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Introduction
Natural radiation has always been part of the human environment. Its main components are
cosmic and cosmogenic radiation, terrestrial gamma radiation from natural radionuclides in rocks
and soil, and natural radioactive substances in our diet and in the air we breathe. Until the end of
the 1970s the doses received by the vast majority of the general population from natural radiation
were considered to be "background" phenomena of little significance, and the average annual
dose was estimated to be about 1 mSv. (Here and throughout this paper the term dose refers to
effective dose.)

In the case of radon exposure special situations were, of course, known to exist. For example
uranium and other underground miners were, in many cases, subject to elevated cancer risks due
to prolonged exposure to high concentrations in air of the radioactive decay products of radon
(NRC 1988). Radon (Rn) is a naturally occurring radioactive noble gas which exists in several
isotopic forms. Only two of these isotopes occur in significant concentration in the general
environment: radon-222 (usually referred to as "radon"), a member of the radioactive decay chain
of uranium-238, and radon-220 (often referred to as "thoron"), a member of the decay chain of
thonum-232. Radon is the first and only gaseous and inert element of the radioactive chains, so
that it may leave its place of production (soil, rock and building material) and enter the indoor
air. The contribution made by thoron to human exposures in indoor environments is usually
small compared with that due to radon, due to the much shorter half-life of thoron (55 seconds
versus 3.82 days).

It should be noted that exposure to radon is not a new phenomenon and documentary evidence
from as far back as the 16th century indicates that elevated radon exposure was probably
responsible for excess lung cancer mortality of miners in some Central European mines, such as
the silver mines in Bohemia (see Jacobi 1993 for historical notes).

The view that natural radiation was of little radiological health significance for the general
population in most countries changed dramatically with the discovery in the 1970s and 1980s that
some homes in a number of countries had indoor radon levels present at concentrations of many
hundreds up to some thousands of Bq/m3 (Gunning and Scott 1982). For people in such houses
the doses are in the range of some tens of mSv per year and the associated risk for lung cancer is
estimated to be substantially higher than the general population risk for this disease. Surveys in
European countries (see Table 1) also reveal that even at typical average indoor radon levels of
about 50 Bq/m3 the dose is comparable to the dose of approximately 1 mSv per year from all
other natural sources (ICRP 1993, UNSCEAR 1993). It should also be noted that in EU countries
the average total dose to the population from artificial sources (excluding medical exposure)
amounts to about 0.01 mSv per year, or about 0.5 % of the average total dose from natural
sources of which radon is the major contributor to dose. Even the average committed dose to the
EU population resulting from the Chernobyl accident (i.e. the total dose that is delivered from the
time of the occurrence of the accident to the end of its effects) is about equal to the dose from
only 1 year of exposure to radon (UNSCEAR 1988, 1993).
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Table 1. Summary of radon surveys in dwellings*

Country/Region

(population size in

millons)

Australia
(17.31

Belgium
1111(11

Canada
(study pop.=7.X)

Czechoslovakia

(15.6)

Denmark

(5.2)

Finland

(5.(0

France

(56.9)

Germany
(77.4)

Greece
(10.2)

Hungary
(10.6)

Ireland
(3.5)

l laly
(56.X)

Japan
(123.9)

Luxembourg

(11.4)

Netherlands

(15.1)

Norway

(4.2)

Portugal

(10.31

Spain

(39.0)

Sweden
(X.4)

Switzerland

16 6)

UK

(57.(1)

USA

(249.0)

Number of

houses

sampled

3413

3(10

13457

I2IXI

496

3(174

I54X

(ongoing!

a. 60(10

b. 1500

571

122

1259

4X00

6300

2500

-1000

7525

4200

1555-2000

1360

1540

(ongoing)

2093

5694

Period

and duration of

exposure

1989-1990
1 year

1984-1990

3 months lo 1 year

summer 1977-1980
grub .sampling

1982

RnD grab sampling

I9K5-I986

6 mo (1/2 houses in

winter. 1/2 in

summer)

1990-1991

1 year

19X2-1991
~3 months (using open
alpha track detectors)

a. 197X1983
3 months

b. 1991-1993
1 year

19X7-1994
6 months

I9K5-I9K7
-2.5 years

19X5-19X9
6 months

1989-1993
1 year

19X5-1991
1 year

1991

19X2-19X4

1 year

19X7-19X9

6 months (spreaded

over all seasons)

19X9-1990

1-3 months

winter i l l I9K8-19X9
grab sampling

1991-1992
3 months in heating

season

19X2-1990

-3 month (mainly in

winter)

19X6-1987

1 year

19X9-1990

1 year

Sample

characteristics

stratified random

pop. based selected
acquaintances

restricted to 19 major

urban areas,

excluding apartments

random

random

biased

(not stratified)

random

acquaintances

preliminary .survey

random

stratified random

random in a selected

group (high school

teachers)

random

volunteers in a

selected group (high

school students)

random

random

biased

(not stratified)

random

.stratified random

Radon conc.[Bq/m-']

Average

I I

4X

33

140

47

(dwelling aver.)

53

(population aver.)

123

X5

50

92

55

60

77

29

29

51 (uncorr.)

W (corr. for exposure

period)

XI

X6

I0X

XII

(curr. for sample bias)

70

(con. for expo, period)

20.5 (corrected for the

pop. housing stock)
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Geom.
Mean

X

37

15

29

K4

52

40

68

42
(median)

34

23
(median)

65

24

(median)

26

(uncorr.)

32

(corr.)

37

41-43

56

15

25

(median)

Geom.
Std.
Dev.

2.1

1.9

3.6

2.2

2.1

2.3

2.9

2.5

1.6

1.6

2.6-3.7

2.2

3.1

Percent

over

2(K)

Bq/m3

<0 . l%

1.7*

2 . 3 *

2.2%

12.3*

7 . 1 *

1.5-2.5%

3.3%

3.X»

5*

<0.4%

3.7%

(uncorr.)

5 *

(ciirr.)

8.6%

14-26%

5.0*

0.5%

-3 .5 *

Percent
over
400

Bq/rnJ

<0 .1 *

0.3*

0.6*

<0.4%

3.6%

2.3%

0.5-1.0%

1.4*

1.6*

1%

1.6%
(cwr.)

2.6%

4%

4.8-11%

0.2%

- 0 . 6 *
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1. Sources
The main source of indoor air radon is radium-226, its immediate parent, in the ground subjacent
to the building and in the building materials (Nero 1988, 1989). In most situations it appears that
elevated indoor radon levels originate from radon produced in the underlying rocks and soils
(e.g. Castren et al. 1985). This radon may enter living spaces in dwellings by diffusion or
pressure driven flow if suitable pathways between the soil and living spaces are present. It should
be noted, however, that in a minority of cases elevated indoor radon levels may arise due to the
use of building materials containing high levels of radium-226. Examples of such materials, used
in some buildings, are by-product gypsum, alum shale and volcanic tuffs.

The United Nations Scientific Committee on the Effects of Atomic Radiations (UNSCEAR) has
made a simple model to try to estimate the relative contribution of these sources: for a "typical"
house, with a radon concentration of 50 Bq/m3 at ground floor, the contributions of soil, building
materials and outdoor air are, respectively, -60%, -20% and -20%, while for the upper floors in
high rise buildings where the radon concentration is estimated to be "typically" 20 Bq/m3, these
values become -0%, -50% and -50% (UNSCEAR 1993). Ambient air over oceans has very low
values (~0.1 Bq/m3) of radon concentration, due to the low concentration of radium in sea water
and the high solubility of radon in water at low temperatures. Therefore radon concentrations in
outdoor air of islands and coastal regions are generally lower than in continental countries, e.g.
Ireland, the United Kingdom and Japan have an average outdoor air value of - 5 Bq/m3.

2. Typical Concentrations
During the 1980s in many countries surveys of indoor radon levels have been carried out
(McLaughlin 1987). The surveys ranged in type from small localised short term screening
surveys to national surveys in which year long average indoor radon concentrations have been
determined in randomly chosen population weighted representative samples of national housing
stock, which is the recommended methodology (UNSCEAR 1993). National surveys which
approximate in character to this latter description have been carried out or are in progress in
many European countries - UK (Wrixon et al. 1988), Ireland (McLaughlin and Wasiolek 1988),
Finland (Castren 1994), Sweden (Swedjemark et al. 1993). The preferred method of
measurement in such long term surveys is to use passive alpha track detectors which record the
alpha activity from radon and its decay products.

Table I gives a summary of the principal results from a number of national and regional surveys
carried out in recent years in EU Member States, other European countries, North America, Japan
and Australia (Bochicchio et al 1995). Unless otherwise stated, the measuring technique in most
surveys was based on the use of some form of passive alpha track detector. The summary results
presented in Table 1 are not always directly comparable for a number of reasons. In some
surveys the dwellings were chosen in a random and representative fashion, while in others they
were chosen from a specially selected group of dwellings.

National surveys to date have shown that the average indoor radon concentration is in the 10 to
140 Bq/m3 range. Regional average values above this range have been found in some countries.
A good example of this is the UK which has a national average value of 21 Bq/m3 while Cornwall
in south-west England has an average value of about 170 Bq/m3. In Ireland the UCD population
weighted national survey, in the 1980s, yielded an average value of about 60 Bq/m3 while the
presently available data from the ongoing RPII geographically based survey suggests a somewhat
higher average value may be appropriate. In Ireland both surveys have located a small number of
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dwellings with radon levels in the 2000 to 4000 Bq/m3 range. Localised high radon areas, such as
Salthill, Co Galway, have also been found.

As far as the maximum indoor radon concentration likely to be present in any country is
concerned it is impossible to estimate its value. Concentrations greater than 100 000 Bq/m3 have
already been detected in individual dwellings in some countries. In most situations it appears that
elevated indoor radon levels originate from radon in the underlying rocks and soils.

2.1 Workplaces
All previous radon concentration values refer to dwellings, because people usually spend most of
their time there. However in the last few years, in some countries, there has been an increase in
the number of measurements being carried out in normal workplaces such as schools, offices, etc.
(e.g. Strand and Kolstad 1991, Gooding and Dixon 1992, Poffijn et al. 1992, SSI 1993). As
discussed in a later section on recommended and regulatory radon levels the International
Commission on Radiological Protection (ICRP) has recommended that the action level for
intervention in the workplace should be in the range 500 to 1500 Bq/m3 (ICRP 1993).

3 . Health Effects and Radon Risk Estimates
Radon is one of a very small number of substances which have been established to be human
carcinogens on the basis of human studies. As such it is a Group A carcinogen, according to the
classification used by the World Health Organisation (WHO/IARC 1988) and by the US
Environmental Protection Agency (EPA 1987), respectively. The principal adverse health effect
arising from the inhalation of radon and mainly its decay products is lung cancer. Recent
suggestions (Henshaw et al. 1990,1992) that exposure to elevated levels of indoor radon may be
implicated in the occurrence of other cancers such as childhood leukaemia have not yet been
scientifically verified.

The gas radon decays to produce a series of decay or daughter products. From a health
perspective the daughter products of most significance are the four short-lived ones, Polonium-
218 to Polonium-214 inclusive, which are referred to in various ways: radon daughters, radon
progeny, radon decay products. These elements shortly after their formation attach themselves to
aerosol particles; only a small fraction of them remain in unattached form, depending on aerosol
size and concentration and on ventilation (Nazaroff and Nero, 1988).

When radon and its short-lived products are inhaled the radiation dose to lung tissue is dominated
by the alpha particles emitted by the deposited decay products, which cause, especially those ones
attached to small size aerosols or in unattached form, damage to sensitive lung cells, thereby
increasing the probability of cancer developing.

It has to be underlined that the contribution to lung dose arising from the radon gas itself is small
in comparison, as very little radon is absorbed by lung tissue because it is an inert gas and in
addition unlike its decay products it cannot be deposited and adsorbed onto lung airway surfaces.
The principal role of radon is to carry itself and therefore its short-lived decay products from soil
and building material to the indoor air and finally to the lung.

Currently there are different approaches used to estimate the lung cancer risk arising from
exposure to radon decay products in air. These are : a) the dosimetric approach, in which the
radiation dose to lung tissues is estimated and from this the associated risk is evaluated using
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currently accepted dose/risk factors for ionising radiations; b) the miner epidemiology approach,
in which risk estimates for underground miners are modified and applied to the general
population c) the residential epidemiology approach, in which case-control studies of the general
population are used to estimate risk factors. The risk factors obtained using these three
approaches seem to be reasonably well in agreement.

Applying these risk/exposure factors to the typical average indoor radon concentrations in North
American and European countries, in a not insignificant fraction (typically of the order of 10%)
of total lung cancers radon exposure may be implicated. However, it should be strongly
emphasised that the majority of total lung cancers are due to smoking. For example, on the
island of Ireland with a population of approx 5.2 millions having a lung cancer lifetime risk of
3% (which is coincidentally the value assumed by ICRP for its "reference" population) we can
estimate that approx. 3 persons per 1000, may die because of lung cancer due to radon exposure.
This means that radon may be implicated in approximately 220 lung cancer deaths annually or
in about 10% of total lung cancer deaths. As in all estimates of this type involving the health
effects of ionising radiation it must be stressed that these estimates have large associated
uncertainties.

A synergistic effect seems to occur, to a greater or lesser degree, between radon and cigarette
smoking both in mines and dwellings, so that smokers exposed to radon have probably a higher
risk (6-10 times) than non-smokers (ICRP 1993, Pershagen et al. 1994). However the numerical
estimates of this synergism are still very uncertain.

The results of the dosimetric and miner epidemiology approaches could be considered to be
reasonably well in agreement. However, ICRP has decided, in 1993, to use only the miner
epidemiology approach as the best way to estimate the risk at present. To date only a small
number of general population epidemiological studies have been completed (e.g. Pershagen et al.
1992, 1994) and while no major conflict with the miner epidemiology has emerged, it is prudent
to await the outcome of the ongoing studies. A major radon epidemiological study of non-
smokers is scheduled to commence in Sweden in late 1996. Removal of the confounding factor
of smoking is expected to enhance the power of this study. The UCD Radon Group will
contribute to this Swedish study by making retrospective assessments of radon exposure of the
subjects.

4 . Remedial and Preventive Measures To Reduce Indoor Radon.
The actions to reduce indoor radon concentration are mainly oriented to limit the ingress of
radon from soil. This goal can be reached by removal of the source, diverting the radon before
entering the building and/or using barriers between the soil and the living space.

The main methods available to reduce the concentration of indoor radon can be summarised as
follows:

reduction of radon entry from the soil through depressurisation of subfloor spaces (radon
sumps etc) and/or the use of radon barrier membranes.

increasing the resistance of buildings to radon entry by sealing the floor (or the walls, in
case of building materials with high exhalation rate);

increasing the building ventilation rate with a consequent increase of radon removal.
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It is very difficult to give general rules applicable to every situation. Each house seems to
represent its own unique problem.

A large amount of work remains to be done in order to establish general criteria for old and for
new dwellings, to collect data on effectiveness and durability of remedies, to explore the best
predictors to identify radon prone areas, etc. The approaches to be followed are obviously
strongly dependent on building styles, construction regulations and on the use of buildings.

5 . Recommeded and Regulatory Radon Levels
As the current recommendations concerning exposure to most carcinogenic agents generally
require that exposure be contained at a level which will guarantee an "excess risk" of no more
than 10-5 or 1O6 cases per year, it is clear that if radon had to be treated in same way, the resulting
recommended levels would be very low. These levels might be generally unachievable in existing
buildings, but could perhaps be reached as targets for new buildings if appropriate preventive
measures are incorporated in the building codes and norms. It should also be realised that most
of the lung cancers in which radon exposure is implicated occur at average radon exposure levels.
As average radon levels in most EU countries are low (i.e below 100 Bq/m3 ) and cannot, in the
short term, effectively be reduced a central task for radiation protection authorities is to set a
practical radon action or reference level which is manageable and affords the most exposed
members of the community a socially acceptable degree of protection.

Some national and international authorities decided to use different values for existing and future
(also referred to as "new") dwellings and workplaces, as suggested by ICRP in 1984, because of
the greater difficulties in applying remedial action in existing buildings. Both levels, the action
level for existing buildings and "upper bounds" for future ones, are often referred to as "reference
levels". Generally all recommended reference values are to be considered annual radon
concentration averages. (Please note that in other fields of health and safety the term "reference
level" may have a different meaning.)

Up to the present in most countries the approach to dealing with indoor radon has been limited to
recommendations. It has proven to be very difficult to transform these into regulatory
requirements.
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Table 2 Reference Levels used in a number of countries and by some organisations.

Country/Organisation

Belgium

Canada

CEC

EPA (USA)

Finland

Germany

ICRP(1984)

ICRP(1993)

Ireland

Norway

Sweden

United Kingdom

WHO

Existing Dwellings

250

800

400

150

400

250

400

200 to 600

200

200

140 and 400

200

200

Future Dwellings

250

800

200

150

200

250

200

_

200

200

200

200

200

6 . Cost-effectiveness of Radon Exposure Controls
Up to the present a cost-benefit analysis of radon exposure reduction strategy options appropriate
to Irish conditions has not yet been carried out. While the absence of this type of analysis is not
unique to Ireland if available it would be a very useful instrument for policymakers with
responsibility for public health in the sphere of exposure to ionising radiation. Such an analysis,
however, is non-trivial as it involves many interactive socio-economic variables. Even a simple
analysis of the recommendations and regulations that can be introduced to reduce indoor radon
levels, however, indicates that they can be quite cost effective in comparison with other forms of
radiation protection and with general safety standards in society.

As a simple "back of an envelope" example (to be used with caution!) let us assume a £1000 cost
to permanently reduce the radon level in a dwelling from 1000 Bq/m3 to 100 Bq/m3 (i.e below the
reference level of 200 Bq/m3). In terms of current knowledge this may result in a reduction in
annual effective dose to exposed occupants of between 15 and 20 mSv. If the applied radon
reduction technique remains effective then a lifetime (75 year) dose reduction of between 1 100
and 1500 mSv may be achieved for each exposed person. This corresponds to a cost per Sievert
reduced or averted in a lifetime of between £670 to £900. This admittedly is an oversimplistic
analysis but indicates that radon controls are cost effective when compared to many other forms
of radiation protection.

In the U.S. very detailed cost-effectiveness analyses of various national health and safety
programmes are regularly carried out by agencies such as the USEPA (US Environmental
Protection Agency). The result of a recent USEPA cost-effectiveness comparison of US radon
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testing and mitigation programmes with some other US safety programmes is given in Table 3. As
all humans eventually die perhaps a term like "death due to a specific hazard being averted" might
be more appropriate than the term "life saved". The radon programmes appear quite cost-effective
in this table. It must, however, be stressed that the analysis which generated Table 3 was made in
terms of the socio-economic conditions in the US and cannot be directly applied to Irish
conditions.

Table 3

US SAFETY PROGRAMME

Radon Action Level set at 148 Bq/m3

Radon Action Level set at 740 Bq/m3

Medical screening/care

Highway safety

Air transportation safety

Occupational safety

Cost per "life saved" (US$ 1000s)

500
700

63-510

100- 3300

100- 1600

100- 7400

(Source of table: World Health Organisation Report EUR/ICP/CEH 108(A)1996.
Rapporteur: J.P. Me Laughlin)

In using tables, such as Table 3, as a guide to the cost effectiveness of a safety measure the
avoidance of monetary loss to society due to a premature death is one benefit that can be set
against the expenditure needed to achieve a "life saved". The annual monetary value to society of
the average contemporary Irish citizen is not easy to estimate but as an initial crude approach we
can use the current national GNP of about £ 35 x 109 and divide it by our total population of 3.6
x 106 thereby yielding an annual figure of about £10000. As the average number of years of life
lost due to a lung cancer death is about 13 years then such a death in the above crude terms
represents a monetary loss of at least about £130000 to society. These crude estimates are only
tentatively presented here in an attempt to help stimulate in Ireland a serious cost-benefit analysis
approach to radiation protection which is long overdue.

Conclusions
At present environmental radiation exposures of the Irish population are dominated by those
arising from the inhalation of radon decay products. Unlike artificial environmental radioactive
contamination, mainly originating from sources outside the State, population doses from radon
can be effectively reduced. Previous and ongoing radon surveys have helped to identify high
radon areas in Ireland and together with appropriate changes in building codes and regulations it
can be expected than potentially high radon exposure situations in future buildings can be
successfully avoided.
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