal the surface tcmporarily resulting in a peak in
concentration. Under dry conditions in permeable soil
the emanation from the soil particles is reduced and at
the same time the air exchange rate with the atmospere
is increased. The combined effect is unusually 1low
concentrations of radon. In clay, dry periods can have
the opposite effect on concentration of radon, giving
unusually high concentrations. A small reduction in
water content can increase the permeability dramatical-
ly by creation of cracks.
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Similar results have been obtained in Finland, where
the radon concentration in an esker was found to be
several times higher in wintertime than during spring
and summer /85/. In this case, the concentration of
indoor radon showed seasonal variations similar to the
soil gas. As an average, the concentration in the soil
was about twenty times higher than indoors, indicating
that 5% of the leakage of the building was towards the
soil and thus 5% of the air exchange was by infilt-
rating soil gas. The study also demonstrated the effect
of the variable structure of an esker consisting of
layers, and the inhomogeneous activity of the ground.
In one location the concentration of radon was much
higher and showed much stronger seasonal variations
under a layer of clay than above this layer.

There is by now sufficient evidence to conclude that
seasonal variations and possible inhomogenities in the
soil must be taken into consideration when the risk of
infiltration of radon into future constructions is
evaluated.

It is generally accepted that radon enters a building
from the subjacent soil, being carried by a convective
flow of soil gas infiltrating through cracks, holes or
other openings between the soil and the interior of the
building. Transport by diffusion is nearly always in-
significant. Only when the concentration of radon
under a concrete slab is extremely high can the trans-
port by diffusion through the concrete exceed the
exhalation from normal concrete /13/, /93/.

The diffusion of radon through an open connection is
much stronger than the diffusion through the same area
of concrete slab /92/. For example, if there is one
crack of one cm width for each metre of slab the influx
of radon by diffusion will be 25% of the influx without
the slab. This is a 25-fold increase in influx compared
to a tight concrete slab /54/.The possible transport of
radon through an opening, however, is still much
greater if there is a convective flow driven by a
pressure difference.

There are in general three requisites necessary for
excessive building infiltration of radon from the soil:

- there must be an open connection for convective gas
transport into the building,

- there must be a driving force supporting a convec-
tive flow through the opening, i.e. a pressure
gradient with negative pressure in the building
relative to the soil, and

- there must be a large enough volume of permeable
soil subjacent to the building.

Since the concentration of radon in infiltrating soil
gas is very high, even a small fraction of the total
untightness of a building envelope facing the soil will
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Table 3 Infiltration of soil gas (m3/h) with 1, 5, 10,

50 and 500 kBq/3 radon contributing 10, 50,
Bg/m~ to indoor radon.

200 and 1000

Radon con-

centration infiltration,

Indoor radon concentration from soil gas

in sogl gas, i0 Bg/m3 50 Bq/m3 200 Bq/m3 1000 Bg/m3
kBg/m
1 1 m3/h 5 m3/h 20 m3/h 100 m3/h
5 0.2 1 4 20
10 0.1 0.5 2 10
50 n.n2 0.1 0.4 2
500 0.002 0.01 0.04 0.2

indoor radon

result in a significant increase in
concentration. Table 3 illustrates the infiltration of
soil gas which will give a certain contributicn in a
dwelling ventilated by 100 m>/h.

Table 3 shows that on a normal soil with 5 - 10 kBq/m3
of radon in the goil, soil gas infiltration will con-
tribute 50 Bg/m” to the indoor radon concentration if
0.5 - 1% of the air exchange is infiltrating soil gas.
To avoid significant soil gas contributions on soil
with unusually high concentrations of radon it is
necessary for less than 0.1% of the air exchange to be
by infiltrated soil gas. Consequently, 0.1% at the most
of the total untightness of the building envelope
should relate to surfaces in contact with soil.

Inside buildings the air pressure is often lower than
outdoors or in the soil. This pressure difference is
the net effect of temperature differences, wind pres-
sure, and any mechanical extraction of air by exhaust
ventilation from the building. The pressure difference
over the slab between the interior of the building and
the subjacent soil can also be influenced by a stack
effect in the soil. This phenomenon has been studied on
an esker /74/ and in a cliff /91/.

Reducing ventilation rate by weatherstripping and other
tightening measures has during the latest decade been a
very cost-effective and widely applied energy
conservation measure. Hereby the infiltration of radon
from the soil has increaed unless when due
consideration to untightnesses to the ground has been
taken.

1R



4.2 Radon from building materials

The mobile fraction of radon, often called emanating
radium, in the pores of building material migrates by
diffusion to the lower concentration at the surface of
the material where some is exhaled to the surrounding
air. The exhalation from the surface is reduced by any
tight covering.

The exhalation rate of radon from building materials
has been studied extensively. However, the values
obtained are not always consistent and large variations
are found for the same material and surface. There are
obviously great experimental difficulties and the fac-
tors influencing the exhalation are not fully under-
stood.

The exhalation is strongly influenced by the moisture
content of the material. Very dry material has a low
exhalation and when it is soaked wet as well. The
exhalation has a maximum between these, for buildings,
extreme conditions. The exhalation from concrete was
shown to increase many times over when the moisture
content was increased to 2% of the dry weight. Between
2% and 4% moisture content the exhalation was almost
constant, about 20%. A further increase in water
content resulted in increased exhalation /67/. The
maximal exhalation is often 2-5 times the exhalation
from dry material, but can be as high as 30 times /57/.

For concrete, exhalations corresponding to 1-35% of the
amount produced have been reported /36/, /90/. The
majority of measurements reported in literature
indicate exhalation of 1 -~10 Bq/mz,h from normal
building materials. Exhalations exceeding 20 Bq/m<,h
are very uncommon. A concrete wall 20 cm thick with
average radium activity (25 Bqg/kg) can be taken as
representative. Exhalation of 10% of the radon content
is 4 Bq/mz,h, which can contribute 15 Bg/m3 to the
indoor radon concentration only if the air exchange
rate is 0.5/h.

There are some examples of building materials with un-
usually high radium activities and correspondingly high
exhalations of radon. The most well known are mill
tailings used as concrete ballast, for example in Grand
Junction, Colorado /14/, and aerated concrete based on
alum shale which was widely used in Sweden until 1975.
Other examples are granite stones in some parts of the
UK /11/, phosphate slag in Alabama /4/, and byproduct
gypsum from production of phosphoric acid /64/. Swedish
aerated concrete based on alum shale has radium
activity ranging up to 2700 Bg/kg with 1300 as an
average /61/. The exhalation of radon is a function of
the radium actiyity, e.g., a sample with 2500 Bg/kg
exhaled 200 Bq/m2,h /69/.

Generally the exhalation of radon from building
materials can be regarded as constant over time. The
contribution from this exhalation to the indoor radon
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concentration is inversely proportional to the amount
of air passing through the building as intentional
ventilation and as infiltration through leakages. A
doubling of the air exchange rate will thus result in a
50% reduction in the radon concentration emanating from
building materials.

The most cost-effective measure for energy conservation
in existing buildings is probably the reduction of
unintentional air infiltration achieved by weather
stripping and other sealing measures. But successful
sealiny will resull in an increased radon concen-
tration. With present energy costs it has been shown,
however, that for common building materials the
marginal costs for increased energy demand cannot
justify any increase in ventilation rate simply because
of its effect on radon concentration, except in cases
when the ventilation rate is below or equals 0.3 air
changes per hour /16/. In "normal"buildings, therefore,
other aspects of the indoor air quality will determine
the recommendations on minimum air change rates.

4.3 Radon from drinking water

In cities the municipal water supply systems normally
use surface water from lakes and rivers which have a
very low concentration of radon. As a rule, waters from
aquifers in sand and gravel also have low concen-
trations of radon. Very high concentration of radon
have been measured in waters from wells drilled in
so0lid rock. Groundwater in granites in Finland /46/,
/7/, Sweden /48/, and Maine (US) /22/, /31/, /32/ can
sometimes contain extremely high concentrations of
radon.

The radon in water is released to the air when the
water is heated or is dispersed in the air. Radon in
drinking water seemingly contributes to the long-term
average concentration in indoor air with 1074 times its
concentration in the water. Each 10 Bg of radon per
litre of water will thus increase the concentration of
radon in the indoor air by approximately 1 Bq/m3 /6/,
/22/, /30/, /94/.

The concentration in a bathroom can be very high after
a shower, for example. In Canada 6700 Bq/m3 radon was
measured in the bathroom immediately after a shower
with 2 000 000 Bq of radon per litre of water /94/. For
example a housewife can be subject to significant
exposure, well above the long time average for the
dwelling, while doing her household chores /6 /. On the
other hand, it has been shown that a slight change in
habits can reduce the emission of radon from water /6/.
If the bathroom door is kept closed the radon will
mostly leave the building through the air in the bath-
room exhaust. It is very likely that mechanical exhaust
ventilation from spaces where water is used will
extract most of the radon released from water and
reduce the contribution to the average concentration in
the dwelling.
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5. OVERVIEW OF RADIATION LEVELS IN DWELLINGS

5.1. Radon in indoor air

Large-scale surveys of indoor radon concentration,
involving more than 100 dwellings, have recently been
completed or are in progress in several countries. The
purpose of these surveys is to describe the distribu-
tion of population exposures, to identify problem
areas, or to study the effects of remedial actions of
manmade contamination and of cases of excessive radon
infiltration from soil gas. The radon and radon decay
product concentrations in all cases seem to be well
represented by a log normal distribution. The mean
indoor equilibrium equivalent concentration (EEC) of
radon has been estimated to be 15 Bqgm~ in the
temperate regions of the world /89/. There are some
areas where the distribution deviates significantly
from this mean, some with extremely high concent-
rations. The commonest reason is infiltration of soil
gas from permeable soil. Building materials with high
radium activity contribute significantly in some cases.

In Sweden, the combination of infiltration of radon
from the soil and the use of aerated concrete based on
alum shale has resulted in a mean indoor concentration
of radon daughters estimated to be 53 + 16 Bq/m3 /69/.
The population exposure distribution has been estimated
as:

> 0 Bq/m3 8 200 000 persons
> 100 ! 800 000 "
> 200 o 300 000 "
> 400 o 90 000 "

As an effect of the log-normal concentration distribu-
tion, the main contribution to the collective effective
dose equivalent to the whole population is not from the
small fraction of houses with elevated radon concentra-
tions. In Sweden, the one percent of the building stock
with > 400 Bg/m3 has been estimated to cause 16% of the
collective exposure, while 90% of the dwellings with
<100 Bgq/m3 determine almost 50% of the collective
exposure.

Until June 1982 local communities had made screening
measurements in 32 000 dwellings selected because they
could be expected to have high concentrations of indoor
radon. Approximately 10% of the measurements showed
morg than 400 Bg/m~” of radon daughters. More than 2.000
Bg/~ was measured in 0.3% of the dwellings /105/.

In Finland, the present estimate for the national mean
indoor radon concentration is 90 Bq/m3. In a problem
area in Southern Finland, the mean for 754 measured
houses was 370 Bq/m3 while in the most extreme subarea
the mean radon concentration was 1.200 /8/.
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In Norway, the mean indoor radon concentration has been
estimated as 80 Bqg/m3. About 3% of the dwellings in
Norway are believed to have radon daughter concentra-
tions above 200 Bq/m3 and for about 1% of the dwellings
the concentration is believed to exceed 400 Bq/m>. The
highest indoor concentrations of radon occur in areas
with alum shale in the ground. In one municipality with
such ground, 38% of the measured dwellings had > 400
Bq/m3 of radon /79/.

In the UK, about 800 measurements have been made in
areas with ignoous gecology and uranium mineraliaations.
The results indicate the existence of small areas where
the mean radon concentration is of an order of
magnitude above the national average. A few houses have
been identified with approximately 2 000 Bgq/m3 radon
daughter EEC /12/.

In the USA high indoor concentrations-have been repor-
ted from a part of Eastern Pennsylvania and from Maine.
In six electrically heated homes in Pennsylvania, the
concentration of radon in the living area ranged from
160 to 1800 Bg/m3 /96/. In 122 Pittsburgh area houses
measurements on the first floor gave an average radon
concentration of 90 Bg/m~. The highest measured
concentration wae 900 8gq/m> /102/. In 2 nationral survey
in the USA radon concentrations have been measured in
453 houses of physics professors from 10l universities
in 42 states /103/. The geometric mean was 38 Bq/m3 and
the aritmetic average was 54 Bg/m~.
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5.2. Gamma radiation in dwellings

There are three major components determining the gamma
radiation in a dwelling:

- gamma radiation from building materials, which is
the single most important contributing factor,

- cosmic rays, the intensity of which is a function
of latitude, altitude above sea 1level and any
shielding effect from heavy building materials such
as concrete, and

- gamma radiation from the ground, terrestrial radia-
tion, which is a function of activity of natural
radioactive nuclides in the ground under the house
and shielding by building materials such as
concrete slab.

Outdoors, at sea 1level, the cosmic radiation
contributes 0.3 mSv/year /89/. The world average for
effective dose equivalent from gamma terrestrial radia-
tion has been estimated to be 0.3 mSv/year /89/. The
average for individual countries deviates from this
figure. For Sweden the average has been estimated as
0.5 mSv/year /68/.

Since heavy building materials act as a shield for
radiation from the ground and cosmic rays, it is
possible to find situations where the intensity of
gamma radiation inside a dwelling is lower than out-
side. The prerequisite for such a situation is the use
of wood as the main building material and of concrete
with low activity concentration of radioactive
nuclides. This is the basis for construction of storage
rooms for X-ray film and laboratories for measuring
extremely low concentrations of radionuclides, i e in
humans, where efficient shielding of radiation is
essential. Such rooms are built with thick walls of a
material with unusually low activity of naturally
radiocactive nuclides.

on the other hand, it is normal for building materials
like ordinary concrete produced from local gravel to
result in a small increase in the field of gamma radia-
tion inside dwellings. If the building materials have
the same activity concentration of naturally radioac-
tive nuclides as the surrounding soil, a normal repre-
sentation of building materials (wood, brick and
concrete) gives an average indoor to outdoor ratio of
1.2 in absorbed dose /89/.

The relationship between activity of naturally radioac-
tive nuclides in the building materials and the resul-
tant contribution to gamma radiation indoors have been
studied by several investigators /3/, /33/., /47/., /49/,
/50/., /51/, /52/, /60/, /62/y /76/+ /77/+ /78/:+ /82/,
/87/, /88/. This database can be considered a fair
consensus of the conclusions reached by different
researchers. In normal houses with a combination of
different building materials, the activity of
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potassium, radium and thorium in the main materials
will result in 0.2-0.3, 2-3 and 3-4 uSv/year respec-
tively per Bg/kg. In the extreme, more theoretical
situation where floor, ceiling and all four walls are
made of 20 cm thick concrete the increase in the
effective dose equivalent will be 0.6 uSv/year per
Bg/kg for 40g, 7 uSv/gear per Bq/kg for 2 6Ra and 8
uSv/year per Bg/kg for 327h, Based on these figures it
is possible to estimate the dose commitment following
the incorporation of 40k, 226gRa, and 232th in the
Structures of dwellings as 0.6, 7 and 8 mSv per MBg
respectively.

Aerated concrete based on alum shale, widely used in
Sweden from 1930 to 1975, is perhaps the most outstan-
ding example of a building material with very high
activity concentration of natuvrally radivaclive
nuclides. In buildings made of this material the effec-
tive dose equivalent from indoor gamma radiation in
rare cases can reach 4 mSv/year /68/. Thus, the contri-
bution from gamma radiation from building materials to
the effective dose equivalent can range from a small
negative value to approximately 4 mSv/year. The average
can be estimated to be not far from 0.1 mSv/year.

Changes in ventilation rate, infiltration rate or other
eneryy counservation measures can never have any impact
on gamma radiation inside dwellings.
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6. REMEDIAL ACTIONS

Methods for remedial actions against excessive concen-
tration of radon in indoor air have been developed and
applied, i.a. in Canada, Sweden and the USA. When
selecting a remedial action method suitable for a
specific building several factors have to be con-
sidered. The most important ones are:

- the source (soil, building materials or water).,

- the route of entry,

- the type of building, and

- the required reduction (is 50% enough or is >90%

required?).

The most common sources and routes of entry for radon
into a building are illustrated in figure 1. The same
building after possible remedial actions have been
taken is presented in figure 2.

6.1. Radon from the soil

As stated above, the soil subjacent to buildings is
probably the most important contributor to indoor
radon. No other source can result in as extremely high
concentrations as radon from the soil.

Only insignificant amounts of radon can enter a buil-
ding by diffusion through building materials. Infiltra-
ting soil gas acts as a carrier for radon from the
subsoil into buildings. Thus there are three essential
prerequisites for infiltration of radon from the soil:
- the subsoil must be permeable, allowing a convec-
tive flow of air,
- there must be some leakage between the soil and
the interior of the building, and
- there must be a driving force, i.e., a pressure
gradient sucking air through untightnesses into the
building

The three parameters given above are possible targets
for remedial actions against infiltration of soil gas.
It is, however, not possible to change the properties
of the s0il under the house and by this means prevent
infiltration of soil gas. It is also necessary to have
a permeable material as capillarity breaking layer
under any concrete slab.

If the untightnes where radon enters the building can
be identified and sealed this can be a very cost effec-
tive remedial action. For example, indoors in a group
of terrace-houses built on young uraniferous granite
and blast debris an average of 500 Bq/m~ of radon was
found. The building material was concrete with a
probable exhalation of 10 - 15 Bq/m2,h. Although the
air exchange rate was low (well below 0.5 air exchanges
per hour), the building materials could not be expected
to contribute more than 100 Bgq/m>. It was found that
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Det héar ar ett radonhus...

Figure 1l. Illustration of the most common sources of
indoor radon (soil, building materials and water) and
its normal routes of entry. (Reproduced with permission
from AIB Consulting Engineers, Solna, Sweden)



...och det har har varit ett
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Figure 2. Illustration of normally succesful remedial
actions in existing buildings with indoor radon from
soil, building materials and water; sealing of untight-
nesses in the basement, depressurization of the
capillarity breaking layer and installation of a
balanced ventilation system. (Reproduced with
permission from AIB Consulting Engineers, Solna,
Sweden)



the main waterpipe entered the houses through a hole in
the concrete with a diameter some 40 mm wider than the
water pipe. The air which infiltrated this route had
an average radon concentration of 20 000 Bg/m>. From
the soil gas contribution to the concentration of in-
door radon it follows that the soil gas was diluted 50
times and that 2% of the air passing through the buil-
ding was soil gas. The water pipe entrance was sealed
with a plastic caulk at negligible cost. Hereby the
concentration of indoor radon was shown to be reduced
to normal levels /17/.

It is concluded that, as a general principle, infil-
tration of soil gas in new construction must be pre-
vented by designing as tight a construction as possi-
ble. Normal concrete with no cracks and holes is tight
enough, and a concrete slab of conventional quality
presents sufficient resislance Lo radon even if the
concentration is 300 000 Bq/m3 in the soil gas immedia~
tely beneath the slab /20/.

Often the untightness of a building to the ground is
inaccessible or diffuse. Attempts have been made to
seal all the interior surfaces of concrete floors and
basement foundation walls with several layers of epoxy
sealants. Although epoxy sealants provide an impervious
layer the effect is not normally permanent. The sealant
tends to crack over cracks in the concrete slab /14/.
This phenomenon could probably be counteracted by using
a permanently elastic surface sealant such as rubber-
ized asphalt, which has been evaluated as a possible
surface cover for dumps of uranium mill tailings in the
usA /28/,/29/. In a furnished basement, the cost of
restoring panelling and floor makes the method rather
expensive.

The most commonly applied way of coping with infilt-
ration of soil gas has been to eliminate the pressure
gradient between the soil and the building. This can be
achieved by balancing the negative pressure caused by
the stack effect by pressurising the building. This
method, however, cannot be recommended. It would have
the desired effect on infiltration of soil gas but
would simultaneously press warm humid indoor air into
the cold parts of the walls with water vapour condensa-
tion and possibly development of mould as adverse side
effects. Instead, it is recommended that the pressure
gradient over the slab be changed by sucking air from
the so0il under the slab, thus maintaining a stronger
negative pressure under the slab relative to the
interior of the building. This technique has been
successfully applied in Canada /94/, in the remedial
action program in Grand Junction, Colorado and in
Sweden.

In Sweden, 39 installations for creating a negative
sub-slab pressure have been evaluated. The average
reduction in radon concentration in indoor air was 88%
or 2 600 Bq/m3. A limited flow of gas is extracted,
just enough to prevent infiltration through any cracks.
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Sometimes it is sufficient to apply suction in one
point only, but if the capillarity breaking layer is
sectioned by footings, suction in every section is
recommended. It is essential to apply the suction in a
small cavity under the slab. With no such cavity the
pressure drop will often be too high close to the point
of suction, preventing horisontal spreading of negative
pressure under the slab /17/. 7 ;

Application of strong suction at one point in an esker
has been demonstrated as a possible remedy for a group
of adjacent buildings (personal communication from Dr
Bengt Eriksson, National Institute for Building
Research, Gidvle, Sweden, /10/).

In certain conditions it is also possible to prevent
infiltration of soil radon by blowing air down under
the slab. Such an installation will be effective if the
concentration of radon under the slab is reduced to a
low value by this ventilation. Optimal alternatives
must be selected with due consideration to building
physics and local conditions.

Increased indoor ventilation is uaually not an effec-
tive remedial action against infiltration of soil gas.
If soil gas infiltrates the building, the resulant
indoor air concentration may become extremely high. The
source term emission then has to be reduced, since no
realistic ventilation rate will suffice to dilute the
radon to an acceptable concentration. Mechanical
exhaust air ventilation of the building will increase
the negative pressure in the building and possibly
increase the infiltration of radon from the soil. In
one house, operation of the exhaust fan over the
kitchen stove was shown to increase the ventilation
rate of the house considerably, but so did the flow of
air from the crawl space into the kitchen. This
resulted in a several-fold increase in radon concent-
ration /9/. Operation of an exhaust air ventilation
system in a house with slab on grade has had a similar
effect /20/. Whenever mechanical ventilation is applied
in a house with suspected infiltration of radon from
the soil the system should be of the balanced supply-
exhaust type. Balancing the system to a neutral
pressure, and regular maintenance, will be essential.
Considering these demands, ventilation can be a good
supplementary remedial tool, especially in cases where
the building materials contribute significantly to the
remaining concentration of radon. Installation of
mechanical balanced ventilation in 10 dwellings with
infiltration of soil radon resulted in 40 - 90%
reduction in indoor concentration /20/.

6.2 Radon from building materials

Building materials can be regarded, by and large, as a
constant source term for indoor radon. Common building
mater%als have such low exhalation rates, less than 20
Bq/(m<,h), that retrofitting with a mechanical ventila-
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tion system will not be cost-effective. The most well
known building material with excessive exhalation of
radon is probably a type of Swedish aerated concrete
with alum shale. The typical exhalation from this
material is 50-200 Bq/(m<,h). In houses where aerated
alum shale concrete is the main building material,

weather stripping can result in a rise of the radon
concentration up to 1000 Bq/m3. In such situations
retrofitting with a mechanical balanced ventilation
system is the best remedial action. The adequate air
exchange rates can not be achieved simply by increasing
the general untightness of the building envelope. In
cold climates the result would be an uncomfortable
indoor thermal climate and excessive heating costs. In
Sweden, the installation cost of a retrofitted
ventilation system is approximately 5% of that of a new
construction.

The effect of a retrofitted balanced ventilation system
on indoor radon concentrations often deviates from what
is calculated assuming complete air mixing and dilution
of a constant source for radon.

Improperly designed or located air inlets and outlets
may cavnse the ventilation air to pass straight from air
inlet to air outlet, not mixing with the room air. This
can result in a surprisingly small reduction in radon
concentration.

Clean air is often supplied to "clean rooms" where
people spend most of their time, and then passes
through transfer air devices into other parts of the
house where the air outlets are located. The dilution
rate with non-polluted air in the "clean rooms" will be
higher than the average for the whole building and
consequently in these rooms the reduction in radon
concentration will be larger than expected.

The increased air movements in a house with mechanical
ventilation may increase the adsorbtion of radon daug-
hters to surfaces, plate out.

A reduced dwell time of the radon in indoor air tends
to reduce the equilibrium factor. When the effect of
ventilation is characterized by measuring the con-
centration of radon daughters, this adds to the
reduction in concentration of radon.

If the ventilation systems are equipped with efficient
air-to-air heat exchangers or the heat in the exhaust
air is recovered with a heat pump, the ventilation
systems neither increase nor decrease the energy demand
in the building. With retrofitted mechanical and balan-
ced ventilation systems, houses built from aerated
concrete based on alum shale can be remedied efficient-
ly. In 7 dwellings the concentration of radon daughters
was reduced by 95% down to 16 - 60 Bq/m3 /18/.
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6.3 Air cleaning

When air passes through a mechanical filter or an
electrostatic precipitator, particulates with particle-
bound radon daughters, as well as the unattached frac-
tion of the radon daughters, are removed efficiently.
These filters, however, do not remove any radon from
the air and thus the production of radon daughters
through the decay of radon is not affected. The radio-
active half-lives of the radon daughters are fairly
short and 1imit the duration of the effect of filtra-
tion. A drastic reduction in concentration of radon
daughters therefore requires a high volumetric capacity
in the filter, with more than one turnover h~l. a lower
filtration rate will result in a non-significant dose
reduction only /73/.

Filtration removes radon daughters from the air by two
more mechanisms over and above the removal in the fil-
ter itself. The radon daughters produced by radon
decay in filtered air, which has a low concentration of
particulates, will have less chance to attach to par-
ticulates, 1leaving a large fraction of the radon
daughters in the unattached form. Unattached radon
daughters are more mobile and more likely to plate out
on walls and other surfaces. The forced circulation of
air which is a side-effect of filtration also increases
the plate out on surfaces.

The overall reduction in concentration of radon daught-
ers by air cleaning is partly outweighed by the fact
that the unattached fraction of radon daughters is
increased. The unattached fraction is generally assumed
to be more harmful and to give a higher radiation dose
per inhaled unit of activity /44/, /73 /. Radiation
doses from inhalation of radon and radon daughters are
calculated by models incorporating several assumptions.
The most frequently used models are the Harley-Paster-
nak /27/, the James-Birchall /41/, and the Jacobi-
Eisfeld /37/, /38/ models. These models differ, i.a.,
by the different weighting factors given the unattached
fraction of the radon daughters.

The efficiency of electrostatic precipitators largely
depends on which combinations of age and dose models
are being used in the inter-equipment comparisons /43/,
/44/, /45/, /71/. The activity concentration of radon
daughters was found to be reduced by 50 - 75% in air
with a low and by 31 - 65% in air with a high initial
concentration of particulates. The reduction in calcu-
lated dose, however, was limited to 30 - 40% of the
value of unfiltered air. Similar results have been
obtained in other investigations of electrostatic fil-
ters /24/, /86/. All the models showed some reduction
of dose during filter use. It is calculated that fil-
tration at a turnover rate of 4 h™1 will result in 50%
reduction of the effective dose equivalent /73/.

As the more harmful unattached fraction is increased by
filtration, it has been arqued that filtration might
even increase the dose. From the studies referred to



above this seems not to be the case, although the
reduction in radiation dose is less than is indicated
by the overall reduction in activity concentration of
radon daughters.

In the USA the EPA assumed air cleaners to be one of a
few economically feasible remedial actions for existing
structures on phosphate land in Florida /23/. For HEPA
filters, the capital cost was estimated at $400 and
average annual operating cost at $100. For electro-
static precipitators, the capital cost and the annual
operating cost were eslimated at $350 and >535 reapec-
tively.

In conclusion, it seems that air filtration would
result in only a small reduction in dose. The technique
can not be recommended as a remedial action against
excessive concentrations of radon daughters except in
combination with other more efficient actions. In cases
of moderately enhanced concentrations of radon daugh-
ters, filtration can result in an acceptable air quali-
ty. The absolute dose reduction, however, will not be
sufficient to justify the costs involved. The reduction
of the radiation dose from radon daughters can never-
theless be a positive side effect when filters are
installed to cope with some other indeor air guality
problem.
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7. STRATEGY

An optimal strategy for coping with radon in indoor air
should
- minimize cost,
~ provide a level of ambition compatible with other
fields of radiation protection and of public
health, and
- give special consideration to the small minority of
the population possibly exposed to extremely high
concentrations posing an unacceptable individual
risk.

The International Commission on Radiological Protection
/35/ has given general advice on fundamental principles
in radiation protection to natural sources of radia-
tion. Radon in dwellings has, as the most important
exposure to natural radiation, been used for illustra-
tion of the general recommendations.

The tradition in radiation protection has been to set
very stringent limits on doses from artificial sources
of radiation. Natural radiation, including radon in
indoor air, has traditionally not been covered by any
regulations.

The dose limit for occupational exposure has been set
at 50 mSv in one year. This limit is applicable for a
single year, but yearly doses of 50 mSv would not be
acceptable over a long period of the working life of an
individual. With the limit of 50 mSv/year per year for
40 years’ working life, the individual would accumulate
2 Sv. Using the assumption of ICRP that each personSv
corresponds statistically to 0.02 fatalities induced by
radiation, this is equivalent to a 4 % individual risk.
This figure is regarded as the upper limit of individu-
al risk that the individual generally will accept. With
no regard to the costs involved, each individual is
guaranteed not to receive higher doses from occupation-
al exposure.

For the general public the ICRP has recommended that
the committed effective dose equivalent from exposure
to artificial sources of radiation in any year be
limited to 5 mSv. For repeated exposures the Commission
has stated that 5 mSv/year is a bit high and that it
would be prudent to restrict the dose further to 1
mSv/year from lifelong exposure. This would limit the
dose from artificial sources to each member of the
public to 70 mSv, which statistically would correspond
to an individual risk of 0.14%.

The setting of upper limits of accepted doses is one of
three principles for radiation protection. Another
principle is that a practice which causes exposure to
radiation should be justified by providing a positive
net benefit to mankind. The third principle discussed
by ICRP /35/ is the rule of ALARA. ALARA stands for As
Low As Reasonably Achievable, economic and social -
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factors being taken into account. The meaning of this
principle is optimisation of the use of resources
allocated to further reduce the doses below the upper
limits. The underlying philosophy is that every
increment in dose is equally urgent to reduce. Thus, it
would be contrary to this rule to take action at a very
high cost per unit of dose reduction if at the same
time more cost-effective actions are neglected.

The ALARA principle is not intended to protect any
single identified individual but to be used as a guide-
line [or what are and are not reasonable costs in
allocation of resources. In Sweden, the limit of
reasonable cost has been suggested as SEK 100 000 per
personSv of collective dose reduction /55/. This figure
is not meant as a strict value to be used in a mathe-
matical calculation of the cost-efficiency, e.g. in
analogy with the accepted pay-off time in investment
calculations. The figure is rather to be seen as one of
several indicators used in allocating resources avai-
lable for radiation protection. The figure is given as
an interval ranging from SEK 10 000 to SEK 500 000 per
personSv. The limit of reasonable cost can be trans-
formed into a figure on the willingness of society to
pay for one statlstlcally avoided fatallty caused b&
radiation. SEK 100 000 then corresponds to 3EK 5710
for one fatality. This may be compared with the figure
of SEK 4.3°10° per life saved which can be deduced from
the policy in traffic accident prevention. It might be
argued that there is a higher ambition in radiation
protection than in traffic accident prevention, since
every fatality in traffic accidents is accompanied by a
larger number of non-fatal injuries, some of which are
disabling for a very long period of time. Traffic
accidents also involve the young portion of the popula-
tion, in contrast to lung cancer from radon.

The cost limits mentioned above refer to the marginal
cost, implying that urgent programs generally start
with the most cost-effective actions and stop at a more
or less outspoken increase in marginal cost. The
average cost to society will thus be lower than the
"limit for reasonable costs" examplified above.

Until recently the annual "whole body" effective dose
equivalent from natural sources of radiation was esti-
mated to be approximately 1 mSv as a worldwide average.
In the 1982 UNSCEAR report /89/, however, this estimate
was doubled to 2 mSv. The change was caused mainly by
an increase in the estimated effective dose equivalent
referring to the dose to the lung of radon decay pro-
ducts, mainly in indoor air.

An important recent discovery is that soil gas infilt-
rating into a building can act as a carrier for radon
resulting in extremely high concentrations of radon in
the indoor air /72/, /95/. Very high concentrations
indoors have been measured on ground where the activity
of radium is not very different from the world average.
The combination of a very permeable soil, such as
gravel, allowing soil gas to move freely to the buil-
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ding envelope, and open contact between the soil and
the interior of the building, has been proven to be a
sufficient cause of unacceptably high concentrations of
indoor radon. The resultant effective dose equivalents
may be very high, ranging up to 1 Sv each year. This is
at least 20 times the upper limit for permitted
occupational exposure and constitutes an individual
risk not likely to be accepted, either by the exposed
individuals or by society. Life-long exposure would,
according to risk estimates presented by the ICRP and
others, result in a probability of developing lung
cancer which is higher than from tobacco smoking.

It has been shown that many soil gas infiltrated buil-
dings can be remedied in a cost-effective manner /17/.
The costs involved can be as low as a factor of 100
below what would be regarded as justifiable if the
source of the radiation was artificial. '

Discussions have been going on as to whether it is
prudent to distinguish between purely unaffected
natural radiation and natural radiation enhanced by
some action of man, Technologically Enhanced Natural
Radiation (TENR). The ICRP, however, recognised back in
1977 that it is very difficult to make such a distinc-
tion /34/. The ICRP stated /35/: "The Commission had
already drawn attention to the difficulty of distin-
guishing between normal and enhanced levels of
exposure. It has now concluded that this distinction is
unhelpful and bases its new advice on a different
approach in which the emphasis is on the extent to
which the exposure to the source is controllable".

The parameter of interest is the long-term average
concentration of radon daughters. This parameter, how-
ever, is very hard to determine as the concentration is
not at all constant but varies considerably. The varia-
tions are the net combined effect of several factors.
Some of these factors have short time constants, among
them the effect of instant airing of a room by window
opening, while others act slowly, such as seasonal
variations or effects of humidity linked to the initial
drying in a new structure. In practice it is impossible
to determine with a high degree of accuracy a represen-
tative long-term average for radon daughter concentra-
tion in a building. Available methods measure either
the concentration at a certain moment of sampling or
the average concentration during the time the detector
is exposed in the building. A longer integration time
gives a more representative value, but the devices
which can measure for 6 months to one year tend to be
less accurate than measurements based on grab sampling
techniques. Even a hypothetically perfect measurement
will leave som uncertainty regarding life-time expo-
sure. It is possible, for example, that new installa-
tions or retrofittings in a building will lead to the
opening or sealing of connections between soil and the
building interior, or affect the ventilation rate.

As the concentration of radon in indoor air ranges over
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more than three powers of ten, a moderate uncertainty
in the characterization of a specific house should be
accepted. It would seem practical to regard the action
level implemented by society as a guide to the range
whithin which remedial actions commonly become
justifiable from a cost and health protection point of
view. The estimation of radon daughter concentration is
only part of the basis for a decision on remedial
action. Other factors to be considered are the need for
a reduction of the collective dose in the population,
the nature of the remedial actions in question, and the
attitude and willingness/ability of the inhabitants Lo
pay for the costs. For cases where fairly simple
remedial actions can be taken the ICRP suggests /35/
that an action level for equilibrium eguivalent radon
concentration in the region of 200 Bq/m3 (annual effe-
ctive dose equivalent of about 12 mSv) might be consi-
dered. For severe and disrupting remedial action, a
value several times higher might be more appropriate,
the Commission says.

In Sweden, there have been regulations in force for
some years which stipulate that an average concentra-
tion of 400 Bg/m~ and more of radon daughters in the
inhabited space shall be regarded as a sanitary
nuisance /99/, /i00/. In theory, this makes remedial
actions mandatory. This action level was introduced as
a temporary limit, giving priority to the few buildings
with very high concentrations. The limit was deduced
from the recommendation given by the Swedish Radon
Commission that the exposure during the next five years
should be limited to 2 000 quears/m3 /68/. Measure-
ments were recommended to be made in two rooms in the
dwelling, one of which the bedroom, where the highest
concentration was expected. In the calculation of the
average, double weight was given to the higher of the
two measurement values. The limit was meant both as a
tool for directing actions to buildings with very high
concentrations and as a limit between cases where
remedial actions should be taken or not.

As has already been emphasised in this report, a more
accurate estimate of the precise relationship between
exposure to radon daughters in indoor air and lung
cancer incidence is needed, through epidemiological
studies in dwellings. Although conclusive evidence is
still lacking for reliable judgement of the critical
effect levels, we believe the database permits us to
mount a reasonably adequate action program. In our
opinion, a practical and cost-effective action strategy
based on both the statements in the ICRP publication No
39 /35/ and the present Swedish regulations for
existing buildings /68/, /99/, /100/ could be for
Sweden:

- Meas%fements indicating less than approximately 150
Bg/m” of radon daughters suggest only simple and
low-cost remedial actions such as maintenance of
the existing ventilation system or sealing of
obvious and easily accessible routes of entry for
soil gas.
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- When initial measurements indicate concentrations
in the middle range 150 - 500 Bq/m3 of radon
daughters (the latter figure corresponding to 400
Bgq/m” with allowance for a 25% variation in
screening measurement data) remedial actions are
recommended, but the decision on the specific
remedial actions should be taken by the houseowner.
A recommendation on the action of choice should be
given by the health or building authorities after
having considered the estimated cost and effective-
ness of possible actions, and the uncertainties
inherent in the measurements.

- Measurements in screening programs _indicating con-
centrations higher than 500 Bg/m3, i.e. several
times higher than 200 Bqg/m /101/, justify
immediate simple remedial actions without waiting
for confirming measurements. If simple remedial
actions cannot be taken, repeated measurements are
to be made, designed to verify the situation and to
help design the remedial actions. If the high
concentrations are verified, even quite expensive
remedial actions must be accepted. If the house-
owner can-not afford the action and it has been
established that simpler actions are not likely to
be effective, public financial support should be
considered.

In some situations remedial actions should probably be
mandatory. In our opinion, the exposure limit above
which society may prescribe remedial actions should be
high for adult persons living in a house of their own.
If there are children in the building, in our opinion,
the 3andatory limit should not be very much above 400
Bg/m~ radon daughters. If the dwelling is rented, or it
is e.g. a public day~care centre for children, remedial
actions, to be consistent with other sectors of public
health protection, should be mandatory at even lower
levels.

A key problem is the design of screening programs for
identifying buildings eligible for remedial actions.
The ICRP recommends /35/ that "competent national
authorities establish investigation levels to separate
exposures that require investigation from those that do
not". This procedure is meant to separate, in the least
costly way, the majority of buildings with low radon
concentration from the few with an elevated concentra-
tion of radon daughters above or near the action level.
The ICRP recommends that not every building be subject
to measurements but that characteristics such as type
of building material, local geology, and ventilation
principle be used in attempts to separate the small
fraction of the building stock where the vast majority
of buildings with radon daughter concentration above
the action level can be found.

Modern detectors based on track techniques integrating

37



the concentration over 3 months or more, give a fairly
exact figure on the radon concentration at fairly low
cost. It is often more expensive to characterize a
building by inspection as to the status of the ventila-
tion systems and the presence of openings to the soil.
Distribution of modern track detectors. or other low
cost dosemeters, by mail will probably present the
least expensive and most accurate determination of the
long term average concentration. The accuracy of such
measurements is sufficient to separate the small group
of buildings with elevated concentrations from the
majority with "normal" concentrations, and will in most
cases be sufficient for making the dccicion ao to
whether or not remedial actions at a reasonable cost
are indicated. Some parts of the building stock,
however, can be excluded from measurements already at
the planning stage. In areas where no high radium
activity building materials have been used, all
apartments with no direct contact with the ground may
be excluded from the screening. Wooden houses at
locations where the soil is known to be impermeable or
to have low activity of radium may also be excluded.

For new buildings the ICRP /35/ states that there are
much better possibilities than in old buildings to
achieve a low indoor radon concentration. It is recom-
mended that "the exposure of the most highly exposed
individuals should be limited by the application of an
upper bound of individual dose in the optimization
assessment”. This upper bound should be established
taking into consideration the local possibilities of
minimising the infiltration of soil gas and the possi-
bility of avoiding the use of building materials with
elevated activity of radium. As a result of the
necessary modifications being easier to implement in
new buildings, the upper bound for these will be lower
than the action level for existing situations. The ICRP
believes that a reasonable upper bound for the
equilibrium equivglent radon concentration is of the
order of 100 Bg/m>. Application of an upper bound of
109 Bq/m3 to us also seems reasonable to comply with in
every known situation. This is also in agreement with
the recommendations from a task group of the World
Health Organization. On the most "radon dangerous" soil
this might require restrictions on type of building if
the added costs are to be kept low e.g. by avoiding
inhabited basements in open contact with the main
living space.

In Sweden, it is prescribed in the Building Code that
in new buildings the long-term av%rage concentration of
radon EEC must not exceed 70 Bq/m~. In the Comments to
the Code it is stated, however, that as a consequence
of the uncertainty in measurements it is reasonable to
approve measurements up to 140 Bq/m3. Higher values can
be approved only if the remedial measures that would be
required to reduce the concentration are unreasonably
expensive in relation to what can be gained in reduced
exposure. It is believed, the Comments read, that the
limit value for new buildings, together with the
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remedial actions taken based on the action level for
existing buildings, will reduce the collective average
population exposure from the current level of appro-
ximately 50 Bq/m3 to approximately 25 Bq/m3 in 100
years.
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8. COST-BENEFIT CONSIDERATIONS

If $10 000 per personSv is used as a criterion for cost
efficiency in radiation protection (see also section
7) it follows that:

~ Common building materials used in a realistic buil-
ding design and with common surface treatments
give, on the avefage, an exhalation of radon of
less than 20 Bg/m<,h. With present energy costs and
in a cold climate (number of degree days >50% of
the Swedish situation) other aspects of the indoor
air quality than the radon emission from building
materials will set the limits for energy conserva-
tion by weatherisation of the building /16/. Only
in exceptional situations is it necessary to
refrain from energy conservation by weatherisation
because of the exhalation of radon from building
materials. Other aspects of indoor air quality and
building physics set the limit for minimum recom-
mendable ventilation rate. Ventilation rates below
the generally recommended minimum rate will
obviously increase the radon concentration as will
the concentration of a number of other pollutants
in the indoor air.

-~ Once an existing structure with infiltration of
radon from the ground has been identified, remedial
actions seem cost-effective if the contribution
from the soil to the indoor radon concentration is
more than 50 - 100 Bq/m3. If the low=-cost remedial
actions are not successful the cost efficiency of
more expensive remedial actions should be evaluated
on a case by case basis.

-~ More expensive remedial actions in existing buil-
dings, such as retrofitting a mechanical balanced
ventilation system, seem to be cost efffective by
its sole effect on the radon concentratjon if the
expected reduction is about 200-400 Bq/m3.

-~ Radon from the so0il enters buildings by a convec-
tive flow of air driven by a pressure gradient.
Transport by diffusion is insignificant. Thus the
pressure difference between indoor air and soil gas
subjacent to the building has a decisive impact on
the radon concentration. In buildings on permeable
soil, ventilation systems should be designed to
avoid a negative pressure indoors relative to the
basement and the ground.

- In new buildings small modifications in the design
will in most cases prevent infiltration of soil
gas. When buildings are constructed on "radon
dangerous" land, infiltration of radon from the
soil can be prevented by adequate building design
and construction principles that are either inhe-
rently radon safe or require only minor modifica-
tions. Other types of basic building design will
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require more expensive modifications. If inhabited
basements are avoided, any ground can be built upon
with strict design levels at an added cost of not
more than approximately 4% of the base cost for a
detached one-family house.

- Our experience shows that the average cost will be
minimised if the owner of the house has an incen-
tive to look for the most cost-effective solution
to any problem with radon. If the costs are fully
covered by society the owner will not have this
incentive and will often argue for a more expensive
action.

Even if the costs of remedial actions in a house are
fully or partially covered by the owner society still
has to carry the full responegibility for other parts of
the protection program against radon in indoor air.
Local or central agencies should perform research and
surveys concerning

- adaption and demonstration of remedial actions in
existing structures,

- adaption, demonstration, and verification under
local conditions of modifications in design suitab-
le for preventing infiltration of radon from subja-
cent soil, and

- documentation of where geological conditions indi-
cate a risk for infiltration of soil gas.

The society also must carry the responsibility for
including relevant information on radon in the training
of building engineers, geotechnicians, and health pro-
tectionists.
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