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In the UK, high concentrations of radon in indoor air,
both in homes and in workplaces, have been recognised for
some years as significant hazards to health. In gomes, the
! Government endorses an Action Level of 200 Bq m™° for the’
f ] annual average radon concentration, above which measures
| = b should be taken to reduce the level. In all workplaces, radon
f = daughter exposures of workess are regulated where concentra- -
tions exceed 0.67 1076 g m™ (0.03 WL). Epidemiological g
studies are in progress in the region most affected by high . -
indoor radon levels. ' 4

INTRODUCTION

The National Radiological Protection Board (NRPB)) was
established(1l) under the Radiological Protection Act 1970,
and acts as adviser to the Government on matters relating to |
radiation protection. Members of staff recognised in the - I !
early 1970s that the most significant source of exposure to If
ionising radiation for the average member of the UK
population was the inhalation of radon daughters in indoor l
air(2). It was not until the introduction of the concept of -
effective dose equivalent(3) by the International Commission {
on Radiological Protection (ICRP) in 1977, however, that it
exposures to radon daughters could be compared readily with 1
other sources of exposure to ionising radiation. Surveys for q
radon concentrations in UK dwellings(4,5) have demonstrated e
that the range of annual effective dose eguivalent (hereafter d
referred to simply as dose) received by the population from }
radon daughters indoors is much larger than that from any
other natural source. The potential for very high doses from
radon daughters in indoor air has led(6) to an Action Level,
designed to limit exposures at home, being adopted by the
Government, and for exposures at work to be controlled(7)
under the Ionising Radiation Regulations 1985.
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RADON IN DWELLINGS

A study of radon concentrations in about 90 dwellings(4)
in England and Scotland was carried out in 1976. This study
focussed mainly on the major population centres, which are
situated predominantly in areas of sedimentary geology. Even
so, a wide range of concentrations was found. There were
reasons related to geology and mining history, however, that
suggested higher concentrations of radon in indoor air might
occur in regions of the UK that were sparsely populated and
had not been included in this study.

It is the radon daughters in inhaled air that deliver
essentially all the dose to lung tissue. For a given radon gas
concentration, the dose increases with increasing equilibrium
factor, F, and depends markedly(8) on the fraction, £,, of
the potential alpha energy concentration (PAEC) of thg
daughters that is not attached to the ambient aerosol. It has
been shown(9) that, in homes, conditions leading to an

increase in F are associated generally with a decrease in fp,
with the result that the average radon gas concentration is“a
much better indicator of dose than is any simple measurement
of daughter concentration. in the UK, a single convefsion
coefficient(10) of 20 Bg m™~ of radon gas per mSv a”~ has
been adopted for the typical occupancy factor(ll) of 0.8 for
dwellings.

The concentration of radon in indoor air exhibits large
variations over short time intervals, and long-term
integrating detectors are required to measure the annual
average concentration. Etched-track detectors have been
developed that provide a cheap and reliable method for
determining average radon gas concentrations over periods
from weeks to months(12,5) and allow studies to be conducted
by mail.

Two substantial exploratory studies of radon in UK
dwellings have been completed(5). One was a national
representative survey (population density weighted) of 2100
or so dwellings, the other a regional survey of about 700 .
dwellings in areas where. local conditions suggested that high
radon levels might occur. In these surveys, the average radon
gas concentration over a year was determined for both the . ..:
living area and an occupied bedroom. The results for the
national survey are shown in Figure 1, where the annual
average radon concentration is occupancy-weighted(1l) to
reflect 55% of the time spent at home in the bedroom and 45%
in the living area. The distribution &s approximately log- -
normal with geometric mean 14.8 Bg m™~ and geometric standard
deviation (GSD) 2.17: more high values occurred however than
the values of these_parameters predict. If the average
value(5) of 4 Bq m™~ for radon concentration in outside air
is subtracted from each result, a better fit to a log-normal
distribution is obtained (personal communication,

J C H Miles, NRPB); the geometric mean is then 7.8 Bq m~3 and
GSD 3.50. ghe arithmetic mean radon concentration was

20.5 Bq m™°, indicating an annual dose of 1 mSv. Apart from
home, persons spend on average 15% of their time indoors
elsewhere(ll), and on the assumption that radon
concentrations there are similar to those at home, the mean




annual dose .received by the UK population from lndoor radon
is about 1.2 mSv..

In the regional survey, parts of the counties of Cornwall
and Devon in southwest England were found to be most affected
by high radon levels; the results for this region are shown
in Figure 2. The distribution is again approximately log-
normal with gegmetric mean 159 Bgq m™~, GSD 3.6 and arithmetic
mean 309 Bg m

Preliminary results from these surveys demonstrated that
some members of the public were receiving annual doses from
indoor radon that were by any standard unacceptable, and in
1982 members of staff of the NRPB considered(13) the
possibility of controlling them. It was considered that
annual doses in excess of 25 mSv would be difficult to
defend, particularly as the implied lifetime risk of lung
cancer was calculated to be comparable to that from all _ ’
accidents. Consideration of actions to reduce indoor radon-

. levels would need, however, to take into account the
feasibility of doing so, the costs and the likely degree of
success. It was acknowledged that some thought should be
given also to the economic and social consequences of any

_ proposed action.

In 1984, ICRP discussed(l4) the principles for limiting
exposure of the public to natural sources of radiation, in
particular to radon daughters indoors. ICRP proposed
different control levels for existing and future dwellings,
as. it was thought that the cost of incorporating radon
preventive measures at the construction stage should be less
than remedial action in occupied structures. Remedial action
would also be disruptive and might cause distress to
homeowners. An Upper Bound corresponding to an annual dose of
10 mSv was therefore proposed for future dwellings with a
graded approach, in terms of severity of action, for existing
homes starting at an Action Level of 20 mSv.

The Royal Commission on Environmental Pollution (RCEP)
considered radon, among other things, and in its 1984
report(1l5) recommended action in existing dwellings where the
annual dose exceeded 25 mSv. A value of 5 mSv for future
dwellings was conditionally advocated. In its response(l6) to
the RCEP report, the Government indicated its intention to
await the advice of the NRPB before considering what measures
might be taken.

The first recommendations(17) of NRPB in 1987 took as
their basis the scheme proposed by ICRP, recommending an
Action Level of 20 mSv for existing homes above which
homeowners should be advised to reduce radon levels. An Upper
Bound of 5 mSv, however, was recommended for future homes. A
temporal condition regarding the urgency with which remedial
action should be taken was also introduced: priority should
be given to the homes with the highest radon levels. In terms
of annual average radon gas concentration, the Action Level
and Upper, Bound were deemed to correspond to 400 Bg m™~ and
100 Bg m™° respectively. The Government accepted(18) the
advice, making it clear that the advice would be kept under
review and that further research to identify homes having
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high radon levels and to determine cost-effective remedial
i action would be funded by the exchequer. These studies are
continuing and, by the end of 1991, it is estimated that
radon measurements in some 25,000 homes in the UK will have
been completed. This figure includes nearly 4000 homes
studied by the Institution of Environmental Health
Officers(19,20) and financed by local government.

Lifetime risk of contracting lung cancer is perhaps the

i most important consideration when recommending an Action

: Level. At the time of the initial advice to Government(17),

| the lifetime risk associated with an annual dose of 20 mSv

‘ from radon daughters was estimated to be about 2.5%, similar
to the combined risk of death from accidents on the road and
in the home. That the lifetime risk is considerably 3
higher(21) than 2.5% follows from the re-evaluation by the .-
BEIR IV committee of the data on miners exposed to radon
daughters(22), and the assessment by ICRP(23) of the risk
from exposure to radon daughters in the home. Increased risk,
by a factor between 2 and 3, was also suggested(24) by health
effects models developed by NRPB.

The assumption that radon resistant floors at the
construction stage of dwellings would be considerably cheaper
than remedying existing homes has proved not to be the case
in practice. In addition, members of the public and the
a building professions could not appreciate the need for
1 different standards for existing and future homes.
Consequently, in January 1990, the NRPB advised the :
Government that its recommendatlons on radon in homes should
i be strengthened and simplified.

NRPB recommended(6,25), and the Government accepted(26),
that the Action Level for existing homes shquld be reduced to
an average radon concentration of 200 Bg m™~ and that future
homes should be so constructed that radon concentrations are
as low as_reasonably practicable and at least below 4
200 Bg m™”. It was recognised, as before, that homes with the
highest radon levels require earlier action, and it was
further recommended that action be taken as soon as LEVEY

i reasonably practicable and at leagt before a further ~

v integrated exposure of 1500 Bg m™~ y is accumulated; this is

E - approximately the life-time exposure at the average indoor 3 & s
radon level in the UK. Radon affected areas are to be defined:

- as those where-there is a 1% or greater probability of

present homes, or of future hgmes without preventive
measures, exceeding 200 Bg m™~. Figure 3 indicates, on a
county or regional basis, the_percentage of homes in the UK
estimated to exceed_200-Bgq m™~“. The total number of homes
exceeding 200 Bgq m™~ is estimated(25). to be at least 75,000,
of which about 2500 had been identified by March 1990. o

Following initial acceptance(l18) of the need for action;u:
i the Department of the Environment issued a booklet(27) for..
the general public providing general information about radon:
it dealt with all aspects of the subject in a succinct yet
‘} informative way. It was also recognised that changes in h ™
h building practice were required -in areas where high indoor
radon levels were common, and interim guidance on floor
v construction in these areas was issued as well(28). Both of -
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these documents are being revised in the light of experience
and the changed: circumstances brought about by the revised
NRPB recommendations.

RADON IN WORKPLACES.

Until the Ionising Radiation Regulations 1985 came into
force(7), radon in workplaces was not subject to legislation
in the UK. Radon levels in British coal mines had been
studied in the nineteen sixties and found(29) generally to be
low, but relatively high levels were found(30) in some metal

mines. These findings prompted a wide-ranging survey(31l) for ~

radon levels in non-coal mines throughout the country. It was
estimated that 42% of non-coal miners were receiving annual
exposures exceeding 4 WLM (Working Level Months), the limit
then in forge for miners in the USA which is equivalent -to -
2520 kBq m™ h equivalent equilibrium radon (EER)
concentration. NRPB recommended that the occupational
exposure of miners be limited to 4 WLM in a year, and_that

miners having exposure in excess of 1 WLM (630 kBg m3 h EER)

should be subject to programmes of radiological surveillance.
A follow-up some years after these recommendations,
indicated(32) that the exposures had been significantly
reduced, with 28% exceeding the recommended annual limit.

The introduction of the Regulations imposed controls on
radon daughter exposure for all workers, in above-ground
workplaces as well as in mines. The Regulations are framed in
terms of radon daughter concentration, but they apply only if
the concentratiog avergged over any 8 hour working periocd
exceeds 0.67 107° J m™° (approximately 0.03 Working Level,
WL). The geographical distributions of workplaces and homes
with elevated radon daughter concentrations are similar; in
many instances the buildings are comparable in size and
construction. Thus, buildings such as schools, medical
practices and libraries in some areas would be subject to the
Regulations unless measures were taken to reduce radon
levels. Certain regulatory requirements come into effect when
the annual dose to workers exceeds 5 mSv, and preliminary
studies(33) in southwest England indicate that in many
buildings workers might receive annual doses from radon
daughters well in excess of this value. In many cases,
fortunately, substantial reductions in radon concentration
can be achieved using technigues well known in North America
and Scandinavia, such as underfloor depressurisation.
Cornwall County Council, for example, has completed radon
monitoring in some 500 public buildings, predominantly
schools, and has identified about 80 to which the Regulations
apply. Successful remedial action has been taken in 25
buildings with more action planned for the summer of 1990.

EPIDEMIOLOGY

A case control study(34) of lung cancer in southwest
England is in progress, organised jointly by NRPB and the
Imperial Cancer Research Fund. Six hundred lung cancer cases
will be studied together with two control populations of
similar size each matched to cases for age and smoking
history. One control population will be drawn from persons
admitted to hospital with respiratory complaints, but
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diagnosed as not suffering from lung cancer, the other
from the general practitioner lists for the area. Radon
measurements will be made in the current homes of cases and
controls and in homes previously occupied during the period
from 35 to S5 years before the study. Results should be
available in 1994.

A cohort study, with about 13,000 participants, is at the
planning stage. This would again be focussed on southwest
England and be directed at the cause of death for occupants
of homes in which radon measurements had been completed.

CONCLUSIONS

The problem of potentially high exposure to radon and its
daughters has been recognised in the United Kingdom for two
decades or so. Before recommendations for controlling these
exposures could be developed, a clear understanding of the °
extent of the problem was required. Systematic and regional
surveys of radon in dwellings defined the mean exposure and
demonstrated the magnitude of some exposures.

Mines were first recognised as workplaces where high
radon daughter exposures could occur; operators of some mines
acted to reduce radon concentrations before there was a legal
requirement to do so. Government recognised that high radon
exposure at work could occur in circumstances other than
mining and introduced legislation to control exposures in
all workplaces.

Acting on early advice from NRPB, the Government accepted
the need for action against high radon levels in homes, and -
acknowledged the need to limit individual risk by assigning -
the highest priority to those receiving the highest
exposures. NRPB responded to revised risk estimates for the
induction of lung cancer by advising that the level of radon
in homes above which remedial measures were required should
be reduced, with the result that the Action Level is now §et~
at an annual average radon gas concentration of 200 Bg m~

Studies to define the radon problem in the UK have been
carried out in a deliberate manner. The risk from high radon
levels_in-homes and at work are recognised, but there is no
sense of panic in the community. Although much has been
achieved, there is no sense of complacency, and studies to
identify and remedy affected homes and workplaces will
continue at a sensible level and with appropriate emphasxs on
the avoidance of risk and compliance with the law. o Ry &

TE
REFERENCES

1) The_Radiological Protection Act 1970. HMSO, London (1970)
2) Duggan MJ, Bradford GF (1974) The exposure of the general
population to_airborne_radon_and_its daughters. PRESENTED at -
the International Symposium on Radiation Protection - B
Philosophy and Implementation, Society for Radiological ~ :
Protection, Aviemore, Scotland, 2-6 June 1974. (Copies '
available from K D Cliff) _ LT e W pRBER

278




' 3) International Commission on Radiological Protection (1977)

Recommendations_of the International Commission_on

Radiological Protection. (1977) ICRP Publication 26,
Ann ICRP 1.

4) Cliff KD (1978) Assessment of airborne radon_daughter
concentrations_in dwellings in Great Britain. (1978) Phys Med
Biol 23: 696-711.
5) Wrixon AD, Green BMR, Lomas PR, Miles JCH, Cliff KD,
Francis EA, Driscoll CMH, James AC, O’Riordan MC (1988)
Natural radiation exposure_in UK dwellings. NRPB-R190, HMSO,
London (1988)
6) NRPB (1990) Statement by the National Radiological
Protection Board. Limitation of human exposure to radon_in
homes. Documents of the NRPB, 1, No. 1:15-16, HMSO, London.
7) Statutory Instruments 1985 No. 1333. The Jonising _
Radiation Requlations_1985. HMSO, London o

8) James AC, Lung Dosimetry. (1988) Radon and its progeny in -

indoor air (Nazaroff WW, Nero A,V eds). John Wiley, New York.
p.259-309

9) James AC, Strong JC, Cliff KD, and Stranden E (1988) The
slgnificance of aggil;grlum and_attachment in_radon dagghte;
dosimetry. Radiat Prot Dosim 24:451-455.

10) NRPB (1987) Guidance_on_the Application of Protection
Standards, Exposure to_ Radon Daughters_in Dwellings.
NRPB-GS6, HMSO, London,

11) Francis EA (1987) Patterns of building occupancy for the
general public. NRPB~M129, Chilton

12) Miles JCH, Drew J (1982) A passive radon gas_detector for
use_in homes. Proceedings of the 1llth International
Conference on Solid State Nuclear Track Detectors, Bristol,
1981. Pergamon, Oxford.p.569-571

13) O’'Riordan MC, Wrixon AD, Cliff KD, Green BMR (1982)
Natural radiation indoors:_ the problem of high exposures. The
dose limitation system in the nuclear fuel cycle and in
radiation protection. IAEA, Vienna.p.529-549

14) International Commission on Radiological Protection
(1984) Principles for limiting exposure of the public_ to

natural sources of radiation. ICRP Publication 39, Ann ICRP,
14, Nol.

15) Royal Commission on Environmental Pollution (1984) Tenth

Report._ Tacklin_ pollution - experience and prospects. HMSO,
London.

16) Department of the Environment (1984) Controlling
pellution: principles and_ prospects. The Government’s
response_to the Tenth Report of the Royal Commission on
Environmental Pollution. DOE Pollution Paper No. 22, HMSO,
London.

17) NRPB (1987) Exposure to radon daughters_in dwellings.
NRPB ASP 10, HMSO, London.

18) Parllamentary Debates (Hansard) (1987) House of Commons
Official Report, 27 January, cols 189-190, HMSO, London.

19) Institution of Environmental Health Officers (1988)
Report of the I.E.H.0. Survey on Radon_ in Homes 1987/8. IEHO,
London.

20) Institution of Environmental Health Officers (1990)
Report_of the Second I.E.H.OQ. Survey on Radon_ in Homes_ 1989.
IEHO, London.

21) O’Riordan MC (1988) Notes_on radon_ risks_in homes.
Radiological Protection Bulletin 89:13-14.

279

P -




22) Ellett WH , Fabrikant JI, Cooper RD (1988) BEIR IV
Comnittee estimates of lung cancer mortality associated with
exposure_ to_ radon progeny. Radiat Prot Dosim 24:445-449.

23) International Commission on Radiolegical Protection
(1987) Lung _cancer risk from indoor exposures to radon
daughters. ICRP Publication 50, Ann ICRP, 17, No. 1.

24) Stather JW, Muirhead CR, Edwards AA, Harrison JD,

Lloyd DC, Wood N R (1988) Health effects_models developed
from the 1988 UNSCEAR report. Chilton, NRPB-R226, HMSO,
London. :

25) O'Riordan MC (1990) Human_ exposure_to_radon in homes.
Documents of the NRPB 1, No. 1, 17-32, HMSO, London.

26 )Department of the Environment (1990) Government accepts
NRPB_recommendation_ to reduce action level for radon. Press
release 19 January, reprinted in Radiol Prot Bull 110:6-7.
27) Department of the Environment (1987) The_ Householders’
Guide_to_Radon. HMSQ, London (1987)

28) Department of the Environment (1988) Building Requlations
1985 -~ Part C: Radon. Interim Guidance on Construction of New
Dwellings. HMSO, London.

29) Duggan MJ, Howell DM, Soilleux PJ (1968) Concentrations
of radon-222 in coal mines_in England and Scotland. Nature
219: 1149-1151. X
30) Duggan MJ, Soilleux PJ, Strong JC, Howell DM (1970) The
exposure_of United Kingdom miners to radon. Br J Ind Med !
27:106-109.

31) Strong JC, Laidlaw AJ, O’Riordan MC (1975) Radon_and its
daughters_in various British mines. NRPB-R39, HMSO, London.
32) O’Riordan MC, Rae S, Thomas GH. (1981) Radon_in British
mines_-_a review. Proceedings of the International Conference
on Radiation Hazards in Mining. Control, Measurement and
Medical Aspects. October 4-9 1981, Golden Colorado. American
Institute of Mining, Metallurgical and Petroleum Engineers
Inc., New York.

33) Dixon DW (1990) Radon_exposures_in occu nal buildi
and_the_potential for dose_ reduction. Radiol Prot Bull
108:12-15.

34) Darby SC (1989) Residential radon_ epidemiolo nited
Kingdom. Proceedings of the International Workshop on
residential radon epidemiology. CONF-8907178 National
Technical Information Services, Springfield, VA.p.xv-xvi.

280




-t
(o2}

Percentage of dwellings

— -— e
~ o [o>) o N ~
I T T 1 N |

N
T

10 20 30 40 50 60
Concentration, Bq m=3

70 =80

1 National survey distribution of indoor concentrations

% of dwellings measured

T

1F

T r— LB S & ik b b ] |

]

i ..A.nnnﬂnﬂ A
10

100 1000
Radon concentration, Bq m—3

- T

-

Figure 2 Distribution of radon concentrations in dwellings
measured in the southwest England survey -

281

NS Y e s d e

L
7 B




Figure 3 Percentage of homes in the UK with
radon concentrations above 200 Bqg mi™3
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