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SUMMARY 

This report contains general information on radon concerning the existing 

standards, sources and emissions, the exposure levels and effect levels. It 

serves as a basis for the discussion during the exploratory Meeting to be 

held in November/December 1969, aimed at determining the contents of the 

Integrated Criteria Document Radon. 

Radon is a chemically inert natural gas in several istopic forms. Attention 

is focused on Rn-222 (radon) and Rn-220 (thoron), radioactive decay 

products of uranium, presently of public interest because of radon gas 

pollution in private homes. In the Netherlands air quality, standards nor 

product standards for the exhalation rate of building materials have been 

recommended. 

The major source of radon in the Netherlands is the foil gas (> 97%), minor 

sources are phosphate residues and building materials (> 2% in total). 

Hence, the major concern is the transfer through the inhalation of air, th« 

lung being the most critical organ at risk to develop cancer. Compared to 

risks for humans, the risks of radon and its daughters for aquatic ami 

terrestric organisms, as well as for agricultural crops and livestock, art-

assumed to be limited, 

In the Netherlands the average dose for man due to radon and thoron progeny 

is eppr. 1.2 aSv per year, the estimated dose range being 0.1-3.5 sSv pet-

year. This dose contributes for about 50% to the total exposure due to all 

sources of ionizing radiation. Of this dose respectively 80% is caused by 

radon and about 90% is received indoor. The estimated dose for the genera] 

population corresponds to a risk for inducing fatal cancers of about IS x 

10" per year, ranging fro« 1.2 x 10* to W x 10" , which exceeds the risV. 

limit of 1 x 10 per year -as defined in the standardization policy ir. th* 

Netherlands for a single source of ionizing radiation- with a factor 15 (1-

44). Reduction of exposure Is only possible in the Indoor environment. 

Several techniques have been described to redure the indoor dose, resulting 

from exhalation of the soil and building materials. However, mechanisms 

that regulate the radon levels in houses are not yet fully understood and 

are presently in study. Further there is a need to enhance the development 

of models to evaluate the potential measures, to be complemented by 

practical experiments in test dwellings, before arriving at a cost-

effectiveness balance. The possibilities in existing buildings are, 

however, considered limited. 



I 

- I -

1. rwaoDPcnow 

This exploratory report is part of the preparation for drawing up the 

integrated criteria document Radon. The objective of this report is to 

bring the level of knowledge of the participants in the exploratory meeting 

to the saae level, and to put forward points for discussion and decision

making as to the contents of the integrated criteria document. It should be 

emphasized that the present report does not aim to be exhaustive: the 

existing standards and recommendations, the sources and exposure levels in 

the Netherlands are merely outlined, whereas on the other hand the 

principal effects are described. On the basis of this information, a 

tentative hazard assessment and risk evaluation Is given. Subsequently, 

problems will be pointed out and a proposal made as to the contents of the 

integrated criteria document Radon to be drawn up. 
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2. ACTUAL STAHDARDS AUD CUTDETJWES 

There are no general standards for the occupational or domestic exposure to 

radon. For occupational exposures, like for Instance In underground 

mining, the International Commission on Radiological Protection (ICRP) has 

recommended an annual Unit of 0.02 J for the potential o energy Intake of 

short-lived radon decay products by Inhalation (ICRP, 1981). This ricon-

nendation corresponds to a- annual Unit of 4.6 VLH which, using a 

conversion factor of 10 mSv/VLM (Nazaroff and Nero, 1988), Is approximately 

equal to 50 aSv effective dose equivalent. 

For domestic exposures the ICRP states that the recommended annual dose 

limit of 1 mSv for chronic exposures of »embers of the public to artificial 

sources does not apply to natural sources {ICRP, 1981). Hovevei, the 

controllable part of such natural exposures should be kept as low as 

reasonably achievable (ALARA-prlclple). In this context the ICRP has 

published guidelines for remedial actions regarding radon daughter 

concentrations In existing or future buildings. The World Health 

Organization (WHO) and the National Council on Radiological Protection 

(NCRP) have also given guidelines for these exposures. Table 2.1. gives an 

overview of these recommendations, Some countries (for instance the US, 

Canada, Scandinavia) have their own recommendations, but this is not the 

case for the Netherlands. There are initiatives In the Netherlands to 

develop air quality standards for radon and product standards for the radon 

exhalation rate of building materials (Bosnjakovic and Vos, 1985). 

Table 2.1. Recommended Halts for radon daughter concentrations in 
buildings 

Organization Existing buildings future Buildings Reference 
(Bq/m* EEC) (Bq/m9 EEC) 

ICRP 
NCRP 
VHO 

200 (a) 
185 
100 (m) or U00 (b) 

100 

100 

(ICRP, 1984) 
(HCRP, 1984) 
(WHO, 1987) 

(a) If remedial action is fairly simple 
(b) remedial action without deJay 
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3.1. FORMATION AND RELEASE OF RADON 

Some of the natura? radioactivity on earth Is of priaordial origin, For 

example the radionuclides U-235. TJ-238 and Th-232 have half-lives of 
8 9 10 

respectively 7x10 , 4.5x10 and 1.4x10 years. These three radionuclides 

are at the head of three series of decay-products (figure 3.1.). All three 

series contain the element radon. However, because of the relatively low 

content of U-235 in soil compared to U-238 and because of the short half-

life of 3.9 seconds for Rn-219 this nuclide is not as abundant ms Rn-222 

(half-life^ 3.8 days). Although there are now two Rn-nuclides left to 

consider (Rn-220 [half-life 5* seconds] and Rn-222), when we talk about 

radon we only »ean Rn-222. Rn-220 is called thoron. The discussion Is 

focussed on radon because the very sr.srt half-live tlae of thoron leads to 

aiuch shorter transport ranges In soil or building materials and lower 

concentrations in air. 
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Due to the relatively low nobilities of the U-238 daughters there would be 

a nearby equilibrium condition in eny aolld material containing U-23B, but 

for the existence of radon. This radon will diffuse if possible to the 

atmosphere. Only the remaining radon decays in the soil and gives rise to 

the rest of the decay series of U-238. Important for the process of 

diffusion are the site in the soil particles where the mothemuclide Ra-226 

is situated as well as the porosity of the soil material. For example, when 

the Ra-226 is in the centre of such a particle, the formed radon will have 

difficulties to get out of the soil at all (Nazaroff and Nero, 1988). The 

higher the porosity the faster the radon will diffuse through the soil. The 

fraction of radon formed in the soil that escapes into the pores is known 

m* the emanating power fraction. Reported values range from about ll to 801 

(UNSCEAR, 1988). 

The radon that diffuses into the atmosphere is in Itself not a radiological 

problem, but its daughters are. Its short-lived decay products Po-218, 

Pb-214, Bl-214 and Po-214 are after inhalation the cause for Internal 

exposure due to a- and £-decay. The long-lived decay products Pb-210, 

Bl-210 and Po-210 are not Important for this inhalation pathway because of 

their longer half-lives, but the Pb-210 that Is formed will partially get 

into the foodchain and be concentrated in several foodstuffs and eventually 

give rise to internal exposure via Ingestion, 

3.2. SOURCES AND EMISSIONS 

Although the soil is an Important source of radon, there are also other 

pathways that lead to amissions, for example groundwater, the oceans, coal 

combustion and 'residues, phosphate residues, natural gas, building 

materials and even human exhalation. A brief description of these sources 

follows. 

3.2.1. Ema.nation, from, the soil 

The largest source of radon is the soil. As was already mentioned the 

emanation power fraction may rant, from 1-80 % according to porosity and 

availability of Ra-226 on the surface of soil particles. Concentrations in 

•oil of U-238 and accordingly of Ra-226 are reported in table 3.1, 
- 2 -1 

Using an average exhalation or emanation rate of 0.016 Bq.m" . s' (UNSCEAR, 

1988) the total radon exhalation from the Dutch soils <± 32,500 km ) would 

be 1.6xl016 Bq.a"1. 
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Table 3.1. Ra-226 concentration ranges in different types of soil in the 
Netherlands. as veil as exhalation rates (Ackers, 1985; Ackers, 
1985a) 

Type of soil Ra-226 concentration Radon exhalation rate 

Bq.kg Bq,a .s 

Sar.d 6 - 22 - 0.002 
Sea clay 26 - 38 
River clay 19-50 - 002^ 
Peat 5-27 (mostly low) - 0.0006 
Peacbog - 37 
Loess 18 - 40 

Soil (UHSCEAR, 2988) JO - 50 0.0002 0.07 

3.2.2. Emanation from the oceans 

Because of the relatively low Ra-226 concentration in near surface waters 

of the oceans, compared to for example coil or sediment, the radon 
-4 -2 -1 

•sanation from these waters is also rather low (about 1x10 Bq.a . s .or 

a factor 100 below those of soils (NCRP, 1984a)). Uke In other coastal 

areas. In the Netherlands the onshore winds result In radon concentrations 

in surface air that will on average be lower than expected from the radon 

ination from the soil. 

3-2.3. Coal combustion and residues 

In coal as well as in solid rock, the radon is contained, but when 

combustion takes place most of the formed radon will be released. In the 

Netherlands, where coal containing on an average 24 B*>.kg* Ra-226 is used, 

the total emission for 1987 was estimated to be 2.8x10 Bq.a' (Blaauboer 

and Vaas. 1989). 

The residues, mostly fly ash, are enriched In Ra-226 because of the concen

tration In ash that has taken place. Although the radon emanation fraction 

from this fly ash is low (± 1% (NCRP. 1984a)), the long half-life of Ra-226 
12 -1 

could easily mean an extra source of about 2.8 x 10 Bq.a when a 30 year 

period of fly ash production is assumed on half the rate of 198? (Blaauboer 

and Vaas. 1989). 



3.2.4. Natural f«s 

The natural gas that Is used In the Netherlands originates from th«? 

Netherlands, sone fields below the North Sea and the Federal Republic of 

Germany (table 3.2.). 

rflfriff 2 2 Rsdon concentrations in natural gas used in the Netherlands 
(VNSCEAR, 1982) 

Origin Rn-222 concentration (Bq/ra*) 
Average Range 

The Netherlands: Slochteren 44 • 100 
Other fields UO - 200 

horth Sea (UK): Leoan field 70 - UO 
Indefatigible BO 

Federal Republic of Germany 60 • 600 

3 The average concentration can be assuned to be less than 100 Bq.a 

Together with the consuaed amount oi U.5x10 m In 1987 (CBS, 1988) this 
12 -1 

results In a radon source of about 5x10 Bq.a 

3,2.5. Phosphate residues 

Phosphate residues from elemental phosphorous plants and steel Industries 

give rise to discharges of about 2.5xl012 Bq.a*1 of Ra-226 (UNSCEAR. 1982; 

K6ster et al. , 1985; Peuce et al. , 1988) which would result in the 
14 -1 

production of 1.7x10 Bq.a of Rn-222. Because most of the discharges are 

to water and air it is difficult to estimate the yearly production of radon 

in the Netherlands as a consequence of decay of Ra-226 that was discharged 

In earlier years, 

3 2 6, Bulldinf materials 

Because building materials originate from the earth, the population is 

•xposed to external radiation and radon emanation from these materials. The 

first exposure is beyond the scope of this report. Exhalation races have 

been measured for several building materials (cable 3.3.), but the cotnl 

yearly amission of radon from this source is not known, This is partly due 

to the fact that decorative coatings such aa paint, wallpaper and paneling 

tend to further reduce emanation of radon (van Dijk and de Jong, 1989 i. 

However, a value nay be calculated using a reference surface area (outside 

+ inside) of about 750 n2 per house (UNSCEAR, 1988; page 103, table 14), a 
- 3 -2 -1 

total of 5 Billion houses and an exhalation rata of 10 Bq. •" ,s (cab.e 

3 . 3 ) . 
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Table 3.3. Had on exhalation rates for some types e>f building material 
used in Che Netherlands (Ackers, 1985) 

Building material Range in Rn-222 exhalation rates 

5q.m .5 

4 .5 x 10'* - 1.0 x lO'l 
2.8 x JO"* - 3.6 x 10'3 

4 . 5 x 10 - 2.0 x 10 
1.7 x 10'* 

The total exhalation race of building materials for houses would be; 

5 x 106 x 750 a2 x 10'3 Bq. a"2.«"1 x 3.15 x 107 a.«"1 » 1.2 x 1 0 U Bq.a"1. 

About 60% of this ealsslon would be Into the houses. Correction for 

building materials used In public buildings, offices, factories etc. could 
14 

raise this ealssion with a factor of two, so 2 x 10 Bq/* aight be a 

reasonable guess for the yearly eaission of radon froa building aaterials. 

However, coapared to the exhalation rates from the soil those froa building 

aaterials tend to be 1 to 2 orders of Magnitude lower. 

3.2.7. Groundwater 

The concentration in groundwater is high coapared to that in surface 

waters. Values in drinking water, that steamed froa groundwater range 

world-wide froo less than 1 Bq.a" to a hundred thousand Bq.a" (Nazaroff 

and Nero. 1988; van Dijk and de Jong, 1989; Prielwud, 1987). Radon 

concentrations in Dutch groundwater are not thoroughly aapped. Some 

research points to rather high values (up to 20,000 Bq.a ; Hattern. 1973j. 

Using an average radon concentration of 4800 Bq.ro , an average water use 

of 0.4 Q .d .an estlaation thtt 70% of the Dutch population or about 10 

•1 llion people use drinking water that stems froa groundwater and a release 

of about 60% of the radon froa the water Into the houses, a total radon 

release into houses via the drinking water pathway aay be calculated of: 

4800 Bq.a*3 x 0.4 a^.d"1 x 107 x 365 d.a'1 x 0.6 « 4.2 X 1012 Bq.a"1. 

Conerete 
Brick 
Gypsua 
Gypsum board 

http://Bq.ro
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3.2.P. HwMn tHtnUtiÆD 
A snail but curious source of radon Is mar. himself, On *n average diei: 

people in the Netherlands will have a body content of Ra-226 of about 1 B<j 

per person (UNSCEAR, 1958). This results, due to decay, in a production of 

about 70 Bq.a of Rn-222, so chls would give a radon source of about 
9 -1 

1 x 10 Bq.a for the Netherlands. 

3.2.9. Total emission of Rn-222 in the Netherlands 

Table 3.4. gives a compilation of the source teros of Rn-222 in the 

Netherlands. The »oil Is the major source of Rn-222 and is responsible for 

almost 9SI of the total emission, which amounts to 1.6 x 10 Bq per year. 

l ab ia 3.4 Sources of 9J\-222 in the Nether J ands 

Source Source cars 
Bq/* I of totml known 

Soil 
Cosl coabuftIon 
Coal residues 
Natural $*§ 
Phosphate residues 

of aarJier y*r* 
Building materia]* 
Groundwater 
human axhaJation 

1 
2 
2 
5 
1 

2 
4 
1 

6 X 
6 x 
8 x 
0 x 

.7 x 
t 

0 x 
,2 x 
.0 X 

10 
10 
10 
10 
10 

10 
10 
JO' 

16 
11 
12 
12 
14 

u 
12 

ft-

97, 
1, 
1 
3 
1 

1, 
2 
6 

,7 
,7 
.7 
,0 
.0 

,2 
6 
0 

X 
X 
X 

T 

X 
X 

JO 
10 
10 

10 
10 

3 
2 
2 

2 
6 

Total 1.6 x 10 100 

3.3. TRENDS 

All sources of radon are of natural origin. There are no specific changes 

that will occur In the near future, Some of the exposure changes however 

nay be affected by human activities: 

* The exhalation of radon due to coal combustion It riling for some years 

now. This also will have some effect on the aaount of fly ash that Is 

deposited. 

* The use of natural gas is rather stable at the moment, but because 

natural gas is easily aet in as buffer supply this could change from one 

year to th* other. 
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* Elemental phosphorous plants and steel Industries do tend to discharge a 

lot of phosphate residues containing Ra-226. the direct parent of Rn-222. 

* The use of building materials changes all the time. It is difficult to 

determine whether or not this has a positive or negative effect on radon 

levels. Other activities like isolation of houses may however raise the 

ir.door radon concentrations considerably. 

4. QCCPRRCTCE AND COHCEWTHATIOBS 

In this chapter the compartments of the biosphere, which are important for 

the exposure by radon or thoron in the Netherlands, are discussed. Most of 

the specific information on the exposure to radon in this country 

originates from the "SAWORA-program" (radiation aspects of indoor 

environment and related radio-ecological problems (Hogeweg et al., 198<0> 

in the period 1982-1985, or from the "RENA-program" (controllable forms of 

natural background radiation), which is still In progress. 

4.1. SOIL 

The concentrations of radon and thoron in the ao*called soil gas vary 

widely. The concentration range for radon In "normal'1 soils is 7,000-

220.000 Bq/m* (Sextro et al.. 1987). For thoron a range with a similar 

magnitude can be expected. Meteorological factors affecting these 

concentrations are the barometric pressure, humidity, wind apeed and 

precipitation. Furthermore soil parameters like U- or Th-content, 

moisture, soil grain-size distribution and porosity determine the migration 

in the soil and the possible entry into buildings (Nazoroff and Nero, 

1988). Information on the concentrations of radon in soil gas in the 

Netherlands is very scarce. According to De Meijer the average 

concentration and range have an order of Magnitude of 30,000 Bq/m5 and 

20,000-50,000 Bq/m*. respectively (de Meijer. 1989). 

4.2. WATER 

The exposure by radon in potable water is caused by Ingestion and by 

inhalation, for Instance during showers, after release of the radon to air. 

Tap-water produced from surface water has radon concentrations too small to 

effect indoor levels, but groundwater is in principle capable to accumulate 
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radon generated within the earth'* crust (Nazoroff and Nero, 1988). The 

geometric Bean radon concantratlons in Municipal groundwater supplies in 

the central part of the US and in Texas were 4000 Bq/n* and 5000 Bq/ta' 

respectively (UNSCEAR, 1988). No recent data regarding radon In groundwater 

In the Netherlands are available. In a snail survey in the province r>f 

Llmburg In 1973 the range in purified groundwater was 100 - 20,000 Bq/tt* 

(Mattern, 1973), th« average concentration was 4800 Bq/»V However, It U 

expected that thin value exceeds the national average. Factors affecting 

the concentration of radon in tap-water are the concentration in the watttr 

supply used, the nature of the purification technique and the delay-tin* 

between purification and domestic use, 

4.3. AIR 

Exposure in air takes place In the outdoor as well as in the indoor 

environment. The short-lived decay products of radon and thoron, occurring 

as unattached particles (free atoms or ion clusters) and as particles 

attached to aerosols are responsible for the exfosure of the respiratory 

tract, The discussion is focussed on the exposure outdoor and 1: .ide 

buildings. The exposure of man in caves, mines, tunnels, underground 

railways is not discussed because these exposures play an unimportant role 

In the Netherlands. 

4.3.1. PuW99r tlr 

The concentration of radon in outdoor air Is primarily determined by the 

exhalation rate of the aoil and meterological factors like wind-direction 

and wind-strength. The geographical location Is also Important: radon 

concentrations are »a a rule lower over islands and coastal or Arctic 

areas, which have less soil exhalation than continental regions (UNSCEAK, 

1986). Furthermore local sources like conventional energy plants, hydro

electric stations, ore processing industries, uranium mill tailings and 

ventilation-exhausts of mints may increase the radon concentration« in the 

direct neighbourhood. There is a seasonal as well as a diurnal variation in 

outdoor radon concentration (UNSCEAR, 1986). UNSCEAR estimates that the 

population-weighted radon concentration for the world-population is 5 

Bq.m* in outdoor air, According to this Committee 0.8 is a representative 

value for the equilibrium factor F between che concentration of radon and 

that of its short-lived decay products. 
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During a survey in the Netherlands in 1983 and 1984 time-averaged 

concentrations of outdoor Tadon were measured at about 200 sites. These 
.3 

concentrations had a range 1-8 Bq.m (Put et al. , 1985; de Heijer et al., 

1985). The average concentration was about 3 Bq.« , and the distribution 

of the measurements was log-normal, with a geometric standard deviation 

(CSD) of 1.5, The soil type and the concentration of radon were correlated. 

The highest concentrations were measured over sea clay, river clay and 

above all loess. Assuming that the value F * 0.8 applies to the situation 

in the Netherlands, the rang' and average of the radon daughter concen

trations are 0.8-6 Bq.m* EEC and 2.4 Bq.m" EEC respectively. The 

concentrations of thoron in outdoor air were not measured In this survey. 

These concentrations are expected to be very low. According to UNSCEAR 0.2 

Bq.m EEC Is a representative value for the equilibrium equivalent 

concentration of thoron decay products in outdoor air (UNSCEAR. 1988). 

4.3.2. Indoor ajr 

The main factors affecting the concentrations of radon In Indoor air are 

the exhalation rates of building materials, the entry rate of radon 

originating from the soil under or surrounding the building, the 

ventilation rate. Less Important sources for Indoor radon are domestic 

water, natural gas and outdoor radon. Diffusion and pressure-driven flow 

are the two mechanisms for the transport of radon from the underlying soil 

Into the building (UNSCEAR. 1988). Basements, cellars and crawl-spaces are 

Important intermediate compartments for this transport. The exhalation of 

building materials is a diffusion controlled process. Many potential 

techniques for reducing this exhalation have been investigated. Although 

some encouraging results were obtained, it's too early to draw final 

conclusions. 

Important progress is made in computer modelling indoor concentration of 

radon's decay products (Nazaroff and Nero, 1988; UNSCEAR, 1988). It appears 

that pressure-driven flow of radon-bearing air through structural elements 

Is often the predominant source of radon in dwellings with elevated 

concentrations (UNSCEAR, 1988). Potential counter-measures can be evaluated 

using such modelling techniques. However, promising measures should always 

be experimentally verified. 

UNSCEAR estimates that the population weighted mean indoor radon concen

tration in the temperate regions of the world is about 50 Bq.m' (UNSCEAR, 

1988). Using an equilibrium factor F - 0.4 between radon and Its decay 
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product!. the averag« Indoor radon daughter concentration is approximately 
.3 

20 Bq.n EEC. Tht distributions ara expected to ba log<noraal. Information 

on the indoor concentrations of thoron is scare*. According to UNSCEAR 

(1988) 0.7 Bq.n' EEC ia a good guaa^ for the avaraga equilibrlun 

•quivalanc concentration of thoron in teaperate latitudes. 

In 19B3 a large-scale survey of Indoor radon was conducted in tht 

Netherlands. The radon concentration* ranged froa $ to 116 Bq a . The 

nedian and average concentration vera 2** and 29 Bq.a' respectively (Put at 

al., 1985). The distribution was log-normal (CSD - 1.6). Figure 4.1. ahovn 

the distribution of the concentrations in Dutch dwellings, Table 4.1. 

illustrates that the indoor radon concentrations in the Netherlands are 

rather low compared to those in other countries (UNSCEAR, 1988). 
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Figur* it. 1. Histogram of the concentrations of radon in the livinf-rooaf 
of Dutch dvølllngå, which war« aeasured during a aurvey in 
1983 (Fut at aJ., 19$$). 
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Table 6.1. Mean or median concentration of indoor radon in dwellings, which 
»ere measured in some national surveys (UNSCEAR. 1988) 

Country Number of 

dwellings 

Date of 

completion 

Radon concentration 

Hedi an Mean 

8q/m* Bq/m* 

Canada 
Denmark 
Fed. Rep. Germany 
Finland 
Italy 
Netherlands 
Horvmy 
Sweden (*) 
United Kingdom 

13400 
6oo 

6000 
8200 
1000 
1000 
1500 

38300 
2300 

1980 
1985 
1986 
1982 
1986 
1983 
1985 
1986 
1985 

33 
50 
60 
66 
A3 
26 

100 
17 

69 
90 

29 
90 

(*) search for dwellings with high radon levels 

Radcn daughter concentrations vera also measured in this survey. Just as by 

radon the distribution was log-normal (GSD - 2.4*). The median and average 

concentration were 9.S EEC and 12 Bq.m" EEC respectively (Put et al., 

1985). Only 0.2% of the Dutch dwellings did not meet the recommended 

guideline of 100 Bq.n" EEC for future buildings. 

5- EFFECTS 

With respect to huaan toxicity of radon and radon daughters sone aspects 

are reasonably veil documented (e.g. kinetics and carcinogenicity), 

whereas data on other aspects are United (e.g. toxicity and mutagenicity). 

Compared to whole body irradiations the effects of radon and Its daughters 

have two specific aspects. Firstly, the effects are mainly caused by o-

irridlation. vhich has a high Ionizing density and consequently a hlgtt 

radiobiological effectiveness. Secondly, it mainly causes Its effects by 

Internal Irradiation of the respiratory tract. 

Data on the effects of radon and Its daughters on aquatic and terrestrial 

organisms are very scarce. In those cases in vhich specific data on radon 

and its daughters were lacking, general data on ionizing radiation were 

given, when available. These data are generally related to whole body 

lrridation with ^radiation. The data concerning Ionizing radiation are 
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distinguished fron info mat i on on radon and ics daughters by wr icing, them 

In Italics. 

5.1. HUMAN TOXICITY 

The effects of radon and Its daughters on huaians have been evaluated by: 

IPCS (1983), NCRP (1984), ICRP (1987), IARC (1988) and Nazaroff and Nero 

(1988). Dae* on the effects of Ionizing radiation were evaluated by Hogeveg 

(1986), BEIR (1988), and UNSCEAR (1988). 

The transfer to nan of radon and short-lived radon daughters occurs mainly 

through the Inhalation of air, A negligible amount arises front decay of 

radlun in ingested food and water. Radon is a chemically Inert gas. Inhaled 

radon diffuses rapidly in the body, but due to Its low solubility It Is 

poorly retained. The radiation dose caused by radon itself is Minor by 

comparison with that of the short-lived decay products of radon, the radon 

daughters, They become largely attached to aerosols in Air and, upon 

inhalation, they are partly deposited in the respiratory tract. Because of 

their short half-lives »ost cf the deposited radon daughters decay in the 

respiratory tract, giving rise to an lnhoBogeneous irradiation, The o-

radiation is considered to be responsible for the adverse effects. In 

describing the effects both the absorbed dose and the dose rate are 

iaportant. 

5.1.1. KlncUci and doit cgntItitrnlgm 

Several factors affecting the dose delivered to the lungs will be 

described. 

The deposition of raoon daughters in the respiratory system depends on the 

size and characteristics of the aerosols to which tt.ty are attached and on 

the fraction of unattached radon daughters. The deposition Is also 

influenced by age and manner of breathing (IPCS, 1983), 

The structure and airflow In the different regions of the respiratory 

tract, namely the naso-pharyncheal (N-P), the tracheo-bronchial (T-B) and 

the alveolar-interstitial (A-I) regions, determine the fractional 

deposition of Inhaled aerosol particles and of unattached radon daughters. 



The radiation dos* absorbed in each part of the respiratory tTact is also 

influenced by the thickness of the epithelium 

About half of the unattached radon daughters inhaled through the nose is 

deposited in the T-B region. The attached radon daughters ax* a*inly 

deposited in the A-1 region of the lungs. At a size of 0.1 *in about 8% of 

the inhaled activity is deposited in the T-B region and about 20« in th« 

A-I region (figure 5.1). 

A/-P Nov • pneryngto) 

A-l 4/v*0tar - 0tt*riHHJt 

fijgyrf PI Regions o~ the respiratory trsct (Jaaes, 1988) 

Based on these deposition fractions and the aass of the tissue, the dose 

can be roughly estimated. Several »odels have been developed to estlaate 

the dose equivalent (to the bronchial region of the lungs) per exposure 

unit <the 1CRP-. the Jacobi-Eisfeld-. the Jaaes-Birchall- . and the Harley 

Pasteroack-oodel). Exposure to 1 VLH potential alpha energy would, If for 

100% bound to aerosols, result In doses of 0.5 and 5 aCy per VLM for the A-

I and the T-B regions, respectively (with art Interned)At« breathing rate). 

If all the potential alpha energy was carried by unattached daughters the 

dose would be 40 »Cy per ULH for the T-B-region (Nazaroff and Hero. 1988) 

These figures Illustrate the Importance to know the unattached fraction. 
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In Blntrs the total fraction of inhaled radon decay product« deposited In 

the lungs has been reported In the range 17-60% Whole body counting of 

exposed aineri showed chat 70l of the activity was retained In the lungs 

and rhe rest In the head and th« neck. Highest concentrations In animals 

exposed by Inhalation were found in the lung and kidney (lAftC, 1988), 

Insoluble radon daughter particles deposited In the T*B region can he 

cleared by mucociliary action to the throat for swallowing. For the 

clearance of radon daughter particles deposited in the A-I region only 

absorption in the blood was suggested to be iaportant (Nazaroff and Nero, 

1988). 

For the assessaent of radiation effects In huaans ICRP has developed the 

effective dose equivalent, which takes account of the different radio

biological effectiveness of various types of radlatlcn and the difference 

in radiation susceptibility of the various organs. For this purpose, the 

ICRP (1977) introduced weighting factors for the relevant organs. The 

product of the weighting factor and the dose equivalent for the Individual 

organ is called the effective dose equivalent, Estlaates of the conversion 

factor between the exposure to radon daughters and the effective dose 

equivalent aay vary, but are about 15 aSv per V\H for doaeatlc exposure and 

12 BSV per VLM for exposure in nines (Hazaroff and Nero, 1918). For 

doaestic exposure a lower conversion factor of about 6 aSv per VLM has been 

proposed by UNSCEAR (1988). 

5.1 2 Toxicity 

• Short-tera irradiation 

There are no exaaples of acute toxicity of radon to huaans, Such effects 

would only be possible if a lung dose higher than 40 Cy would be received 

in a relatively short tine (approx. 1 hour; ICRP, 1984a). Using a quality 

factor of 5 for o-radiatlon, a weighting factor of 0.12 for the lung and a 
• 8 3 

dose conversion factor of 10 Sv a /Bqh (see chapter 6.1.), the radon 
9 .3 

daughter concentration needed for such an exposure, would be 2x10 Bqia 

The highest concentretions measured In alnes and caves are about 10 

Bq.a" indicating that acute effects to huaans due to radon exposure do 

not occur. 
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Data on the acute toxicity of radon and Its daughters to experimental 

animals are very United. In one Inhalation study a LDSO-value of 2.1-3.2 x 
11 - 3 

10 Bq.n for filtered radon in adult vice was found for 1 h exposure 

(IARC. 1988). 

Animals - LDSO-values for radiation vary between J and lit Cy in 
various animal species, Damage to the bone marrow is the most 
sensitive effect causing death (IARC. 1938}. 
tiuoans - Acute doses above 50 Cy generally are fatal within two day* 
Uniform, whole body, doses above i Cy already cause effects 
Lymphocytes and hematopoietic stem cells ate the most sensitive cells 
Jn the human body (UtiSCEAR. 1988). 

• Long-tern irradiation 

Animals • In lnhalatory experimental studies toxic effects of radon and Its 

daughters are observed after exposure to cumulative doses of £3,000 ULM. At 

cumulative doses of >10,000 WLM Increased mortality has been reported. In 

one oral study an Influence on liver enzymes was reported after drinking 

water containing (6.7-13,500) x 10 Bq.l . No adequate study was available 

on the effect of radon alone on reproduction or prenatal toxicity (IARC, 

1988). 

Humans In underground miners several effects mainly on the respiratory 

tract are reported. At present there t* no evidence fr: an effect of radon 

at.i radon daughters on reproduction of miner workers. No data could be 

found on the affect of prenatal exposure to radon and radon daughters alone 

(IARC, 1988). 

Animals In some studies on animals living in areas of high naturel 
radiation an effect on fertility and embryonic mortality was reported 
(1AXC. 1983). 
Humans - With regard to ionizing radiation it was estimated that a 
dose of 0.01 Cy delivered over the whole pregnancy would add * 
probability of adverse health effects in the live born of less thati 
0.002 (the normal risk of a non-irradiated live born Is about 0.06) . 

5.1 3. Mutagenicity 

Radon and its daughters did not induce chromosomal aberrations in vivo In 

rabbits in one laboratory experiment but did induce chromosomal aberrations 

In human cells in vicro and sex-linked recessive lethal mutations 

in Drosophila (IARC, 1988). The genetic risk coefficient for radiation was 
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• stinated to be at »ost 0.005 per Sv gonad dot« equivalent (fur the 

reproductive population, risk to all generarl<»r>:) (UNSCEAR, 1988). 

Jn som*, bue not all, groups occupational ly axpomd to or raaidant in areas 
with high natural radiation an increased incidence of chromosomal abtr-
rations has been obsarvad (IAFC, 1988). 

3.1. I*. Carcinogfnicltv 

Anlnals • Radon and Its <**ray product« were teeted for carcinogenicity In 

Inhalation experiment* in rati, hamster* and dogs. In rati and dog*, e 

aignlficant lncreaee in the incidence of respiratory tract tuaours wee 

observed In coapaviaen with unexposed animals. In rats a dose'response 

relationship was noted. In s>ost Instances, tuaours at sites other than the 

lung ware not reported, but in one study tuaours of the upper lip and the 

urinary tract were reported (In rats). It was concluded that there Is 

sufficient evidence for the carcinogenicity of raden and radon daughters in 

experimental aniaali (IARC, 1988), 

Huaians - As in aniaals there la sufficient evidence for carcinogenicity of 

radon and its daughters in huaians. The aost important target tissue for 

cancer induction is the respiratory tract. Increased lung cancer rates have 

been reported froa a nuaber of cohort and case-control studies on 

underground Miners exposed to radon and its daughters. These Include 

particulary uranium alners, but also groups of iron-ore and other metal 

Miners, and one group of fluorspar alners. Strong evidence of exposure -

response relationships has been obtained froa several studies, in spite of 

the uncertainties that affect estiaates of exposure (1ARC, 1988), 

The evidence on the interaction of radon and its daughters with cigarette 

smoking does not lead to a simpel conclusion. Experimental and 

epidemiological data Indicate a »ore than additive influence of smoking. 

Most studies, but not all, are consistent i'lth a multiplicative or sub-

multiplicative model (IARC, 1988). 
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Although exposure levels and other conditions in nines are different from 

those in indoor situation, for the determination of the lung cancer risk 

factor of radon and radon daughters upon inhalation, the epidemiological 

data of the uranium ainers are the only one available (Hogeveg, 1986, BE1R. 

1988). The excess lung cancer risk due to a lifetime exposure to radon and 

radon daughters has been estimated by several scientific co»w»ittees. The 

estimates vary from 130 to 730 deaths per 10 person; per VLH [(1.3-7.3) x 

10"4 per VUi] (Hogeweg, 1985). 

In epidemiological studies on relatively large populations no relation 
between tumor incidences and enhanced background radiation levels 
could be demonstrated. In view of the difficulties in the comparison 
of the exposures In mines with indoor exposures, the above-mentioned 
risk factors should be treatd vith care in the assessment of radon 
effects in general papulations (Hogeveg. 1985). 

5.2. EC0T0X1C1TY, AGRICULTURAL CROPS AND LIVESTOCK 

5.2.1. Accumulation 

Considering the nature of the short-lived radon daughters the Issue of 

accumulation in aquatic and terrestrial organisms as well as In agri

cultural crops and livestock is not in order. Uith regard to accumulation 

in organisms and along foodchains the radon daughters that have longer 

radioactive half-lives (Fb-210, Po-210) could be important. However, the 

exposure to Pb-210 and Po-210 originating from atmospheric radon is 

expected to be small. 

5.2.2. Toxicity 

No studies were available on the short- or long-term toxicity of radon and 

Its decay products alone to either aquatic and terrestrial organisms or 

agricultural crops and livestock. 

Higher organisms are more sensitive to radiation than are lover ones 
and the developmental stages are the most critical. Data on natural 
ecosystems are limited but indicate that no-obsetved effect levels of 
about 1 mCy and 10-30 mCy per day could be derived for aquatic and 
terrestrial ecosystems, respectively, exposed to gamma radiation 
(Maruitz and van Veers. 1988). 
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The effects of short-term radiation on domestic arUmais are 
essentially the same as in experimental animals (Morris and Jones, 
1988) 

«. U S E ASSESSMENT AM) POSSIBILITIES FOt U S E IJKITATIOH 

6.1. RISKS FOR MAN 

In this chapter a short description is given of the mean exposure of the 

Dutch population to indoor and outdoor radon progeny. Furthermore the total 

exposure is assessed and this exposure is expressed in terns of human risk. 

The discussion is focussed on carcinogenic risks, because acu'̂ e toxicity of 

radon and thoron plays no role and there Is no prove beyond any doubt for 

Mutagenic effects. 

The factors used for the conversion of inhaled radon or thoron yrogeny to 

effective dose equivalent are given in table 6.1. These figures refer to 

the exposure of adults, *nd include indoor and outdoor breathing rates of 
3 - 1 3 - 1 

0.75 a .h and 1 m .h respectively. In all subsequent calculations the 

conversion factors of the ICRF were used (ICRP, 1987). Such factors for 

children in the age group of up to ten years might be on average a factor 

1.5-2 higher (UNSCEAR, 1988; ICRP, 1987). 

Table 6.1. Factors for the conversion of the indoor or outdoor exposure of 
adults by radon or thoron progeny to effective dose equivalent 

Location Dose conversion factor Reference 
Thoron (gn-220) Radon faRn-222) 

Bq h/ms EEC Bq h/m* EEC 

ICRP, 1987 
UNSCEAR, 1988 
James, 1988 

ICRP, 1987 
UNSCEAR, 1988 

(*) including the dose of Pb-212 to bone surfaces, bone marrow, kidneys 
and liver 

6.1.1. Exposure in outdoor air 

Indoor 5.0 x 10 .(*) 1.0 x 10, 
4.0 x 10 0.9 x 10 c 
6.7 x 10 (*) 1.6 x 10 

Outdoor 5.0 x 10'\(*) 1.4 x 10'5 

5.0 x 10'* 1.7 x 10 
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The average of the outdoor concentration of radon daughters in the 
.3 

Netherlands amounts to 2.4 Bq.m EEC (see 4.3.1). Assuming an average 
occupancy factor of 0.2 outdoor (UNSCEAR, 1988), the yearly exposure to 

3 -3 radon progeny Is 4.2x10 Bq h.m EEC. Using the 1CRP conversion factor 

1.4x10 r—, s this exposure corresponds to a dose of 0.06 mSv/a. 

The UNSCEAR-value of 0.2 Bq/m* EEC for the concentration of outdoor 

thoron progeny leads, mutatis mutandis, to a dose of about 0.02 oSv/a. 

Consequently the mean total dose to the Dutch population due to outdoor 

radon and thoron progeny is about 0.08 mSv per year, 

6.1.2. Exposure in ftndoor air 

The average concentration of radon progeny in living-rooms of Dutch 

dwellings Is 12 Bq.m EEC (see 4.3.2). Assuming an average occupancy 

factor of 0.8 Indoor (UNSCEAR. 1988), the yearly exposure of adults to 
4 -3 

radon progeny Is 8.4x10 Bq h.m EEC, corresponding to an effective dose 

equivalent of 0.84 aSv per year. 

The UNSCEAR-value of about 0.7 Bq.m" EEC for thoron progeny (see 4.2.3) 

leads In the same way to an indoor dose of about 0.25 mSv.a . This Implies 

that the average total dose due to indoor radon and thoron progeny is 

approximately 1.1 mSv.a . In the deduction of these values it was assumed 

that the Indoor concentrations of radon and thoron in buildings other than 

dwellings does not significantly deviate from those In living-rooms of 

dwellings. Specific Information for the Netherlands is not available. 

6.1.3. Total exposure to radon and thoron progeny and hunian risk 

It follows from 6.1.1 and 6.1.2 that the mean dose due to radon and thoron 

progeny in air is about 1.2 mSv.a in the Netherlands. About 80% of this 

dose is caused by radon, and about 90% of the total dose Is received indoor 

(table 6.2.). It must be emphasized that the individual doses due to radon 

and thoron show a great variation. The range 0.1-3.5 mSv.a" (991 of the 

population) Is an estimation of the variation in the Netherlands (Blaauboer 

and Vaas, 1989). Major part of this variation Is caused by the variancy in 

Indoor radon concentrations (figure 4.1). 
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Table $.2. Mean indoor and outdoor exposures to radon and thoron progeny in 
the Netherlands 

Source Occupancy 
factor 

Time- integrated 
concentration 
Bq h/m3 EEC 

Mean annual Fraction of total 
dose annual dose 
mSv/a ft 

Indoor 
radon progeny 0.8 
thoron progeny 0.8 
Outdoor 
radon progeny 0.2 
thoron progeny 0.2 

8.4 x 10* 
4.9 x 10* 

4.2 x 10* 
3.5 x JO2 

0.84 
0.25 

0.06 
0.02 

72 
- 21 

5 
- 2 

Total - 1.2 100 

Although the concentrations of Indoor radon and thoron are relatively low 

in the Netherlands, compared to those in other countries (see for radon 

table 4.1), the corresponding dose of 1.2 nSv.a* Is quite substantial In 

comparison with the aiean total dose of about 2,4 nSv.a" due to all sources 

of ionizing radiation (Blaauboer and Vaas, 1989). 

The aean dose of about 1.2 sSv.a -1 due to radon and thoron in air 

corresponds, using the ICRP risk factor of 1.25 x 10"2 Sv"1 (1CRP, 1977) 

for inducing fatal cancers, to a yearly risk of 1.5 x 10 a . This is a 

factor of 15 above the risk Unit of 10' a , which is defined in the 

fraaevork of "BNS" (Dutch policy notice regarding the regulation of 

ionizing radiation) for a single aource of ionizing radiation. 

In the Netherlands every year about 8,000 cases of fatal lung cancer occur 

on a population of 1.5 x 10 persons (Health Council, 1984). This mean«, 
-4 -1 

that the incidence is about 5 x 10 a Therefore the estimated risk of 

1.5 x 10* a due to radon and thoron could be responsible for about 3% of 

the fatal lung cancer incidence. 

6.1.4. Possibilities for risk limitation 

According to table 3.4. the exposure to outdoor radon is nalnly caused by 

the exhalation of the soil. This is a natural source with no possiblities 

at all to reduce the exposure. Reduction is only possible in the indoor 

environment. The two main sources for indoor radon are the exhalation of 
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the soil and building materials. Of these sources the soil, especially in 

dwellings with high radon concentrations, is most likely the dominating 

one. 

Much effort has been spent to investigate potential reduction techniques 

for indo-.r radon. These techniques include painting-systems with low radon 

permeability, sealing of holes and cracks, increased or forced ventilation, 

air-filtration and reversal of pressure-driven air flows. In existing 

buildings the possibilities seem to be limited. General techniques like 

special painting systems, increased ventilation of dwellings or forced 

ventilation of basements and crawl-spaces could reduce the exposure. In 

future buildings there are additional methods fc- risk limitation. These 

Include building constructions with low J .u titration of soil-radon and 

control of radon exhalation from building materials. 

Model calculations could Indicate the most promising techniques to reduce 

radon exposure. Subsequently these techniques ahould be Investigated In 

test •dwellings. These calculations could 4.x - elucidate *^e relative 

Importance of sources of Indoor radon such as soil, building materials, 

outdoor air, natural gas and domestic water. At present such model 

calculations, using parameters characteristic for the situation in the 

Netherlands, are lacking. 

Finally the cost of measures should be compared with potential dose 

reductions. These costs Include Initial expenses, like materials and 

installation costs, and structural expenses like sustenance and, In case of 

Increased ventilation, additional energy costs. 

6.2. RISKS FOR AQUATIC ORGANISMS 

For the aquatic environment concentrations of radon and its daughters are 

almost in equilibrium wirh Ra-226. of which the concentrations are low 

(about 1.5 Bq.nT In the North Sea (Pattern. 1989)). Only for the longer 

lived radon daughters Pb-210 and Po-210 (for Rn-222) and Fb-212 (for 

Rn-220) accumulation in aquatic organisms could be an important pathway, 

but radon would in that case only be one of the intermediate radionuclides 

in the uranium and thorium decay series and not the reason for trouble. 

Because of the low concentration of radon and the relatively high 
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concentrations that would cause acute effects (see chapter 5.2.) risks for 

aquatic organisms due to Rn-222 as well as Rn-220 are low, if any. 

6.3. RISKS FOR TERRESTRIAL ORGANISMS 

-3 
With the concentrations of Rn-222 in soil of 0.1 MBq.m , an energy 

dissipation of 1.47 x 10'6 J.Bq*1 (ICRP, 1987), a production rate of 

about 66 Bq Rn-222 per year per Bq Ra-226 and a soil density of 1600 kg.ro " 

the dose to soil would be: 

0.1 x 106 B q V 3 x 1.47 x 10"6 J.Bq'1 x 66 Bq.(Bq.a)"1 x 6.25 x 10'4 m? kg*1 

« 6 mCy.a' 

Effects of radon on vegetation are not known but don't teen to be that 

important, because from the above ground part of the vegetation most of this 

radon gas will diffuse into the atmosphere. For the roots or other parts of 

the plant that are deep into the soil the doses might be of the magnitude 

of that In aoll, although the water content of the roots could easily 

result in lower values. Again because of the high doses that would be acute 

no high risk is expected. 

For animal life underground, for example earthworms, the body water content 

could reduce the concentrations of radon in the animal itself compared to 

the enveloping soil resulting in even lower doses than in that soil, so 

acute doses are not expected here as well. 

Hole animals like rabbits and moles will inhale the radon gas more than 

other animals that are strying mostly overground, but the concentration of 

radon will, as a result of ventilation, be much lower than that which is 

measured In soil. Although no specific information is available, no acute 

risks are expected. 

6.4. RISKS FOR AGRICULTURAL CROPS AND LIVESTOCK 

As for other vegetation no specific information is available on the effects 

of radon on agricultural crops. 

For domestic animals the most important pathways are, as for man, 

inhalation (with risks for the lung) and in a lesser degree the ingestion 

http://kg.ro
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of drinking water (with risks for the stomach). The received doses to 

especially the lung and the subsequent risks are however not known. It 

should be noted that a lot of these domestic species don't live long enough 

to develop a cancer. For acute effects there seems to be no reason as veil 

due to the relatively low outdoor concentrations of radon and the fact that 

the risk factor that was determined in animal studies with rats, hamsters 

and dogs was equal or lower than for humans (Nazaroff and Nero, 1988). 

7. •FMABKS FOR THE DISCUSSIOB AHD DECISION POINTS 

General remarks 

- Although the concentrations of indoor radon and thoron are relatively low 

in the Netherlands, their contribution to the total average individual 

dose of about 2.4 mSv.a" due to all sources of Ionizing radiation is 

quite substantial and amounts to approximately 50%. 

- See Annex A: Which parts of the "standard integrated criteria document" 

are of primary and which of secundary importance? Which parts are 

superfluous and which have to be added? 

Actual standards and guidelines 

• There are no general standards for maximum acceptable radon or thoron 

concentrations in air. Usually the guidelines of international 

organizations like ICRP or WHO are referred to. 

- From a policy point of view a kind of standstill concept concerning 

indoor radon concentrations is recommended in the Netherlands. Radon 

concentrations have to be kept at their actual values. Before any 

counter-measures are taken the efficiency of these measures has to be 

looked into. 

Sources and emissions 

- The discussion in the Integrated Criteria Document Radon will primarily 

be restricted to radon, thoron and short-lived progeny in air. Exposures 

due to external radiation by short-lived radon or thoron daughters in 

soils or building materials are beyond the scope of that document. 
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- To restrict Che document even further no long-lived radon daughters 

should be focused on other than those that result from radon that was 

released to the atmosphere (i.e. where radon is the "carrier" of the 

prohlem). Therefore the Pb-210 and Po-210 problem, that arises from 

direct industrial discharges of these radionuclides into the atmosphere 

or surface water, should not be discussed in the integrated criteria 

document radon. 

Occurrence 

- Concentrations of radon in Dutch domestic water originating from 

groundwater are not known well enough to calculate population doses, but 

these doses are not expected to be high. 

• Compared to Rn-222 (radon), relatively little is known about Rn 220 

(thoron). However, there are no indications for a thoron problem. Only 

about 20% of the total exposure by radon and thoron is due to the latter. 

Effects 

- Comparison of effects of radon concentrations in mines with those in 

houses is questionable, because of for example the differences in 

occurrence of dust particles. No effects of radon on the Incidence of 

cancer has been shown for people living in areas with high radon 

concentrations in other countries and in houses with relatively high 

indoor concentrations of radon, although risks destilled from 

observations in miners would indicate otherwise. Also influences of other 

factors like smoking are not clear. 

Uncertainties in risk assessment 

- There is not much information on the radon concentration levels for 

terrestrial life other than human and the subsequent risks are not at 

well evaluated as for man apart from some animal experiments that wert 

mostly focused on the effects for man. 

• From the information that is available no specific high risk due to radon 

Is expected for terrestrial life. 
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- Specific uncertainties in the risk assessment of radon for man are the 

exposure, the complicated lungdosimetry, the quality factor for a-

radiation, which is under discussion, and the fact that epidemiological 

studies under the population have not resulted in a clear dose-effect 

relationship for radon. 

- Using the current values and models the average dose due to radon and 

thoron progeny in air is found to be about 1.2 mSv.a in the Nether

lands. About 80% of this dose is caused by radon and about 90% of this 

dose is received indoor. There is a great variance in radon e:posure. The 

estimated dose range is 0.1 - 3.S mSv.a~ (99% of the population). The 

average dose of 1.2 nSv.a corresponds to a risk for Inducing fatal 

cancers of about 1.5 x 10 .a' . 

Modelling and countermeasures 

- Mechanisms that regulate the radon concentration in houses are not yet 

fully understood. The RENA-program could elucidate some questions. 

- Following from this last point there are still no model calculations that 

can account for all entry and removal processes concerning radon indoor. 

Therefore assessing the possibilities for reducing the radon concentra

tion in buildings Is still difficult if not Impossible. Potential 

measures based on the results of such calculations should be Investigated 

in test-dwellings, before arriving at a cost-effectiveness balance. 

- The costs of measures should be compared with potential dose reductions. 

These costs include material costs, installation costs and, in case of 

increased ventilation, additional energy costs. 
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ANNEX A: PROPOSAL FOR THE CONTENTS OF AN INTEGRATED CRITERIA DOCUMENT RADON 

Contents 
Summarv 
Introduction 

1. Characteristics, formation and guidelines 
1.1. Characteristics (noble gas. sollubility, diffusion,..) 
1.2. Formation (decay chains of primordial radionuclides, types of 

decay, natural occurring radon isotopes, emanation (general)) 
1.3. Guidelines (national, international, mines, dwellings, drinking 

water) 

2- Sources and emissions 
(soil, building materials, surfacewater, groundwater, oceans, natural 
gas, conventional electricity generation, other industrial processes, 
human exhalation) 

3. Dispersion 
^continental/oceanic alroasses, deposition of radon daughters, 
mobility in soil, bioaccumulation of long-lived decay products 
originating from atmospheric radon) 

4. Occurrence, concentrations and trends 
4.1. Measurement technics (exhalation, time-Integrated concentrations, 

Instantaneous concentrations) 
4.2. Soil and groundwater 
4.3. Surfacewater (national. International) 
4.4. Outdoor air (national, International) 
4.5. Indoor air (buildings, tunnels, caves, underground railways, 

mines, national, international) 
U.S. Drinking water 

5. Ejects. 
5.1. Human toxicity (metabolism. lung model, animal studies, 

epidemiological studies {miners, members of the population), 
carcinogenicity, mutagenicity, acute toxicity) 

S."\ Ecotoxic^ty (aquatic and terrestrial organisms, foodchains) 
5. Tox*rivy for livestock 

6. Exposures and risk assessment 
6.1. Human risk (critical groups, Indoor, outdoor, other exposures) 
6.2. Risk for aquatic organisms 
6.3. Risk for terrestrial organisms 
6 4. Risk for livestock 

7. Modelling indoor concentrations of radon and possible counter-measures 
7.1. Results of model calculations (parameter analysis, results,..) 
7.2. Possible counter-measures (effects and costs of measures) 
7.3. Validation of counter-measures in test-dwellings 

8. Economical impact of radon counter-measures for the building industry 

9. Evaluation 
9.1. Risks and critical groups 
9.2. Counter-measures (efficiency and costs) 
9.3. Conclusions and recommendations 

10. References 
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ANNEX B: LIST OF UNITS AND TERMS 

knJJL£ 

a 

Bq 

EEC 

Gy 

Sv 

VL 

WTLM 

year 

becquerel 

equilibrium equivalent concentration 

gray 

sievert 

working level 

working level month 

Terms 

absorbed dose basic Measure, expressed in gray (Gy), for the 

interaction between radiation and irradiated m*t»ridls 

(1 Cy - 1 J/kg>. 

dose equivalent quantity, expressed in sievert (Sv), which is a measure 

for the quantity of ionizing radiation in relation to 

the risk which it entails to hunan health. One Sv of 

beta or ganaa radiation is equivalent to an energy 

release of 1 J/kg. One Sv of alpha radiation is caused 

by an energy release of 0,05 JAg-

effective dose 

equivalent 

quantity, expressed in sievert (Sv), which is a measure 

for the dose equivalent to the whole body. If exposure 

Is uneven, the dose equivalents for the various organs 

and tissues are allowed for in the effective dose 

equivalent by means of weighting factors, 

equilibrium 

equivalent 

concentration 

the equilibrium equivalent concentration (EEC) of a 

non-equilibrium mixture of short-lived radon daughters 

in air is that: activity concentration of Rn-222, or 

Rn-220, in radioactive equiULiium with its short-lived 

daughters, which has the sane potential alpha energy 

concentration, as the non-equilibrium mixture. 
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equilibrium 

factor 

the equilibrium factor (F) characterizes the disequi

librium between the radon daughter mixture and their 

•other nuclide in teros of potential alpha energy. 

potential alpha 

energy 

the potential alpha energy of a radon daughter atom in 

the decay chain of Rn-222 is the total alpha energy 

emitted during the decay of this atom to Pb-210. 

quality factor a factor to express the biological effectiveness of 

radiations of different types and energies. For alpha 

radiation a quality factor 20 is recommended, for beta 

or gamma radiation this factor is 1. 

working level m working level (UL) is equivalent to any combination 

of short-lived radon daughters in 1 litre of air, that 

will result in the emission of 1.3 x 10" 5 HeV of 

potential alpha energy. 1 WL - 3,700 Bq/m* Rn-222, in 

radioactive equilibrium with its progeny. 

working level 

uonth 

the cumulative exposure, equivalent to the exposure to 

1 UL, during a working month <170h) . 
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ANNEX C: LIST OF ABBREVIATIONS 

ALARA 

BNS 

F 

GSD 

ICRP 

NCRP 

RENA 

RIVM 

SAWORA 

UN S C EAR 

VHO 

as low as reasonably achievable 

Dutch policy notice regarding the regulation of Ionizing 

radiation 

equilibrium factor 

geometric standard-deviation 

International Commission on Radiological Protection 

National Council on Radiological Protection 

controllable forms of natural background radiation 

National Institute -\f Public Health and Environmental 

Protection 

radiation aspects of indoor environment and related 

radioecological problems 

United Nations Scientific Committee on the effects of atomic 

radiation 

Vorld Health Organization 


