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ABSTRACT 

A nation-wide survey of Australian homes has been conducted to determine 
the average annual doses to the Australian population from exposure to 
radon and gamma radiation. The exposure to radon was measured using solid 
state track detectors (SSTD) whilst the gamma radiation dose was 
concurrently determined using thermoluminescent dosimetry. Dosemeters were 
placed in approximately 3400 randomly distributed homes (representing about 
1 in 1400 occupied dwellings) for twelve months. The measured annual 
average radon concentration in Australian homes is 12 Bq i . Using 
appropriate conversion factors, the annual average effective dose 
equivalents to the Australian population were determined to be 0.6 mSv and 
0.9 mSv for radon and gamma radiation respectively. 



INTRODUCTION 

Over the past thirty five years there has been considerable and increasing 
interest in the level of natural radiation to which people are exposed. 
The external gamma radiation dose, which arises from terrestrial and cosmic 
sources, has been the subject of studies and surveys since the nineteen 
fifties. However, the importance of the contribution of environmental 

222 radon ( Rn) to the natural radiation dose has only been realised for the 
past decade and has been the subject of relatively recent studies. It is 
now recognized that inhaled radon contributes about half of the total 
natural environmental ionizing radiation dose to the world population 
(UNSCEAR 1988). 

It has become possible, through the use of solid state track detectors 
(SSTD), to measure ambient levels of radon in the home environment over an 
extended time period. In addition, a concurrent measurement of the 
exposure to gamma radiation can be made using thermoluminescent dosimetry. 
This report describes a survey of both the average levels of radon and the 
average gamma ray dose rate in approximately 3400 homes randomly 
distributed throughout Australia (representing about 1 In 1400 occupied 
dwellings). One dosemeter was placed in the living area of each home for a 
period of twelve months in order to average out seasonal variations. From 
data provided by the survey, estimates of radiation dose to the Australian 
population from radon in the home environment and from gamma radiation are 
obtained. 
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1 NATURAL RADIATION 

1.1 {;adon-222 and Its daughter nuclides 

A major variable contribution to the natural radiation dose rate arises 
from t.le Inhalation of the short-lived radioactive decay products of Rn, 
two of which are emitters of alpha particle radiation. 

Radon-222, a member of the uranium decay series, Is an inert, colourless 
and odourless radioactive gas having a half-life of 3.8 days. Elevated 

222 
levels of Rn in air can occur In uranium mines and the enhancement of 
lung cancer Incidence rates observed among uranium miners in the past is 
attributed to long-term exposure to high levels of radon daughters. 

222 
However, uranium exists In trace quantities in soil so that Rn is always 
present in the atmosphere due to emanation from soil. The global 
equilibrium amount of radon In the atmosphere is estimated to be about 1.5 

*8 222 
x 10 becquerels (Elsenbud 1987). Elevated levels of Rn have been 
observed in dwelling:, in a number of countries including the USA, Sweden 
and the UK (UNSCEAR 1988). These elevated levels often exceed 
international guidelines (ICRP 1984) and are usually associated with a 
numb v of factors including soil porosity, uranium content of the soil, 
bu1»d1ng material, mode of construction and ventilation. Depending upon 
the porosity of the soil, radon diffusion into dwellings can vary over a 
large range. In addition, radon may also come from the domestic water 
<urp1y, building materials, and the natural gas supply. Therefore there is 
corcern that elevated levels of radon may contribute to an increased risk 
of lung cancer. 
i 2 Surveys of levels of radon 

222 
Comprehensive summaries of overseas research into the levels or' Rn in 
.lld'.ngs are available (UNSCEAR 1988 and BEIR 1988). Within Australia, 

iome limited studies (Kennedy 1984, Paix 1986 and Solomon 1988) have been 
222 

carried out on the concentrations of Rn In homes. These studies were 
carried out over short Integration periods and for groups of the population 
chosen for convenience, rather than as representative of the whole 
population. Most of these measurements used activated charcoal techniques 
with a measurement time of 3 to 7 days. They are sensitive to ambient 
conditions and, due to seasonal radon variations, may not be representative 
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of yearly averages. In general, the results of those studies show rather 
higher values than the present survey. However, they were preliminary 
studies and were not designed to be statistically representative of 
Australian homes. 

1.3 • Cosmic radiation 

Cosmic radiation is present at the earth's surface and its intensity 
increases with height above sea-level. There is a 'soft* component, 
consisting mainly of electrons, positrons and photon radiation, which is 
reduced significantly by the shielding encountered in ordinary buildings, 
and a 'hard* component of mu mesons which is much more penetrating. At 
sea-level the soft component contributes about 25% of the total outdoor 
cosmic ray dose which, In mid-latitudes, is about 280 pSv per year. Inside 
buildings the shielding provided by the roof and upper floors (if any), and 
to a lesser extent by the nails, may reduce the cosmic radiation dose rate 
by between 10 and 20 percent. 

1.4 Terrestrial Radiation 

The outdoor terrestrial radiation arises mainly from the gamma radiation 
emitted by the long-lived radionuclides present in rocks and soils. The 40 radionuclides are K and members of the two radioactive series headed by 
238 232 

U and Th. The concentrations of these materials tend to be higher 1n 
igneous than 1n sedimentary rocks. 

The terrestrial dose rate Instde a building depends upon the outside dose 
rate, the design of the building and the radioactive content of the 
building materials. The indoor dose rate is not reduced significantly from 
that outside by a wooden floor or weatherboard or fibro-cement walls. 
However, there is a considerable attenuation by lower floors, a concrete 
slab foundation, and brick or cement walls. On the other hand, natural 
radioactivity In concrete, bricks, mortar and plaster Increases the dose 
rate Inside a building. Consequently, the attenuating effect of thick 
walls or floors 1s counteracted by radiation emitted by the radioactive 
component of their constituent materials. The net effect could be either 
an Increase or decrease in the dose rate. 
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1.5 Surveys of gamma radiation 

Surveys have been performed in many countries (UNSCEAR 1988), but in 
Australia little work has been done in this area. Two localised surveys 
have been carried out in Western Australia (Yeats 1973 and Toussaint 1985). 
Other localised surveys of natural radiation have been carried out for 
specific purposes, such as those made by mining companies and the Bureau of 
Mineral Resources when prospecting for minerals. Some analyses of the 
radioactivity in building materials have also been performed (Mathew 1983, 
Hathew 1984, Beretka 1985 and Kotler 1990). 

2. MATERIALS AND METHODS 

2.1 Nation-wide survey 

A nation-wide survey was initiated to determine the average annual doses to 
the Australian population from exposure to radon in homes and to gamma 
radiation. Twelve thousand householders randomly selected from the 
Australian electoral rolls were invited to participate and 3864 
householders responded positively. Each participant was sent a 
questionnaire and an integrating dosemeter for the determination of both 
radon and gamma radiation dose. The dosemeter was returned to the 
Laboratory twelve months later for processing and analysis. 

Information on the size of the family occupying each home and the ages of 
the family members was obtained through the questionnaire. These data, 
when combined with the measurement results, enable an estimate to be made 
of the total radiation dose to the Australian population. 

2.2 Population sampling 

In discussions with the Australian Bureau of Statistics (ABS), it was 
suggested that a survey which used the Australian Postal Service was the 
cheapest and simplest way of reaching the Australian population. A 
suitable random sample of names from the Australian electoral rolls for 
each State was available from the Australian Electoral Commission (AEC), 
the names being stored 1n computer readable form. While the electoral 
rolls may not provide an optimal sampling frame, they do have the advantage 
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of giving access to a broad cross-section of the Australian population. 
The sampling procedure was envisaged as being in three distinct phases: 

(i) firstly, a letter was to be sent to all people selected 
from the electoral roll to explain the objectives of the 
survey. The recipients were asked to return a slip of 
paper in a reply-paid envelope if they were interested in 
participating in the survey. 

(ii) the second letter sent to volunteers from (i) included a 
dosemeter and a questionnaire. The questionnaire was to 
be answered and returned in a reply-paid envelope while 
the dosemeter was to be placed in a convenient spot in 
the living area of the participant. 

(iii) a third letter to the participants, after a twelve month 
exposure period would request the return of the dosemeter 
in a reply-paid envelope. 

Prior to finalising details of the survey a pilot survey was conducted in 
order to 

- ensure that the questionnaire posed no difficulty to the 
recipients, 
- show that the measurement techniques were sufficiently sensitive, 
and 
- estimate the proportion of recipients likely to co-operate with 
the survey. 

Apart from the substitution of a three month exposure period for the 12 
month exposure, the pilot survey was conducted in the same way as the 
planned full-scale survey. For the pilot survey, a sample of 200 names was 
selected by systematic samplinq from an alphabetical list of electors in 
two urban and one rural divisions near Melbourne. The 2:1 ratio is based 
on the proportion of voters in urban and rural electoral divisions in 
Victoria. Sixty of those sampled replied to the first letter. The 
positive response to the pilot survey encouraged the Laboratory to proceed 
to the full-scale survey. 

The sample size for the full-scale survey was estimated from data for 
previous Australian and overseas studies. Cohen (1986) has reported a 
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222 survey using SSTD to measure Rn at 453 homes in 42 states of the United 

States of America in which he obtained a median concentration of 38 Bq m 
with a geometric mean standard deviation (GMSD) of 2.4. A more limited 

222 survey which used the charcoal canister method to measure Rn 
concentrations in Melbourne homes (Paix 1986) gave a median concentration 
of 55 Bq n and a GMSD of 1.8. These figures imply that between 2000 and 
12000 homes need to be measured in order to be able to estimate the mean 
concentration with a precision of better than 3%. It was decided to limit 
the first invitation to participate in the survey to about 12000 homes in 
anticipation of having about 4000 householders eventually talcing part in 
the survey. The sample sizes by State for the first step were calculated 
by ABS using data from the 1981 unsus. The initial calculations of the 
sample sizes used the proportional allocation model. This was shown to 
yield inadequate sample sizes for the smaller States of the Australian 
Capital Territory, Northern Territory and Tasmania. Therefore, the sample 
sizes for these smaller States were increased. The calculated sample sizes 
by State were provided to AEC who then carried out the sampling of the 
computer-based electoral rolls. Names and addresses of electors were 
supplied to the Laboratory on magnetic tape and these were used in the 
first step of the sampling. A summary of the sample sizes at the beginning 
and end of the survey is given in Table 1. 

TABLE 1 

SAMPLE SIZES AT DIFFERENT STAGES OF THE SURVEY 

State First No. of No. of 
Letter Dosemeters Dosemeters 

Sent Returned 

Australian Capital Territory 913 279 248 
New South Wales 3324 1010 907 
Northern Territory 949 238 196 
Queensland 1451 463 407 
South Australia 1001 361 331 
Tasmania 910 308 285 
Victoria 2517 857 731 
Western Australia 1008 346 311 

Total 12073 3862 3416 
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2.3 Measurement of radon 

The radon dosemeter used in this survey uses CR-39 as an SSTD material in a 
polypropylene container. CR-39 is a thermosetting homopolymer with the 
empirical formula ci7 Hi8 07- A schematic diagram of the dosemeter, 
presented in Figure 1, depicts the rectangular piece of CR-39 supported on 
a foam rubber disc and held in place by a plastic sleeve within a 
polypropylene jar. 

Any radon, which has diffused into the jar, will undergo decay with the 
subsequent formation of radioactive daughters. The parent nuclide, as well 
as some daughter nuclides emit alpha particles which produce damage tracks 
in the CR-39. Chemical etching of the material renders the tracks visible 
under a microscope. 

After being placed in homes for a period of twelve months, the CR-39 
detectors were etched using a 6.25N solution of Analar grade potassium 
hydroxide at (50 ± 1)° C. During the etching the solution was constantly 
stirred using the rotary motion of a stage in the incubator. After etching 
for 6 hours the CR-39 detectors were thoroughly rinsed with hot water until 
all the etchant was removed. The detectors were then dried in a hot-air 
dryer. 

Each detector was manually read using an optical microscope with a nominal 2 magnification of x80. The total area scanned was 0.36 cm comprising 20 2 separate areas, each of 0.018 cm . 

2.4 Calibration of CR-39 

The calibration of the CR-39 radon dosemeters was performed by exposing 
them in the radon chamber which 1s maintained by the Laboratory (Solomon 
1985). This chamber has a total volume of 8.0 m and was maintained at a 

_3 nominal radon concentration of 4000 Bq m for the purposes of this 
calibration. The radon concentration 1n the chamber was measured with 
calibrated scintillation cells, traceable to international standards (NEA 
1986). The track density on the CR-39 detector was converted to activity 
by dividing the net track density by the integrated activity concentration -2 -3 of the radon chamber. The calibration factor (net tracks cm to Bq m per 

-2 -3 
day) thus determined was 0.11 tracks cm per Bq day m with an 
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uncertainty of 15%. Track densities on unexposed CR-39 detectors are in 
the range 30 to 120 tracks cm and an average background track density of 

_? 60 tracks cm was used for the survey. 

To check on the performance of the SSTD material over time, some dosemeters 
were stored in an ambient environment simulating the 12-month residence of 
the dosemeters in homes. The stored dosemeters were divided into two 
groups, one group exposed in the radon chamber and the other group exposed 
only to the ambient environment. The difference in results for the two 
groups (radon chamber less ambient exposure) gave a calibration factor 
identical to that obtained before the beginning of the survey. This 
indicated that there had been no change in sensitivity over the period of 
exposure. 

2.5 Measurement of gamma radiation 

The natural gamma radiation dose rate in this survey was determined using 
dysprosium-doped calcium sulphate (CaSO^Dy)) incorporated into a teflon 
disc as a thermoluminescent dosemeter (TLD). The teflon disc was placed 
between two foam discs at the bottom of the polypropylene jar as depicted 
in Mgure 1. 

The TLD discs are a commercial item and a large number, specially selected 
so that their sensitivity lay within 10 percent of the mean, had been 
purchased for use by the Laboratory's Personal Radiation Monitoring 
Service. Before being used in the survey, each disc was calibrated and 
tested to check its compliance with the sensitivity criterion by exposing 

137 it to a known gamma ray doso crom a Cs source. 

Each TLD disc was annealed no more than two days prior to being dispatched 
to the householder. The dose remaining on a TLD disc immediately after 
annealing was typically 10 /JSV. AS soon as possible after return of the 
disc twelve months later, the dose was determined by reading the disc on a 
Pitman 'Toledo' TLD reader. The performance of the reader was periodically 
checked with a standard light source. Each batch of TLD discs read out 
included one which had been subjected to a standard exposure traceable to 
the Australian Exposure Standard (Hargrave 1989). 

To check the extent of any 'fading' of the dose on a TLD disc over a long 
period of time, a batch of TLD discs received a standard large exposure and 
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a number were read out at intervals over a period of 16 months. It was 
concluded that the extent of fading, if any, was minimal and was less than 
the variations in sensitivity between individual discs. The TLD 
measurement procedure was the standard one developed and used by the 
Personal Radiation Monitoring Service in which procedural errors have been 
reduced to a minimum. 

3. RESULTS AND DISCUSSION 

3.1 Radon Exposure 

Figure 2 shows the distribution of median radon concentrations estimated 
for homes in some of the population centres participating in the survey 
whilst Table 2 gives the median radon concentration for each State. For _3 the 3413 observations the geometric mean concentration is 8.7 Bq m and _3 the GHSD is 2.1, while the arithmetic average concentration is 11.6 Bq m . _3 The distribution of all results (except three above 100 Bq m ) is 
presented in Figure 3. 

The average radon concentrations in the Australian home depends on a number 
of factors. Not only does the structure of the home affect the radon 
concentration, but local geology and micrometeorology also have a role. 

In order to explore factors associated with higher or lower values for the 
level of radon concentrations in Australian homes the following information 
was sought through the questionnaires. 

(i) the State where the house is located, 
(ii) the type of house (detached, semi-detached, flat etc), 
(iii) the year the house was built, 
(iv) the materials used for the inner walls, 
(v) the materials used for the outer walls, 
(vi) the nature of the underfloor space, and 
(vii) the manner by which the house is ventilated. 

These data then formed the basis of a multiple regression study which 
demonstrated that all factors except (ii) and (iii) have a significant 
effect on the radon concentration. The regression analysis showed the 
following. 
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- There are significant differences in the average radon 

concentrations observed in each State. For example, homes in the 
Australian Capital Territory returned mean concentrations of 17 Bq 
-3 -3 -3 

m , compared with 10 Bq m in New South Wales and 7 Bq m in 
Queensland. Figure 4 compares the distribution of the 
measurements obtained for homes in the Austral.an Capital 
Territory and Queensland. 

- Homes with brick or plaster and brick inner walls returned 
measurement results which were about 30% higher than homes with 
timber walls. 

- Homes with brick outer walls returned measurement results which 
were about 10% higher than timber homes. 

- Homes which relied on air-conditioning or wall vents alone for 
ventilation experienced 15% to 25% higher radon concentrations 
than homes which used windows or an external door for ventilation. 

- Homes which were supported by the ground surface generally 
experience a 30% higher concentration than houses supported by 
stumps. 

This analysis was repeated for each State. Inspection of the results from 
these analyses shows no factor dominates in all States but the analyses 
suggest that houses built on stumps in Western Australia, Victoria and 
Queensland have radon concentrations which are generally lower than the 
average, while higher concentrations are found for houses in New South 
Wales and South Australia with brick inner walls. 

3.2 Gamma Radiation 

The results of the survey of gamma radiation are displayed in Figure 5 in 
terms of median annual doses to some population centres and are given in 
Table 3 for each State. For the 3363 observations the geometric mean gamma 
radiation dose is 854 /iSv per year and the GMSD is 1.4 while the arithmetic 
average dose 1s 900 ^Sv per year. The distribution of all the measurements 
1s presented in Figure 6. 

As Indicated previously many factors lead to variation in the dose received 
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from gamma radiation, including geographic location and the material used 
in the construction of the house. 

A multiple regression study was undertaken to establish those factors which 
may elevate or depress the level of gamma radiation. The first five 
facters listed in Section 3.1 were considered. The study showed the 
following: 

There are differences between the States in the exposure to gamma 
radiation. It appears that the highest exposures are received by 
the residents of the Australian Capital Territory and Western 
Australia whilst the lowest average exposures are received in the 
Northern Territory, Queensland and Tasmania. Figure 7 compares 
the distribution of the measurements for the Australian Capital 
Territory and Queensland. 

- In a given region, the type of house (whether a separate house, a 
flat and so on) is not an important contributor to differences in 
exposure to gamma radiation. 

- Generally, houses built before 1944 are associated with elevated 
exposure to gamma radiation. 

- Residents of houses with brick or plaster and brick inner walls 
are generally subject to 25% higher levels of gamma radiation than 
are the occupants of houses with wood or plaster inner walls. 

- Residents of houses with brick outer walls are generally subject 
to about 20% higher radiation levels than the occupants of houses 
with timber or cladding as the outer walls. 

When the regression analysis was repeated on a State by State basis, it was 
found that the last two factors are consistently important. However, the 
year of construction was an important factor only for those houses built in 
New South Wales. 

3.3 Radiation Dose 

The calculation of dose from indoor radon exposure is based on the detailed 
work by James (1988) and other workers who show that for typical indoor 
conditions an exposure to an average radon concentration of 20 Bq m leads 
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to an effective dose equivalent of one mSv for adults and older children. 
This figure is more conservative than those suggested elsewhere (ICRP 
1987). For the younger children James's work indicates that some 
adjustment must be made to allow for the age dependence of the breathing 
rate and the dimensions of the airways. In the present calculation, a 

_3 conversion factor of 1.6 mSv for 20 Bq m exposure has been used for 
children younger than 5 years of age. These calculations assume a 24 hour 
occupancy of the home by all residents. No account has been taken of time 
spent outside the home and therefore the collective doses presented in 
Tables 2 and 3 represent an approximation only to the doses actually 
received. The calculation of the dose to the population has been carried 
out by summation of the estimated dose to each family member and the total 
number of members in all homes. In view of the variation of the exposure to 
gamma radiation and to radon from State to State, the summation is 
completed for each State. The estimate of the dose to the Australian 
population Is obtained by scaling. Tables 2 summarises the dose 
calculations derived from radon exposure whilst Table 3 summarises the 
calculations for gamma radiation. 
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TABLE 2 
ESTIMATE OF THE DOSE TO THE POPULATION FROM RADON EXPOSURE 

Median Sample Pop. Australian Pop. 
Sample Radon Collective Collective 

State Size Cone. Dose Population Dose 

Bq m" 3 person-Sv (x 1000) 3 person-Sv (xlO ) 

ACT 248 14 0.71 275.3 0.24 
NSW 907 7 1.44 5738.6 2.87 
NT 196 12 0.55 156.4 0.13 
QLD 404 6 0.47 2782.8 1.03 
SA 331 11 0.80 1415.6 1.13 
TAS 285 8 0.45 449.3 0.24 
VIC 731 9 1.34 4290.3 2.48 
UA 311 11 1.70 1568.7 1.11 

AUST. 3413 8.7 6.46 16677.0 9.23 

Assumes continuous (24 hour) exposure in homes 

TABLE 3 
ESTIMATE OF THE DOSE TO THE POPULATION FROM EXTERNAL RADIATION 

Median Sample Pop. Australian Pop. 
Sample Radiat. Collective Collective 

State Size Dose Dose Population Dose 

mSv person-Sv (x 1000) 3 person-Sv (xlO ) 
ACT 244 1.1 0.87 275.3 0.29 
NSW 905 0.9 2.62 5738.6 5.14 
NT 189 0.8 0.50 156.4 0.13 
QLD 408 0.7 0.95 2782.8 2.03 
SA 328 1.0 0.97 1415.6 1.35 
TAS 278 0.7 0.62 449.3 0.33 
VIC 706 0.9 2.00 4290.3 3.74 
WA 309 1.2 1.18 1568.7 1.88 

AUST. 3367 0.85 9.71 16677.0 14.89 

Assumes continuous (24 hour) exposure in homes 
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4. CONCLUSIONS _3 The annual average radon concentration in Australian homes is 12 Bq m , 
leading to an estimated annual average effective dose equivalent of 0.6 mSv 
and an estimated annual collective dose of 9.2 x 10^ person-Sv to the 
Australian population. The annual average effective dose equivalent from 
gamma radiation in Australian homes is 0.9 mSv, leading to an estimated 
annual collective dose of 1.5 x 10* person-Sv to the Australian population. 

The values for radon concentration are lower than have been found in other 
countries to date and they show that there is little need for concern in 
Australia. Several countries have set down guidelines for remedial action 
to reduce radon levels in homes which have high radon concentrations. Home 
owners are advised to consider remedial action when the measured radon 
concentration exceeds an Action Level determined by appropriate 
authorities, and in some countries government assistance is provided in 
taking such action. One of the most stringent recommendations to date has 
been provided by the National Radiological Protection Board in the United _3 Kingdom (NRPB 1990), which suggests an Action Level of 200 Bq m for 
simple remedial action. In the present study only two homes of the 3,413 
homes surveyed were found to have radon concentrations in excess of this 
value. If this proportion of high-concentration homes is properly 
representative of the country as a whole, only 2,000 - 3,000 homes would be _3 expected to exceed an annual average radon concentration of 200 Bq m . 

Radon concentrations and gamma radiation exposures depend upon the location 
of the home and tend to be higher in solid brick and brick veneer dwellings 
than those of lighter construction. Radon concentrations tend to be 
enhanced also in homes which are poorly ventilated or which rely on air-
conditioning for ventilation. Further work is planned to identify the 
factors which contribute to the highest radon concentrations in particular 
homes revealed in the survey. The significant differences in the data for 
groups of homes categorised in various ways justify more specialised 
surveys, designed to isolate the factors causing these differences. 
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