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CHAPTER 1 

INTRODUCTION 
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In the first part of this thesis the latest insights and developments concerning indoor 

radiation exposure are incorporated and this chapter reflects the current state of knowledge 

on indoor radiation exposure in the Netherlands. The sections of this chapter deal with the 

following subjects: 

 Primordial radionuclides; in this section some background information is provided on 

the primordial radionuclides, their decay schemes and the various decay products. The 

main gamma-emitting radionuclides are identified, responsible for the part of the 

indoor exposures that is generally denoted as external exposure. 

 Radon; this section focuses on one element from the decay series, i.e. the noble gas 

radon. This gas is responsible for the other part of the indoor exposure. The three 

processes are described how radon is released from building materials and soil into the 

indoor atmosphere. 

 Exposure; based on the activity concentrations in building materials and indoor air, the 

radiation exposure due to gamma radiation and the short-lived decay products of the 

main radon isotopes, 222Rn and 220Rn, are described. 

 Dosimetry; section in which the effects of ionizing radiation, the dosimetric quantities 

to quantify these effects and the conversion factors for evaluating the exposures are 

discussed. 

 Epidemiological data; presents the results of epidemiological studies on the lifetime 

mortality risks of ionizing radiation in general and 222Rn especially, based on either 

dosimetric or exposure-related quantities. 

 Research on natural radiation in the Netherlands; this section provides an overview 

of research on natural radiation in the Netherlands as emerged from the various 

national research programmes and additional investigations. 

 Radon policy in the Netherlands; shows the development of the policy on indoor 

exposures with time, with an outlook on coming European regulations. Most studies 

presented in chapter 2 to 4 of this thesis were part of one of the national research 

programmes and had a direct relation with prevailing or future policy in this field. 

This and the previous section are inserted to put these studies in the proper context. 

 National levels and estimated consequences; summarizes the results of national 

surveys and gives a best estimate of the number of fatalities based on the previous 

sections.  

 

This chapter 1 concludes with an outline of this thesis.  
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1.1 Primordial radionuclides 

Uranium was isolated by Martin Heinrich Klaproth in 1789 from the mineral pitchblende. 

At that time uranium was not considered as particularly dangerous and was used for 

colouring pottery and glass. In 1896 Henri Becquerel observed that uranium was emitting 

invisible rays that fogged a photographic plate as if it was exposed to daylight (Emsley, 

2003). In honour of his discovery of radioactivity, the unit for radioactivity is given the 

name becquerel (Bq), corresponding to one disintegration per second. Natural uranium 

mainly contains 238U (99.27%), which is the parent of a decay series schematically 

presented in Figure 1.1. As shown in this figure each member of this series is unstable and 

decays by either alpha or beta emission until stable 206Pb has been formed. Besides 238U, 

natural uranium contains 0.73% 235U. This isotope is also the parent of a decay series 

ending at 207Pb.  

 Thorium was extracted by Jöns Jakob Berzelius in 1829 from a mineral that nowadays 

is known as thorite (ThSiO4). Thorium oxide has found wide application in e.g. gas 

mantles which, when heated, emit a bright white light. In 1898 the radioactivity of thorium 

was demonstrated by Gerhard Schmidt and confirmed later that year by Marie Curie 

(Emsley, 2003). Like 235U and 238U, 232Th heads a decay chain, but ends at another stable 

isotope of lead (208Pb). The principal decay scheme is shown in Figure 1.2 along with the 

type of decay.  
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Figure 1.1  
Principal decay scheme of the 238U series. 
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In most materials the parent nuclides 235U, 238U and 232Th are nearly in a state of secular 

equilibrium with their decay products, meaning that the activities of all radionuclides 

within a series are equal. In case a building material (or a major constituent) is a residue of 

chemical processing, for instance gypsum from phosphate production units, certain radio-

nuclides can be specifically enriched or depleted. The secular equilibrium is then violated 

and the initially single decay series will be split up in several smaller sub-series headed by 

longer-lived radionuclides.  

 As indicated in Figures 1.1 and 1.2 some members of the series decay by beta 

emission. After emission of a beta particle, the nucleus may still be slightly unstable and 

the excess energy is released by one or more gamma rays. The main gamma-emitting 

radionuclides in soil and building materials are compiled in Table 1.1, together with the 

energy of their major gamma rays. Besides radionuclides from the decay series of 238U and 
232Th, also 40K contributes to the indoor exposure due to gamma radiation. It is an isotope 

of the element potassium. Potassium was discovered by Humphry Davy in 1807 and 

named so after the material from which he isolated it: potash. Natural potassium comprises 

three isotopes, 39K, 40K and 41K of which only 40K is radioactive. Its abundance in nature is 

limited to 0.012% and it decays to stable 40Ar (11.2%) and 40Ca (88.8%). 

 

Figure 1.2  
Principal decay scheme of the 232Th series. 
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Table 1.1 
The main, natural gamma-emitting nuclides in soil and building 
materials and the energy (keV) of their major gamma rays. 

238U series  232Th series 
234Th 63, 93  228Ac 338, 911, 969 
234mPa 765, 1001  212Pb 239, 300 
226Ra 186  212Bi 40, 727, 1620 
214Pb 242, 295, 352  208Tl 511, 583, 860, 2614 
214Bi 609, 1120, 1764  Others  
210Pb 47  40K 1461 

 

1.2 Radon 

1.2.1 General 

Radon isotopes are found in all three natural decay series: 219Rn in the 235U series, 220Rn in 

the 232Th series and 222Rn and 218Rn in the 238U series. The half-lives of these isotopes are 

3.96 s, 55.6 s, 3.824 d and 35 ms, respectively. In many publications, e.g. the CRC 

Handbook of Chemistry and Physics (Lide and Haynes, 2010), the discovery of the 

element radon is attributed to Friedrich Ernst Dorn. However, recent publications suggest 

that the credit for the discovery should go to Ernest Rutherford and his young colleague 

Frederick Soddy, who studied the radioactive gas emanating from thorium (Emsley, 2003; 

Marshall and Marshall, 2003). As early as 1902 they believed that they were dealing with a 

new element from the helium-argon family. In 1908 William Ramsay and Robert Whytlaw 

Gray isolated enough radon to complete the characterization, noting that it was the heaviest 

gas known. Although Rutherford preferred the name emanation, Ramsay gave it the name 

niton, after nitens, the Latin word for shining, which is what it appears to do in the dark 

when cooled below its freezing point (-71ºC). In 1923 the International Committee on 

Chemical Elements proposed the current name radon.  

 Since radon is a gas, it can exhale from soil or building materials and accumulate in the 

living spaces of the dwelling. In the release of radon three steps can be distinguished: the 

first is the escape of radon from the mineral grain into the pore space, known as emanation, 

the second is the subsequent diffusive or advective transport of radon from the site of 

generation through the microstructure to the surface of a soil or the exterior of a building 

block. The latter process, the release of radon from the surface, is named exhalation. These 

three steps will be treated separately in the next sections. 
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1.2.2 Emanation 

The escape of radon from the mineral grain mainly takes place through the recoil energy it 

obtains upon decay of a radium atom. In most minerals the recoil distance is in the range 

20-70 nm (Tanner, 1980). Therefore only those radon atoms that are formed near the 

surface of the grain, will be able to leave it. Since the recoil distance in water is much 

smaller than in air (100 nm versus 60 μm), the presence of water in the pores increases the 

probability that a recoiled radon atom is stopped in the pore space instead of crossing the 

pore and being embedded in an adjacent grain surface. The fraction of the radon atoms that 

are released into the pore space of the matrix is called the emanation factor or emanating 

power, generally being inversely proportional to the grain size.  

 

1.2.3 Diffusion 

The radon atoms in the air-filled pore space are transported by diffusion – and in soil or 

extreme porous building materials also by advection – until they decay or exhale from the 

surface of soil and building materials. In building materials the diffusion is often described 

as a one-dimensional process, i.e. directed to the living space and its opposite site, 

following Fick’s Law. If the middle of a construction element is taken as x=0, the diffusion 

along the x-axis is governed by the equation 

  fxC
x

xC
D

t

xC
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 ,    (1.1) 

where 

C(x) the radon activity concentration in the air-filled pore space (Bq m-3); 

t  time (s); 

D  pore diffusion coefficient (m2 s-1); 

λ  decay constant of radon (s-1), the quotient of ln (2) and the half-life; and 

f  production rate of radon per unit of interstitial space (Bq m-3 s-1). 

 

For a steady-state situation eq. (1.1) yields the following, general solution: 

  BlxAxC  )cosh()(    with   Dl  ,   (1.2) 

in which A and B are constants and l is the so-called diffusion length. The diffusion length 

is the characteristic distance travelled by the radon atoms during one half-life. Taking the 

second derivative of C(x) and combining it with eq. (1.1) for a steady-state situation 

provides the constant B. The constant A follows from the boundary condition that the 

radon concentration outside the construction element can be neglected, i.e. C(L) = C(-L) = 
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0 with L half of the thickness of the construction element. The radon concentration in the 

pore space can then be rewritten as: 
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In Figure 1.3 a 3D-plot is given of the interstitial radon concentration as a function of the 

diffusion length and position in a construction element of thickness 20 cm. For small 

diffusion lengths, the radon concentration reaches its maximum value for most parts in the 

element, with a sharp decrease near the edges. For increasing values of l, a smoother 

picture is obtained and the maximum radon concentration decreases rapidly. These features 

can  be  understood from the fact that at  low values of  l, compared to  the thickness  of the 

material, radon hardly diffuses and builds up in the material. At higher l-values radon 

rapidly moves out of the material, with as a consequence that the build-up will be lower. 

 

Figure 1.3 
A 3D-plot of the radon pore 
concentration, according to eq. 
(1.3) as a function of the dif-
fusion length and the position in 
a construction element of thick-
ness 20 cm. 
 
   

 

 

 

 

 

 

1.2.4 Exhalation 

The area exhalation rate Ea (unit: Bq m-2 s-1) of the construction element is defined as 

  
Lx

a dx

xdC
DE




)( ,      (1.4) 

with ε the porosity of the construction element (dimensionless). Combination of the eqs. 

(1.3) and (1.4) results in the following expression for Ea: 

   lLlfEa tanh .      (1.5) 
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The production rate of radon per unit of interstitial space, f, can be written as: 

  


 1a
f   .      (1.6) 

The parameters in this equation are a1, the radium activity concentration (Bq kg-1); η, the 

emanation factor (dimensionless); and ρ, the material density (kg m-3). Substitution of f 

into eq. (1.5) results in the following expression for Ea: 

   lLlaEa tanh1  .     (1.7) 

For most building materials as gypsum, aerated concrete, sand-lime and clay bricks the 

diffusion length l of 222Rn is over 40 cm (Keller et al., 2001), as a result of which the 

hyperbolic term in eq. (1.7) approaches the value of its argument for most commonly used 

construction elements. Eq. (1.7) then reduces to 

  LaEa  1 .      (1.8) 

In this situation the area exhalation rate does no longer depend on the diffusion coefficient 

and almost all emanated radon atoms reach the exterior of the wall in question. In the case 

the diffusion length is much smaller than half of the thickness of the wall, the hyperbolic 

term in eq. (1.7) almost equals unity, resulting in a simplified expression: 

  laEa  1 .      (1.9) 

This exhalation rate is governed by the diffusion length, l, for a situation in which 222Rn 

exhales from tight materials such as heavy concrete’s. The expression also holds for the 

exhalation of the other radon isotopes because their short half-lives correspond to short 

diffusion lengths (see eq. (1.2)) and hence the condition for the hyperbolic term to 

approach unity is fulfilled. 

 Moisture not only plays an important role in the emanation of radon, as indicated 

above, but is also a key parameter in the subsequent transport to the atmosphere. Once 

radon has entered the pore space, a fraction of it will adsorb to the solid surfaces of the 

pores. This adsorption decreases rapidly as the pore water content increases, becoming 

insignificant at pore saturation fractions of 0.01 (Van der Pal, 2003). A second effect of the 

presence of water in the pores is the partitioning of radon between the liquid and the gas 

phase. This partitioning is governed by the so-called Ostwald coefficient, defined as the 

ratio of the radon concentrations (on volume basis) in e.g. water and in air. At room 

temperature this coefficient for water equals 0.26. Consequently, the radon concentration 

in the air-filled fraction of the pores increases as the pore saturation fraction rises. 

Moreover, moisture influences the effective diffusion coefficient; this coefficient gradually 
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decreases as a function of the pore-water content. At high water content more and more 

pores will be blocked and the diffusion will then drop significantly. The overall effect of 

moisture on the exhalation rate of building materials has been studied by Cozmuta (2001) 

and Cozmuta et al. (2003). In Figure 1.4 this is illustrated for a sample of ordinary 

concrete, showing low exhalation rates for the dry and fully saturated sample, with a 

maximum at pore-saturation fractions of 0.7-0.8. It clearly demonstrates the necessity to 

condition the test specimen in relation to humidity prior to the exhalation measurement. 

Mathematical equations on the multiphase transport of radon have been published for soil 

(Rogers and Nielson, 1991), sand (Van der Spoel, 1998) and concrete (Cozmuta, 2001).  

 

Figure 1.4 
The 222Rn exhalation rate, R, of a con-
crete cube as a function of the mean 
pore saturation fraction, m. The line 
indicates the results from model 
calculation (from Cozmuta, 2001).  
 

 

 

 

 

1.3 Exposure 

1.3.1 Gamma radiation 

Gamma radiation is strongly penetrating: when emitted within the construction material, 

the material itself absorbs only a part of the radiation, leaving the rest to reach the living 

environments. The resulting absorbed dose in air depends on the activity concentrations of 

the primordial radionuclides in the various construction elements and is expressed in the 

unit gray (Gy): the amount of energy deposited in 1 kg of material, in the present case 1 kg 

of air (J kg-1). Koblinger (1978) made the first Monte Carlo code to calculate the absorbed 

dose rate due to the presence of gamma-emitting radionuclides in building materials. The 

dose rate (Gy h-1) follows from 

    


i j
ijjAir akD ,     (1.10) 

in which i is the index for the various construction elements in the dwelling and j for the 

considered primordial radionuclides; kj is the specific absorbed dose rate, defined as the 

absorbed dose rate in air due to an activity concentration of the construction material of 1 

m

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

R
 (
B

q
 s

-1
)

0

20

40

60

80

100

120



16 Chapter 1 

Bq kg-1 of the parent in secular equilibrium with its decay products (Gy h-1 per Bq kg-1); 

and aj the activity concentration of the primordial radionuclide j of construction element i 

(Bq kg-1). The specific absorbed dose rate is calculated by Monte Carlo codes or codes that 

make use of gamma-ray attenuation and build-up factors. The value of this specific 

absorbed dose rate depends amongst others on the thickness, density, and dimensions of 

the various construction elements. Since the absorbed dose rate is assumed to be constant 

through the year, the external radiation exposure of an individual is simply estimated by 

taking the occupancy factor into account.  

 

1.3.2 Radon 

In dwellings the concentrations of 218Rn and 219Rn are too low to play a significant role. 

The exposure to radon therefore mainly arises from the isotopes 222Rn and 220Rn. As 

indicated in the Figures 1.1 and 1.2 222Rn has four short-lived decay products, i.e. 218Po, 
214Pb, 214Bi and 214Po and 220Rn five: 216Po, 212Pb, 212Bi, 208Tl and 212Po. Since these short-

lived decay products are formed as ions, they will adhere almost immediately to water or 

other polarized molecules present in the air. This ultra-fine sized fraction of the radon 

progeny is known as the unattached fraction. Most of these particles will attach rapidly to 

ambient aerosols and this much larger sized fraction is called the attached fraction. The 

concentration of the decay products in air is a dynamic balance between on the one hand 

formation and on the other hand removal by decay, deposition to room surfaces and/or 

ventilation. On inhalation the short-lived decay products, whether attached or unattached, 

may deposit along the walls of the airways and thus provide a radiation exposure of the 

lungs. The corresponding dose is dominated by the alpha-emitting radionuclides, i.e. the 

polonium isotopes and 212Bi.  

 For the assessment of the radiation dose due to inhalation of the various daughter 

products some special quantities are introduced. The potential alpha energy (PAE) is 

defined as the total alpha energy emitted during the decay of a daughter atom to 210Pb or 
208Pb for 222Rn en 220Rn, respectively. In Table 1.2 the PAE is given for each of the 

daughter nuclides, expressed per atom and per unit activity. In the third column of this 

table the energy of the emitted alpha particle(s) is given, the next column shows the PAE 

per atom. The nuclides 214Pb and 214Bi decay by beta emission and therefore their PAE 

follows from the alpha energy of the decay of 214Po. For 218Po, the precursor of 214Pb and 
214Bi, the alpha energy of 214Po adds to the alpha energy released in its own decay. For the 

short-lived 220Rn progeny a comparable calculation applies, but branching in the decay 

scheme (see Figure 1.2) and emission probabilities have to be taken into account. Dividing 

the obtained values by the respective decay constants results in the PAE per Bq (column 

5). The last column shows the relative contribution of each of the short-lived progeny.    
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Table 1.2  
Potential alpha energy (PAE) per atom and per unit activity for 222Rn and 220Rn short-lived 
progeny (1 MeV=1.602 x 10-13 J). 

 Nuclide Half-life Alpha energy
(MeV) 

PAE per atom
(10-12 J) 

PAE per Bq 
(10-9 J Bq-1) 

Relative 
contribution 

 218Po 3.05 m 6.00 2.19 0.58 0.105 
 214Pb 26.8 m -- 1.23 2.86 0.515 
 214Bi 19.9 m -- 1.23 2.12 0.380 
 214Po 164 μs 7.69 1.23 3x10-7 5x10-8 

 222Rn at equilibrium (total) 5.56 1.000 
      
 216Po 0.145 s 6.78 2.33 5x10-4 7x10-6 

 212Pb 10.6 h -- 1.24 68 0.913 
 212Bi 60.5 m 6.05, 6.09a 1.24 6.5 0.087 
 212Po 299 ns 8.78 1.41 6x10-10 8x10-12 

 208Tl 3.05 m -- 0.00 0 0.000 
220Rn at equilibrium (total) 75 1.000 

a   Emission probability 0.25 and 0.10, respectively. 
 

The potential alpha energy concentration (PAEC) of any mixture of 222Rn or 220Rn progeny 

in air is normally expressed in the so-called equilibrium equivalent radon concentration, 

Ceq: 

  321
222 380.0515.0105.0 CCCCeq  .   (1.11a) 

  54
220 087.0913.0 CCCeq  .     (1.11b) 

In these equations Ceq
222 is the equilibrium equivalent 222Rn concentration (Bq m-3); C1, C2 

and C3 are the activity concentrations of 218Po, 214Pb and 214Bi (Bq m-3), respectively; Ceq
220 

is the equilibrium equivalent 220Rn concentration and C4 and C5 are the activity concen-

trations of 212Pb and 212Bi. The constants are the relative contributions of each decay 

product to the total PAE from the decay of a unit radon gas, as presented in the last column 

of Table 1.2. In most cases the activity concentrations C1 to C3, the short-lived 222Rn 

daughter nuclides, are not directly measured, but estimated on assumptions made on 

concentration ratios. Therefore an equilibrium factor is introduced as the ratio between 

Ceq
222 and the 222Rn gas concentration (Cgas

222). In formula: 

  222222222
gaseq CCF  .      (1.12) 

In this way a measured 222Rn gas concentration can be linked directly to an equilibrium 

equivalent concentration. For 220Rn it is not possible to use the gas concentration for dose 

evaluations, since the 220Rn concentration, due to its short half-life, strongly depends on 
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the distance to the source. The equilibrium equivalent 220Rn concentration therefore should 

be based on the measured or modelled activity concentrations of 212Pb and 212Bi in the 

living space. Because of their relatively long half-lives, the concentrations of these 

daughter products are nearly homogeneously distributed. 

 

The exposure P of an individual is calculated from the time integral of the equilibrium 

equivalent radon concentration according to: 

  dttCP
T

eq )(
0
 ,      (1.13) 

with T the time period of the exposure and Ceq(t) the equilibrium equivalent radon concen-

tration at time t. The exposure P is expressed in Bq h m-3 or in WLM (Working Level 

Month), the historical unit for specifying occupational exposures. 1 WL was originally 

defined as the concentration of potential alpha energy associated with the 222Rn progeny in 

equilibrium with 100 pCi per litre of air. Nowadays the WL is taken as the potential alpha 

energy concentration of 1.300x108 MeV m-3, equivalent to 2.08x10-5 J m-3. The length of 

the exposure is normalized at a working period of one month, defined as 170 hours. 

Together with the conversion that the PAE per Bq of 222Rn and 220Rn at equilibrium equals 

5.56x10-9 J and 75x10-9 J, respectively (Table 1.2), the following relationships can be 

deduced: 

1 Bq h m-3 222Rn at equilibrium  ≡ 5.56x10-9 J h m-3 = 1.57x10-6 WLM; (1.14a) 

  1 Bq h m-3 220Rn at equilibrium  ≡    75x10-9 J h m-3 = 2.1x10-5   WLM. (1.14b) 

From these relationships it can be concluded that the exposure per equilibrium equivalent 

radon concentration is 13 times higher for 220Rn than for 222Rn. In section 1.8 the dose 

consequences in the Netherlands will be evaluated. 

 

1.4 Dosimetry 

The interaction of ionizing radiation with biological material results in ionizations and 

excitations of molecules and atoms, which may cause molecular changes in the DNA in 

the cell nucleus. The induced damage includes single- and double-strand breaks in the 

DNA sugar-phosphate backbone and a variety of modifications in DNA bases. Although 

the cells possess very efficient mechanisms for signalling and repairing the induced DNA 

damage, there is a small chance for unrepaired or misrepaired double-strand breaks, 

thought to be a principal lesions that may lead to modification of healthy cells into 

malignant ones. Both frequency and complexity of the damage depend on the linear energy 

transfer (LET) of the radiation, the radiation energy lost per unit of path in the material. As 
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indicated in the previous paragraph inhabitants are exposed to alpha and gamma radiation, 

examples of high-LET and low-LET radiation, respectively. High-LET radiation will 

produce more complex, closely spaced damage, which will be less repairable and more 

likely to result in chromosomal abnormalities and gene mutations.  

 Besides various DNA repair pathways, the cellular response to DNA damage also 

includes arrest at one of several cell-cycle checkpoints and onset of apoptosis, i.e. the 

active biochemical process of programmed cell death. These two processes prevent the 

propagation of damaged cells and thus offer an additional protection of an individual 

against tumour formation. Recent summaries of the biological and epidemiological 

information on radiation-related cancer risk are given by ICRP and the National Research 

Council’s Committee on the Biological Effects of Ionizing Radiation, BEIR VII (ICRP, 

2005; NAS, 2006).  

 The induction of a radiation-induced cancer is taken to be probabilistic in nature, with 

no threshold, and in a way that is proportional to the radiation dose. This is known as the 

linear, non-threshold theory (LNT). Given the uncertainties at low doses, it seems to be 

unlikely that epidemiological studies will establish the presence or absence of a threshold. 

However, there is no strong evidence that there is a radiation dose below which all induced 

DNA damage is repaired with absolute certainty. The National Academy of Science (NAS, 

1999) posed that at the typical low radon concentrations in homes most bronchial epithelial 

cells will never be traversed by an alpha particle and only rarely by more than one per 

human life span. Doubling the exposure will therefore double the number of cells struck, 

and so doubles the chances to develop a cancer, yielding a linear dose-response relation-

ship. This conclusion ignores the so-called bystander effect that irradiated cells transmit 

damage signals to neighbouring, non-irradiated cells (for instance Brenner and Sachs, 

2002). Multiple biological effects are described for these bystander cells, including the 

induction of mutations and chromosomal aberrations. However, also beneficial effects 

have been postulated. Other open questions are whether bystander effects occur in vivo and 

at low doses.  

 Furthermore, several studies have reported a hormetic dip in the low dose range, for 

instance by Thompson and colleagues (2008), suggesting a beneficial, protecting effect at 

low exposures. The effect is contrary to many other studies and also the underlying 

mechanism is not clear. Both bystander effect and hormesis suggest that the shape of the 

dose-response curve is non-linear, yielding a lower or greater mortality risk per unit 

exposure. On the basis of the current literature NAS (2006) and ICRP (2007) judged that 

the knowledge of these phenomena is insufficient to be incorporated in a meaningful way 

into the modelling of epidemiological data. The LNT-model is considered as the most 

appropriate at this time. Studies in biological material indicate an effect of dose rate. We 

come back to that topic in section 1.5. 
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The fundamental dosimetric quantity is the absorbed dose, the energy imparted per unit 

mass. In the low dose range it is assumed that the absorbed dose averaged over a specific 

organ or tissue can be correlated with the probability of the effect. In the 1990 

recommendations of the ICRP (ICRP, 1991) the protection quantity equivalent dose HT is 

introduced, defined as  

  
R

RTRT DwH , ,      (1.15)  

where wR is the radiation weighting factor for radiation R and DT,R the average absorbed 

dose of organ or tissue T, due to radiation of type R. The sum includes all types of 

radiation. The SI unit for equivalent dose is J kg-1, given the special name sievert (Sv). The 

radiation-weighting factor allows for the differences in the effect of various radiations in 

causing stochastic effects. The effective dose E is defined as the weighted sum of tissue 

equivalent doses: 

  
T

TT HwE  with 1
T

Tw .     (1.16) 

In these formulae wT is the tissue-weighting factor for tissue T, representing the relative 

contribution of that tissue to the total health detriment resulting from uniform irradiation of 

the body. The effective dose is also expressed in the unit sievert.  

 The introduction of the quantities dose equivalent and effective dose has enabled the 

summation of doses from total or partial exposure from external radiations of various types 

and from intakes of radionuclides. For the indoor exposure to gamma radiation and alpha 

particles, radiation-weighting factors of 1 and 20 prevail. For the lungs a tissue-weighting 

factor of 0.12 is recommended (ICRP, 1991). In recently revised recommendations of the 

ICRP (ICRP, 2007) the above-mentioned values have remained unchanged.  

 To convert the absorbed dose rate in air due to exposure to gamma radiation into an 

effective dose, various coefficients are available which depend on radiation geometry and 

gamma-ray energy. Considering an isotropic irradiation at an average energy of 800 keV, a 

conversion coefficient of 0.7 Sv Gy-1 can be adopted from ICRP publication 74 (ICRP, 

1996). Also cosmic radiation will contribute to the absorbed dose rate indoors. The con-

struction materials of the dwelling will partly shield this component. Observed shielding 

factors range from close to unity for wooden houses up to 0.3 for lower storeys of 

substantial concrete buildings (Miller and Beck, 1984). Julius and Van Dongen (1985a) 

have determined an average value of 0.6 for the Dutch situation, based on a contribution of 

the cosmic rays to the indoor absorbed dose of 24%. Since mostly muons are involved, a 

conversion coefficient for the cosmic component of unity is appropriate (UNSCEAR, 
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2000); application of the mentioned 24% as a weighting factor, a weighted overall conver-

sion coefficient for residential absorbed doses in air is obtained of 0.77 Sv Gy-1. 

  Also the exposure due to the short-lived 222Rn and 220Rn progeny can be expressed in 

terms of effective dose. In the Basic Safety Standards (EC, 1996), which form the basis for 

the national legislation on radiation in each of the European Member States, it is stated that 

for members of the public the conversion from 222Rn exposure to effective dose amounts 

1.1 Sv per J h m-3. This factor is adopted from ICRP publication 65 (ICRP, 1993) and was 

derived by a direct comparison of the detriment associated with a unit effective dose and a 

unit 222Rn exposure. Given the aforementioned relationship (eq. 1.14a), this corresponds to 

6 nSv (Bq h m-3)-1. This conversion factor, however, seems to be rather low. The improved 

dosimetric model of the respiratory tract as published in ICRP publication 66 (ICRP, 

1994), predicts for 222Rn a three times higher dose conversion factor (Vanmarcke, 1994). 

Furthermore, in an evaluation of the available data on the absorbed dose to the basal cells 

of the bronchial epithelium, UNSCEAR (2000) comes to a central estimate of a conversion 

factor of about 15 nSv (Bq h m-3)-1. On this basis it can be expected that the official, legal 

conversion factor will be adjusted upwards in the coming years. Recently the ICRP (2009) 

published a statement that it indeed intends to publish dose coefficients that result in an 

increase of around a factor of two of the effective dose per unit exposure. 

 Anticipating this increase UNSCEAR (2000) applies a conversion coefficient of 9 nSv 

(Bq h m-3)-1. For evaluating the exposures due to 220Rn UNSCEAR (2000) has adopted a 

value of 40 nSv (Bq h m-3)-1. Based on the evaluation of the principal dosimetric assess-

ments of lung dose from deposited 222Rn and 220Rn decay products, a continued use of 

these conversion factors is advised in the UNSCEAR 2006 report (UNSCEAR, 2008).  

 

The uptake of 222Rn and 220Rn in blood with distribution throughout the body following 

inhalation makes up an additional exposure for inhabitants. However, the contribution to 

the effective dose is small and this pathway is mentioned here only for completeness. The 

dose coefficients are 0.17 and 0.11 nSv (Bq h m-3)-1 for 222Rn and 220Rn, respectively 

(UNSCEAR, 2000). 

 

1.5 Epidemiological data 

1.5.1 Gamma radiation 

The main source of information on cancer risk of low-LET radiation is the so-called Life 

Span Study (LSS) on the survivors of the atomic bomb explosions in Hiroshima and 

Nagasaki. The LSS cohort has some unique features, distinguishing it from many other 

studies as a large size (87,000 persons), not selected because of disease or occupation, 
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includes both sexes and all ages and is characterized by a long follow-up period (1950-

2000) and high quality mortality and cancer incidence data. Since the distance to the 

hypocenter is the primary determinant of the radiation dose, the study is probably less 

subject to confounding factors. In 2004 a new dosimetry system is implemented. This 

change has resulted in a systematic increase of about 10% in the gamma-ray dose estimates 

in both cities. An anticipated large increase of the neutron component in Hiroshima for 

low-dose survivors did not materialize (Preston et al., 2004). Figure 1.5 shows the relative 

risk of solid cancer for Japanese atomic bomb survivors.  

 

Figure 1.5 
Relative risk of solid cancer incidence 
for Japanese atomic bomb survivors. 
The relative risk is the rate of solid 
cancer in the exposed population 
divided by the rate in an unexposed 
population. A relative risk of 1, repre-
sented by the dotted line, indicates 
that there is no attributed risk. The 
straight line indicates a linear fit for 
the data between 0 to 1.5 Sv. The 
error bars represent the 95% con-
fidence intervals (after NAS, 2006). 
 

 

 

The LSS cohort also has some limitations; all subjects are exposed during wartime and, to 

be included in the study, had to survive the initial effects of the bombing. This selection 

might have biased the findings (NAS, 2006). In addition, the subjects are exposed to an 

acute dose at high dose rates. For application to low dose, low dose rate, continuous 

exposures, acute exposure data are divided by a dose and dose-rate effectiveness factor 

(DDREF) to allow for the effect of DNA repair. The BEIR VII Committee indicated that 

DDREF values are in the range 1.1–2.3, with 1.5 as central number (NAS, 2006). ICRP 

(2007) retains a summary value of 2.  

 In Table 1.3 a compilation is given of estimated number of cancer deaths by gender as 

published by BEIR VII. These results are accompanied by 95% confidence intervals that 

reflect the most important uncertainty sources, namely (a) statistical variation, (b) 

uncertainty in the DDREF and (c) uncertainty related to transporting risks from the 

Japanese A-bomb survivors to the U.S. population. Averaged over both sexes BEIR VII 

comes to a mortality risk for the whole population of 5.7 per cent per Sv (Table 1.3). ICRP 

estimates this risk at 4.0 and 4.9 per cent per Sv based on incidence and mortality data, 
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respectively (ICRP, 2009). In this thesis an averaged and rounded risk factor of 5 per cent 

per Sv is applied. The 95% confidence interval is taken as 2.5 to 10 per cent per Sv. 

 
Table 1.3 
Lifetime attributable mortality risk and 95% confidence intervals for all solid 
cancers and leukaemia for the U.S. population. Risk expressed in 10-2 per Sv 
whole body dose (after NAS, 2006). 

 Males  Females 
 Average Range  Average Range 

Solid tumours 4.1 2.0 – 8.3  6.1 3.0 – 12 
Leukaemia 0.7 0.2 – 2.2  0.5 0.1 – 1.9 

 

Numerous epidemiologic studies have been carried out following the Chernobyl power 

station accident on April 26, 1986. The explosion resulted in the contamination of a large 

area, leading in exposures due to external radiation, inhalation, and consumption of conta-

minated foods. Extensive overviews on this subject have been prepared by the World 

Health Organization and the aforementioned BEIR VII Committee (WHO, 2006; NAS, 

2006). Epidemiological studies of residents of contaminated areas so far have not revealed 

any strong evidence for an increased mortality in the general population. Among the 

61,000 Russian emergency workers about 5000 deaths were recorded during the period 

1991-1998, from which 2.3% (95% confidence limits 1.4% to 3.2%) can be attributed to 

radiation-induced solid neoplasms. For leukaemia the percentage is estimated at 0.3% of 

fatalities (WHO, 2006). These values are lower than presented in Table 1.3; however, one 

should bear in mind that the follow-up period is limited to 1998. As the recognized latency 

period for many solid tumours is about 10 years or more, radiation-associated mortality 

increases can be expected in the decades to come.  

 

1.5.2 Radon 

Inhalation of short-lived decay products of radon may result in their deposition in the 

lungs. There these products will irradiate the cells lining the airways, thus enhancing the 

risk of lung cancer.  The occurrence of a high mortality rate among miners goes back to the 

early 16th century. At that time extensive mining of silver took place in the Schneeberg 

region in Germany and an unusually high mortality from lung disease was observed among 

the younger miners. A German physician, Agricola (1494-1555), was employed in 

Joachimstal as a municipal medical officer; he thought that it was caused by the inhalation 

of dust. In his book Von der Bergsucht oder Bergkranckheiten drey Bücher1 Paracelsus 

                                                           
1   On lung and other miners’ diseases (published after his death in 1567) 
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(1493-1541), reports on the disease at the same time and suggested it resulted from 

breathing metallic gases that were deposited in the lungs (Swedjemark, 2004). In the 17th 

and 18th century the mining in this area was intensified and with that the frequency of this 

lung disease increased. The disease was later identified as lung cancer. In the 1920s more 

precise radon measurements were carried out in the Schneeberg mines, but it took to 

around 1940 before it was generally accepted that the inhalation of 222Rn was as a plausible 

cause for the high lung cancer frequency among the miners. The causative role of the 

decay products of 222Rn was postulated another 10 years later by Bale (1951). A 

comprehensive review on the history of the radon problem is given by Jacobi (1993).  

 

In ICRP publication 65 (ICRP, 1993) the mortality probability coefficient for 222Rn was 

taken to be 0.08 per J h m-3 (2.8x10-4 per WLM). It was based on the analysis of data from 

six epidemiological studies of underground uranium miners and one on iron miners. Since 

this publication, updated and expanded epidemiological miner data have become available. 

In 1999 the National Academy of Science published the report of the 6th Committee on 

Biological Effects of Ionizing Radiations (BEIR VI). In this review the results of 11 miner 

cohorts have been incorporated, involving a total of 68,000 workers and 2,700 deaths from 

lung cancer (NAS, 1999). The EPA document (EPA, 2003) is based primarily on the BEIR 

VI report, with some adjustments and extensions. Among these are numerical estimates of 

the risk per unit exposure and the number of years of life lost per cancer death. Table 1.4 

addresses the estimates by gender and smoking category. For a stationary U.S. population 

the average risk is calculated at 5.4x10-4 per WLM.  

 

Table 1.4 
Estimates of risk per WLM by gender and smoking category, fraction of 222Rn-attri-
butable lung cancer deaths and years of life lost per 222Rn-induced lung cancer death for 
U.S. population (from  EPA, 2003). 

 Gender Smoking category Risk per  222Rn-related Years of life lost 
  WLM fractiona  Average Median 
 Total  5.4x10-4 0.134 17.2 16.4 

Ever smokers 10.6x10-4 0.129 
 Male 

Never smokers 1.7x10-4 0.279 
16.1 14.9 

Ever smokers 8.5x10-4 0.116 
 Female 

Never smokers 1.6x10-4 0.252 
18.6 17.6 

a   222Rn-related fraction of lung cancer deaths. 
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The data in the table indicate a clear synergistic effect of the two carcinogens, cigarette 

smoke and 222Rn. Among the category ‘Never smokers’ there is no difference between the 

genders. The 25% larger risk per WLM among the male smokers in comparison to the 

female smokers has to be attributed to a heavier smoking habit by males. The 90% 

confidence interval of the average risk factor is estimated at (2–12)x10-4 per WLM (EPA, 

2003). Several sources contribute to this uncertainty such as limitations in the underground 

miner data (i.e. cause of death, errors in exposure rates and duration, confounding factors). 

Furthermore uncertainties arise from an extrapolation from mines to homes. Exposure 

conditions in homes differ substantially from those in mines, amongst others with respect 

to breathing rates, size distribution of aerosol particles, number of particles, the level of the 

unattached fraction and the age at exposure. Such effects may result in a higher or a lower 

residential lung dose per WLM. To account for these effects a factor K is introduced that is 

defined as the ratio of the dose per WLM exposure in homes relative to mines. In BEIR VI 

it was estimated that the effects on average approximately counterbalance and the factor K 

was taken to be 1.  

 In data from miner studies a so-called inverse exposure-rate effect is observed, i.e. for 

equal total exposure, relative risks are greater for exposures at low exposure rate and 

longer duration than those occurring at high rates and short duration. (Hornung and 

Meinhardt, 1987; Darby and Doll, 1990; Lubin et al., 1995). The estimates derived from 

miner cohorts may not accurately reflect the risk at low exposures and low exposure rates 

as experienced in homes. Lubin et al. (1997) made an analysis of miners that were exposed 

to levels either under 50 WLM or 100 WLM, exposures at which the inverse exposure-rate 

effect is minimal. The analysis showed an estimated 222Rn-attributable risk for lung cancer 

of 10% to 14% in U.S. population, compatible with the suggested risk based on models 

from unrestricted miner data by EPA (Table 1.4). UNSCEAR (2008) reviewed results of 9 

miner cohorts in her 2006-report. The excess relative risk (ERR) per unit 222Rn concen-

tration is estimated at 0.12 per 100 Bq m-3, with a 95%-confidence interval of 0.04 to 0.2.   

 

Besides epidemiological studies of mining cohorts, more and more data become available 

on residential exposure and lung cancer. An extensive study has been carried out by Cohen 

(1995), who found a negative correlation between the average 222Rn concentration and the 

local lung cancer rate in 1600 U.S. counties. This study is a so-called ecologic study, a 

type that has been criticized widely. Ecologic studies analyse exposure, outcome and other 

variables at a group-level instead of an individual-level. The loss of information caused by 

this aggregation can lead to a severe bias. In the case of the study by Cohen a possible 

confounding with smoking has been suggested (NAS, 1999; Puskin, 2003).  

 Case-control studies among inhabitants overcome many of the limitations in ecologic 

studies. To date more than 20 case-control studies have been completed (see overview by 
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Al-Zoughool and Krewski, 2009) but in general these have not been large enough to 

reliably assess the risk associated with low 222Rn levels in comparison to those in mines. 

However, by clustering these studies greater statistical power can be achieved. Darby et al. 

(2004) reported a pooled analysis of a European collaborative study comprising 13 case-

control studies. This study includes 7,148 cases of lung cancer and 14,208 controls. Before 

corrections for random uncertainties in measuring 222Rn concentrations a risk of lung 

cancer is reported to be increased by 8.4% per 100 Bq m-3 222Rn. Figure 1.6 shows the 

relation between the relative risk of lung cancer and residential 222Rn concentration.  

 

Figure 1.6 

Relative risk of lung cancer 
according to the residential 222Rn 
concentration. The relative risk is the 
rate of lung cancer in the exposed 
population divided by the rate in an 
unexposed population. A relative risk 
of 1, represented by the dotted line, 
indicates that there is no attributed 
risk. The straight line is the best fit of 
the data. The error bars represent the 
95% confidence intervals (after 
Darby et al., 2004). 
 

 

  

In Table 1.5 the results of this and some recent other studies on pooled data are presented. 

These studies indicate a significant association between exposure to residential 222Rn and 

the risk of lung cancer; the central estimate of the excess relative risks (ERR) of these 

studies coincide very well, with a range from 0.08 to 0.13 per 100 Bq m-3 222Rn. This range 

increases from 0.09 to 0.32 when the analysis was restricted to people who had lived in at 

most two residences during the last 30 years. Using the inverse of the variance in the 

relative risk values as a weighting factor, UNSCEAR (2008) has reported combined 

relative risks of 0.09 and 0.11 per 100 Bq m-3 for the primarily and restricted analysis, 

respectively. These data compare remarkable well with the results of the pooled epidemio-

logical studies of miners.   

 A number of 222Rn measurements made in the same house but in different years may 

show considerable random variability. This could lead to misclassification and, as a result, 

to large confidence intervals. The best way to extract the relation between risk and 

measured 222Rn concentration is to make use of individual long-term average concentration 

values. Darby et al. (2004) made a correction for random uncertainties in the assessment of 
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222Rn, whereupon the dose-response relationship remained linear but nearly doubled in 

strength to an ERR of 0.16 (95% confidence interval 0.05 – 0.31). Although the correction 

requires a number of assumptions, it is considered at this time as an appropriate estimate of 

the lifetime risk from 222Rn in homes.  

 

For lung cancer risk following exposure to 220Rn no epidemiological data are available. 

Unlike 222Rn, it is therefore not possible to extract mortality risks directly from epidemio-

logical studies. For evaluating the consequences of the exposure to 220Rn a dosimetric 

approach is followed, instead. In section 1.8 this approach is specified further. 

 

Table 1.5 
Excess relative risk (ERR) of lung cancer and 95% confidence intervals at 100 Bq m-3 
222Rn as found in pooled residential case-control studies.  

Reference Pooled data ERR  ERRa 

Lubin (2003) 2 Chinese studies 0.13 (0.01 – 0.36)   0.32 (0.08 – 0.88) 
Darby et al. (2004) 13 European studies 0.08 (0.03 – 0.16)  0.09 (0.03 – 0.18) 
Krewski et al. (2005) 7 N-American studies 0.11 (0.00 – 0.28)  0.18 (0.02 – 0.43) 
UNSCEAR (2008) Combined 0.09 (0.04 – 0.15)  0.11 (0.05 – 0.19) 

a   Restricted analysis to those who had lived in at most two residences. 
 

1.6 Research on natural radiation in the Netherlands 

1.6.1 SAWORA programme 

Triggered by results of foreign studies the Dutch government started in 1982 the national 

research programme SAWORA (Stralingsaspecten van Woonhygiëne en verwante Radio-

ecologische problemen2). In this initial programme the situation in the Netherlands was 

investigated with respect to the natural background radiation. This included surveys on the 
222Rn level and external dose rates in Dutch dwelling (De Meijer et al., 1986; Julius and 

Van Dongen, 1985b), and the activity concentrations of soils and building materials 

(Ackers, 1985; Ackers et al., 1985; Bannink et al., 1986). The results of these and other 

studies are summarized by Hogeweg (1986b) and PEO (1986). The general picture that 

emerged from these early studies was that the situation in the Netherlands was more 

favourable than in most other European countries with low average indoor 222Rn levels and 

neither radon-prone areas nor soils, nor building materials with exceptionally high activity 

concentrations.  

 

                                                           
2   Radiation aspects of domestic hygiene and related radio-ecological problems. 
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1.6.2 RENA programme 

The next research program was given the acronym RENA (1987-1990: Reguleerbare 

vormen van natuurlijke achtergrondstraling3) and focussed on sources of natural origin, 

that are more or less controllable by human actions. The aim of this program was to 

describe these sources in more detail and to identify their distribution and exposure. The 

sources were grouped into (a) emission from the non-nuclear industry; (b) housing in 

relation to infiltration of 222Rn from soil; (c) housing in relation to building materials; and 

(d) food consumption. Most of the findings of this programme are laid down in reports that 

are released in the so-called Stralenbeschermingsreeks of the Ministry of VROM. In the 

framework of this programme new and improved methods are developed for the deter-

mination of low 222Rn concentrations in air. The time-dependent infiltration of 222Rn into 

dwellings is investigated in detail in a test dwelling in Roden. For this house, 222Rn 

concentrations were measured for several years and the air permeability’s of the ground 

floor and the building envelope were determined from pressurisation measurements. These 

data were used to estimate the average 222Rn source terms of crawl space and living room. 

For the crawl space, infiltration of 222Rn originating from the soil beneath the dwelling is 

the dominant pathway, which transport is influenced by the groundwater level, pressure 

difference and soil moisture. In the living room 222Rn originates from the building 

materials and the crawl space. Mass balance considerations identified an additional source 

(De Meijer, 1992). 

 Also in part c. of the programme concerning the building materials, new methods were 

developed to quantify the building materials-related exhalation rate and emanation factor 

of 222Rn. These methods have been used to complete the picture of building materials 

available on the Dutch market concerning these quantities and to investigate the reducing 

action of coatings. Coatings commonly used in the Netherlands for decoration of walls and 

ceilings, however, were found to be ineffective (Van Dijk and De Jong, 1989). Further-

more a study was completed after the radiological consequences of the re-use of industrial 

by-products into building materials. Among these by-products were fly ash, blast furnace 

slag, recycled aggregates, and various gypsum residues. Especially the processing of 

gypsum from phosphoric acid production has been identified as dose increasing (Winder et 

al., 1990). 

 The overall conclusions from the RENA-programme were that residence in dwellings 

comprises the largest contribution to the radiation exposure of the Dutch population. The 

use of building materials with advantageous radiological properties, ventilation of the 

crawl space and reduction of the air leak of the ground floor are considered as most cost-

                                                           
3  Controllable forms of natural background radiation. 
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effective countermeasures. A summary of the results achieved in this programme is 

published by NOVEM (1992). 

 

1.6.3 STRATEGO programme 

Although the RENA-programme significantly contributed to the understanding of the 

radon problem and to policymaking, it also raised some new questions that needed an 

answer. Therefore a follow-up programme was started (STRATEGO: Straling ten aanzien 

van de gebouwde omgeving4), in which framework the effectiveness of increase of crawl 

space ventilation and reduction of the air leak of the ground floor have been investigated in 

detail. A large-scale study based on measurement in 175 dwellings revealed an average 

crawlspace 222Rn concentration of 43 Bq m-3 (Schaap, 1996), much lower than the 

anticipated 300 Bq m-3 that formed the basis of the model calculations by Van der Ham et 

al. (1991). Introduction of both countermeasures, therefore, resulted in only slightly lower 
222Rn concentrations in the living rooms of these dwellings, not significantly different from 

the original ones.   

 Based on the assumption that in the Netherlands the soil under and beneath the house 

was the main source of the indoor 222Rn concentration, two studies in large laboratory 

facilities are performed, i.e. a radon vessel to study the transport in sand (Van der Spoel, 

1998) and a laboratory dwelling for the evaluation of 222Rn transport from crawl space to 

living spaces (De Jong and Van Dijk, 1995; 2005). In the first study it was shown that 
222Rn transport and exhalation from dry sand could be fairly well described on the basis of 

independently measured characteristics of the sand. When the sand is wetted, however, the 

situation is more complex; the difference between measurements and model results is such 

that the conclusion is drawn that the model not adequately covers all processes and/or that 

the studied sand column was not homogeneous. The experiments in the laboratory 

dwelling showed that the ratios of the 222Rn concentrations in living area and crawl space 

as a function of the air leakage of the floor and the pressure difference across the floor 

follow a transport model within just a few per cent. The construction was used to test some 

countermeasures to reduce infiltration of 222Rn into a living space. Three options were 

simulated: 

(a) Thin-film membrane spread over the ground within the crawl space; 

(b) Thin-film membrane applied underneath the concrete floor; and 

(c) As option (b), but with a small fan fitted in the membrane. 

 

                                                           
4  Radiation in relation to buildings. 
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Relative to the otherwise identical situation without a membrane, the effectiveness of the 

options (a) and (c) was 25% and >95%, respectively, and found to be independent of the 

air leakage of the floor. This is not the case for option (b); for this situation the 

effectiveness ranged from 20% to 90%.  

In the STRATEGO-programme also attention has been paid to the release of 222Rn from 

building materials; below these studies are shortly summarized: 

 One anticipates a shortage in river gravel in near future and would like to replace 

coarse aggregates with broken stony materials. The natural radioactivity concentra-

tions and the release of 222Rn of these materials have been investigated. Tested were 

sandstone and various limestones from Belgium, granite from UK and Norway, and 

German basalt. Compared to an apartment building constructed from concrete with 

Meuse gravel, the annual dose to an inhabitant would be about 70% larger in case 

sandstone and basalt was used. Replacement by limestone on the contrary, results in a 

lower exposure up to 60% (Hol et al., 1991). 

 A pilot study was carried out on the possibilities to reduce 222Rn releases by concrete 

samples. Type and amount of cement, addition of fly ash and some alternatives for 

gravel were varied (Van Hulst et al., 1993). More details are given in section 4.2. 

 KEMA published a model to convert measured activity concentrations and 222Rn 

exhalation rates of construction materials to an indoor radiation dose (Roelofs and 

Wiegers, 1995). Starting points for this model are a fixed geometry and ventilation 

rate of the model room. Based on the prevailing market share of various common 

stony building materials and their average radiological parameter values, the total 

external dose rate due to building materials sums to 0.7 mSv per year.  

 A national survey was conducted by NRG, in cooperation with KVI on the radio-

activity concentration and exhalation rate of building materials, available on the Dutch 

market (De Jong et al., 2001). This study is described in detail in section 3.1 of this 

dissertation. 

 

A more detailed overview of the STRATEGO programme is given by Lembrechts (2002).  

 

1.7 Radon policy in the Netherlands 

In the Dutch environmental policy an individual risk approach is taken as an instrument for 

setting limits and priorities (VROM, 1989; 1990a). For radon this has been effectuated 

subsequently in het Beleidstandpunt Radon5 (VROM, 1994), for the most part based on the 

results of research programmes and summarized in a criteria document on radon (Vaas et 
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al., 1993). In this policy plan the following objectives are considered to be feasible: (a) 

adjustment of the common building practice to reduce the 222Rn concentration in newly 

build houses to an average of 20 Bq m-3; (b) in the long-term mitigation in existing 

dwellings to arrive also at an average 222Rn concentration of 20 Bq m-3; and (c) no increase 

of the dose contribution from building materials. A further elaboration of these 

requirements was foreseen in the next years in which the modelled efficiencies could be 

verified by actual measurements.  

 These measurements showed that the basis of this policy plan was incorrect, i.e. the 

most important 222Rn source is not the crawl space but the construction materials. In June 

1997, the deputy minister Tommel of VROM, presented an adapted plan on 222Rn to the 

Dutch Lower House (Tommel, 1997). Starting point was to conserve the relative 

favourable situation on radiation exposure in Dutch buildings. In analogy with an energy 

performance standard a radiation performance standard (SPN) was proposed as an 

instrument, to be embedded in the Dutch Building Directive (Bouwbesluit; DB (1991)). It 

was thought that it would already stimulate attention for radiation in the design phase. In 

the preparation of such a standard, Schaap et al. (1998) have carried out a preliminary 

investigation, in which several recommendations were proposed, including a ventilation 

module and a way to assess the indoor radiation dose. Most of these recommendations 

have been incorporated in the present SPN (NEN, 2002).  

 In the same period the action program Health and Environment was started with the 

aim to improve the decision-making process of environmental problems with known or 

expected health effects. And since indoor radiation exposure was recognized as an ongoing 

question, it was selected as one of the subjects for such an assessment. The report covers 

aspects as the scale of the problem, the severity of health effects, necessity, possibilities 

and effectiveness of countermeasures and an analysis of costs and benefits (Van Bruggen 

et al., 2004). In the note Nuchter omgaan met risico’s: beslissen met gevoel voor onzeker-

heden6 (VROM, 2004) it is concluded that former objectives to stop the ongoing increase 

of the indoor 222Rn concentration levels with time, are still valid.  

 The building industry, however, has indicated more than once to have major objections 

against the introduction of an SPN. Arguments are an increasing number and complexity 

of rules and fear for cost increase. The industry has taken on commitments, laid down in a 

covenant with the Government, in which amongst others it is agreed on that (a) the 

exhalation rate and radioactivity concentrations of building material will not increase; (b) a 

control program will run to check this; and (c) a research program is started, looking at the 

possibilities to reduce indoor radiation doses due to building materials (Van Geel, 2004). 

                                                           
6   Facing risks realistically: make decisions with a sense for uncertainties. 
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The covenant expires in 2015. Thereafter the focus will be on the European approach. 

Although published in 1989 the Construction Product Directive (EC, 1988) is given a new 

impulse. In this Directive it is stated that (annex I):  

“The construction work must be designed and built in such a way that it will not 
be a threat to the hygiene or health of the occupants or neighbours, in particular 
as a result of any of … (i) the presence of dangerous particles or gases in the air 
or (ii) the emission of dangerous radiation….” 

In this Directive no specification is given of the concept “radiation”, nor does it suggest 

any methods or limits to be applied. Analogously a reformulation of the Basic Safety 

Standards (EC, 1996) is currently in process, a Council Directive that forms the basis of 

the national legislation on radiation in all European Member States. The Commission 

published some considerations on this revision (EC, 2009) for both 222Rn levels and 

building materials. The Commission proposes that Member States shall establish national 

reference concentrations for 222Rn not exceeding (as an annual average): 

 200 Bq m-3 for new buildings; 

 400 Bq m-3 for existing buildings; 

 400 Bq m-3 for buildings with a high occupancy of the public7; and 

 1000 Bq m-3 for existing workplaces and other public buildings. 

 

The first two reference levels correspond to those from a recommendation on indoor 

exposure to 222Rn (EC, 1990). The policy adjustment therefore does not change the levels 

but promotes them from recommendation to regulation.  

 By introducing requirements for building materials the Commission pursues further 

harmonization of regulatory approaches by the various Member States. The proposal (EC, 

2009) involves measurement of the activity concentrations of the three primordial radio-

nuclides from which an index is calculated according to the formula (EC, 1999b; Mark-

kanen, 2001): 

  3000200300 321 aaaI  .    (1.17) 

In this formula a1, a2 en a3 represent the activity concentrations of 226Ra, 232Th and 40K in 

Bq kg-1. Since the constants in this formula are expressed in mSv a-1 per Bq kg-1, the 

dimension of index I is mSv a-1. The relation between activity concentration index and 

calculated resulting annual external radiation dose is given in Table 1.6. Reference values 

depend both on the way a material is applied in a construction (i.e. bulk or surface) and a 

dose criterion. In the guidance RP 112 (EC, 1999b) it is noted that this criterion should be 

                                                           
7   For instance nursery rooms, schools and prisons. 
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based on a dose in the range 0.3 – 1 mSv a-1. On the one hand building materials should be 

exempted from all restrictions if the dose due to gamma radiation is less than 0.3 mSv a-1, 

but on the other hand doses larger than 1 mSv a-1 should be accepted only in some very 

exceptional cases. In the current considerations (EC, 2009) the 1 mSv per year level is 

proposed as dose criterion. If the activity concentration index exceeds the value of 1 (bulk 

material) or 6 (surface materials) the authority should consider control measures.  

 

Table 1.6 
Relation between activity concentration index, dose criterion and use of the material 
(EC, 1999b). 

Dose criterion Use of building material 
0.3 mSv a-1 1 mSv a-1 

Materials used in bulk amounts, e.g. concrete I ≤ 0.5 I ≤ 1 
Surface and other materials with limited usea I ≤ 2 I ≤ 6 

  a   e.g. tiles, boards, … 

 

The method described above is a very simple one and easy to apply. The 222Rn emission of 

building materials is not taken into account in calculating the dose to inhabitants. It is 

argued that when the annual gamma dose is limited to 1 mSv, the 226Ra activity con-

centration in materials is limited to levels which are unlikely to cause indoor 222Rn levels 

exceeding the design level of 200 Bq m-3 as established in the Commission’s recommen-

dation (EC, 1990). Such indoor levels, however, are uncommon in the Netherlands; large-

scale introduction of building materials with an activity concentration index of 1 will 

therefore certainly increase the average radiation burden to inhabitants, by that thwarting 

the current Dutch standstill policy. On the other hand correction factors on for example 

thickness and density of a material and the presence of doors and windows are omitted in 

eq. (1.17), leading to a considerable overestimation of building material-induced external 

dose rates. According to data presented by De Jong and Van Dijk (2008b; section 3.4) this 

amounts to 40% for an average Dutch situation. Another point of criticism is the total 

absence of 220Rn in the control of the radiation dose due to building materials. Limiting the 

external dose rate according to eq. (1.17) for a surface material as plaster to I ≤ 6, is no 

guarantee for sufficiently low exhalation rates of 220Rn.  

 

1.8 National levels and estimated consequences 

In this section the results are summarized of national surveys and a best estimate is given 

of the number of fatalities due to (a) exposure to external radiation; (b) inhalation of short-

lived 222Rn progeny; and (c) inhalation of short-lived 220Rn progeny. These three compo-

nents are discussed separately.  
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1.8.1 External radiation 

Absorbed dose rates in Dutch dwellings due to gamma and cosmic radiation have been 

deduced from four national surveys. The first survey comprised 400 living rooms and was 

carried out with a high-pressure ionization chamber; the others surveys determined the 

absorbed dose rate by thermoluminescence dosimetry in 400, 1000 and 300 dwellings, 

respectively.  Table 1.7 presents an overview of these studies.  

 

Table 1.7  
Absorbed dose rates in air in Dutch living rooms. 

Parameter (unit) Ionization 
chambera 

TLDbe TLDc TLDde 

Mean (nGy/h) 83 84 90 85 

Median (nGy/h) 82 82 88 84 

SD (nGy/h) 12 13 n.a. 10 
n  399 401 1005 298 
Minimum  (nGy/h) 52 61 n.a. 60 
Maximum  (nGy/h) 117 166 n.a. 128 

a   Source: Julius en Van Dongen (1985b); conversion 1 R = 8.76 mGy (ICRU, 1992). 
b   LiF(Mg,Ti); Source: Julius en Van Dongen (1985b).  
c   CaF2(Dy); Source: De Meijer et al. (1986); conversion 1 R = 8.76 mGy (ICRU, 1992). 
d   LiF(Mg,Ti); Source: De Jong and Van Dijk (2009). 
e   Conversion coefficient 1.19 Sv Gy-1 (800 keV) (ICRU, 1998). 

 

As shown in this table, the results of various studies agree very well. Furthermore it shows 

that the mean and median values are almost the same, consistent with near-Gaussian 

distributions. The average value is about 85 nGy h-1 with an estimated standard deviation 

of 10 to 13 nGy h-1. Absorbed dose rates in bedrooms are reported at a mean and standard 

deviation of 83  10 nGy h-1 (n=295 observations), which is not significantly deviating 

from those in living rooms (De Jong and Van Dijk, 2009). A similar finding is reported by 

De Jong and Van Dijk (2001) for a small housing estate. If the time spent indoors is taken 

as 7000 h per year (80% of the total time) and using a conversion factor of 0.77 Sv Gy-1 

(paragraph 1.4), an annual effective dose of 0.46 mSv can be calculated due to external 

radiation. The building material-induced portion that contributes to the resulting effective 

dose is estimated by De Jong and Van Dijk (2008b) at 0.25 mSv a-1. 
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1.8.2 Short-lived 222Rn progeny 

In the Netherlands data on three surveys on indoor 222Rn are available. The first survey 

covered about 1000 dwellings constructed in the period up to 1983 (Put et al., 1985; De 

Meijer et al., 1986). The second one was conducted in 1995-1996 and provides additional 

information on 1500 dwellings built in the period 1985-1993 (Stoop et al., 1998). From 

these studies it emerges that the 222Rn concentration in the living room gradually increases 

with the date of construction. In dwellings constructed before 1970 the average concen-

tration in the living room is around 20 Bq m-3 and increases to 25 Bq m-3 for dwellings 

build in the period 1970-1980. For houses built after 1980 the living room concentration 

increased by another 5 Bq m-3 to an averaged value of about 30 Bq m-3, with a range of 5 

to 400 Bq m-3. The air-tightness of Dutch dwellings has increased gradually since 1970 

(Cornelissen and De Gids, 1997) to reduce energy consumption. The associated lower 

ventilation rate is thought to be the main cause for this shift to higher indoor 222Rn levels 

with time. Through the years also a gradual change in the building materials has occurred, 

a factor identified as an additional cause for the increase of the 222Rn level (Lembrechts et 

al., 2001). Recent results show that during the last two decades no increase of the indoor 
222Rn concentration with the year of construction could be demonstrated anymore 

(Blaauboer et al., 2007). 

 As reported by Stoop et al. (1998) about 70% of the 222Rn concentration originates 

from the construction materials of the dwelling. The remaining 222Rn comes in almost 

equal parts from outside air and from the crawl space. Averaged over the entire housing 

stock the indoor 222Rn concentration is 23 Bq m-3. In bedrooms the 222Rn level is in general 

10-30% lower (Put et al., 1985; Stoop et al., 1998; De Jong and Van Dijk, 2001). So far, 

the situation in the Netherlands offered a clear, unambiguous picture. The third national 

survey, however, changed that image. In that survey, covering 1000 newly-built houses in 

the period 1994-2003, considerably lower 222Rn levels are found; in living rooms and 

bedrooms an annually averaged concentration is measured of about 13 to 14 Bq m-3 

(Blaauboer et al., 2007), more than a factor of two lower than expected on the basis of the 

earlier surveys. The most likely explanation for this finding is that the previous applied 

measuring devices erroneously included a part of the available 220Rn, leading to 

systematically higher results. Recent studies confirm this lack of specificity for these 

devices (Vargas en Ortega, 2007).  

Additionally, the results of the last survey are in agreement with results of the 222Rn 

exhalation rates of Dutch building materials. For calculation of the 222Rn source term in the 

living room two methods can be followed: 

 The source term is determined from the difference between the 222Rn efflux and influx 

of living rooms, or 
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 From the 222Rn exhalation rates of the various building materials in combination with 

averaged results of the occurrence of these building materials in Dutch livings. 

 

In the first method the calculation is based on the results on average 222Rn levels and air 

flows presented by Bader et al. (2009), the second on the 222Rn exhalation rates and 

housing data from De Jong et al. (2006) and De Jong and Van Dijk (2008b). According to 

De With and De Jong (2009) these two methods result in average 222Rn source terms for 

the living room of 138 mBq s-1 and 133 mBq s-1, respectively. Since these values are in 

close agreement, this supports the idea that the results of the third 222Rn survey reflect the 

situation in the Netherlands closer than the former data.  

 

Based on the average indoor concentrations in living rooms and bedrooms as found in the 

last survey, an annual effective dose due to inhalation of short-lived 222Rn decay products 

can be calculated as follows: 

 To convert the 222Rn concentration into an equilibrium equivalent concentration (EEC) 

a typical equilibrium factor of 0.4 is adopted (Hopke et al., 1996; UNSCEAR, 2000); 

 To convert the EEC into an effective dose rate a conversion factor of 9 nSv h-1  per 

Bq m-3 is applied (paragraph 1.4); 

 The time spent indoors is taken as 7000 h per year (80% of the total time). The 

inhabitant is assumed to be in the living room for 61% of that time and 39% in the 

bedroom (ICRP, 1994). 

 

In this way the annual effective dose due to 222Rn progeny is calculated to be 0.34 mSv.  

 

1.8.3 Short-lived 220Rn progeny 

Triggered by the results of the third survey 220Rn, the radon isotope from the 232Th series, 

is put on the agenda of future programmes on the natural radiation environment. So far 

Hogeweg (1986a) published the only Dutch data on 220Rn; in that study an EEC is reported 

of 0.4  0.2 Bq m-3, but included only a limited number of 6 dwellings. De With and De 

Jong (2009) have applied a Computational Fluid Dynamics (CFD) calculation model to 

estimate the three-dimensional distribution of 220Rn and its short-lived decay products in 

an average living room. The calculations include attachment to aerosol particles, deposi-

tion to room surfaces, decay and ventilation. Due to its short half-life the building 

materials are the only source of 220Rn in a dwelling. Since no 220Rn exhalation measure-

ments are available in the Netherlands, the source term for 220Rn in the living room is 

estimated from eq. (1.9) by assuming that (a) the 220Rn emanation factor is the same as for 
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222Rn and (b) the ratio between the diffusion lengths of 222Rn and 220Rn can be described 

as:  

  77222220220222  ll ,     (1.18)   

with l the diffusion length (m) and λ the decay constant (s-1). This equation follows from 

eq. (1.2). Given the distribution of the various building materials in an average Dutch 

living room, the 220Rn source term is estimated to be 14 Bq s-1 (De With and De Jong, 

2009), two orders of magnitude larger than for 222Rn. Based on this source term the 220Rn 

concentration is calculated to decrease gradually from almost 15 Bq m-3 close to the walls 

to 3 Bq m-3 in the centre of a room, with an average value of 9 Bq m-3. Due to the 

relatively long half-lives of the 220Rn decay products 212Pb en 212Bi, the indoor concen-

trations of these radionuclides are nearly uniformly distributed throughout the room; 

according to eq. (1.11b) the EEC is calculated as 0.33 Bq m-3.  

 

The annual indoor effective dose due to inhalation of short-lived decay products of 220Rn is 

determined in the same way as described above for 222Rn, except that a conversion factor is 

applied of 40 nSv (Bq h m-3)-1 as mentioned in paragraph 1.4. This results in a contribution 

to the annual effective dose of about 0.09 mSv (Table 1.8).  

  

Table 1.8 
Average indoor effective dose per component and per room. To reflect the occupancy 
pattern a weight of 61% is assumed for the living room and 39% for the bedroom (ICRP, 
1994). Time spent indoors is taken as 7000 h per year.  

Component Rooma EEC Dose rate Eff. dose Fractionb 
    (Bq m-3) (nGy h-1) (mSv a-1) (%) 
External radiation LR -- 85 0.28 55 
  BR -- 83 0.18 55 
222Rn daughter nuclides LR 5.4 -- 0.21 70 
  BR 5.2 -- 0.13 70 
220Rn daughter nuclides LR 0.33 -- 0.06c 100 
  BR 0.30 -- 0.03c 100 
222Rn + 220Rn gas LR/BR -- -- 0.02 80 

Sum       0.90 65 
a   LR: living room; BR: bedroom. 
b   Building material related percentage of the annual effective dose. 
c   No coatings (paint, plaster, …) assumed. 
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Some additional remarks should be placed at the deduction of this value: 

 It is assumed that building materials are not covered with a decoration, as a paint 

coating. The traditionally applied coatings in the Netherlands have no effect on the 
222Rn exhalation rates (De Jong en Van Dijk, 1994). However, since the diffusion 

length of 220Rn is much shorter than for 222Rn (eq. (1.18)), such coatings may reduce 

the release of 220Rn; 

 The presence of a plaster is not considered either. In an earlier study it was shown that 

some plasters, available on the Dutch market, contain gypsum from phosphate produc-

tion, resulting in 228Ra levels up to 250 Bq kg-1 (De Jong et al., 1998). This strongly 

affects the 220Rn source term and with that the indoor effective dose. Back-of-the-

envelop calculations suggest a raise of the 220Rn source term by a factor of 25 for a 1 

cm thick coat of such a plaster, resulting in an additional effective dose of the order of 

2 mSv a-1. 

 

As indicated at the end of section 1.4, an uptake of inhaled 222Rn and 220Rn in blood and a 

subsequent distribution throughout the body results in a small contribution to the effective 

dose. Based on average concentrations and conversion factors listed in section 1.4, this 

contribution is calculated8 to be 0.02 mSv a-1. Table 1.8 presents an overview of the 

average indoor effective dose per component. The total dose is estimated at 0.9 mSv, of 

which 65% is due to construction materials. These data are based on the present, 

incomplete information; future investigations have to confirm the assumptions made.  

 

1.8.4 Number of fatalities 

The number of fatalities in the Netherlands can be estimated from the results presented in 

the previous sections. The number due to external radiation, including the cosmic and 

terrestrial components is based on the computed annual effective dose as listed in Table 

1.8. The number of fatalities follows from the product of this value, the mortality risk as 

given in section 1.5 and the number of inhabitants in the Netherlands of 16.5 million (CBS, 

2009) and amounts to almost 400 individuals per year. According to the European pooled 

residential case-control studies 16% of the cases of lung cancer per exposure to 100 Bq m-3 

can be attributed to 222Rn. The number of individuals in the Netherlands that died from 

lung cancer in 2008 is reported at 9918 (CBS, 2009). Combination of these figures with an 

average indoor 222Rn concentration of 13-14 Bq m-3 as found in the last survey, leads to a 

best guess of the number of fatalities of around 200, with a range of 50 to 400. These 

values differ considerably from the central estimate of 800 (range of 100 to 1200) per year 

                                                           
8   Calculation: [13 Bq m-3 x 0.17 nSv (Bq h m-3)-1 + 9 Bq m-3 x 0.11 nSv (Bq h m-3)-1] x 7000 h a-1. 
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as published by the Health Council of the Netherlands (Gezondheidsraad, 2000). The main 

reasons for this are (a) the correction of the actual 222Rn concentration by a factor of 2; and 

(b) the use of a lower risk factor based on residential exposures instead of on mining 

cohorts.  

 There are no epidemiological data available for lung cancer risk following exposure to 
220Rn (thoron) daughter nuclides. Therefore it is assumed that the number of fatalities due 

to inhalation of the progeny of 220Rn and 222Rn is in the proportion of their effective doses 

from Table 1.8. When no additional coating of construction elements is assumed, a number 

of 220Rn-induced lung cancer deaths of about 60 per annum is obtained. In Table 1.9 these 

results have been summarized and yield a total value of 650 fatalities per year with a range 

of 250 to 1300 individuals.  

 

Table 1.9 
Overview of the estimated mortality rate in the Netherlands attributed to 
natural radioactivity in Dutch dwellings. 

  Component 
 

Number of fatalities 
per annum 

95% confidence 
limits 

  External radiation 375 188 – 751 
  222Rn daughter nuclides 211 66 – 409 
  220Rn daughter nuclides 56a 18 – 109 
  Sum 642 272 – 1269 
  Sum (rounded values) 650 250 – 1300 

 a   No coatings (paint, plaster, …) assumed. 
 

1.9 This thesis 

The situation with regard to the exposure to natural radiation in Dutch dwellings differs in 

a number of aspects from that in most other countries. In the Netherlands building 

materials are thought to be responsible for about 55% of the external radiation burden and 

70% of that due to 222Rn and thereby play a more prominent role than the soil beneath a 

dwelling. As a consequence, building materials have always received relatively much 

attention in various research programmes in the Netherlands. This thesis contains a 

selection of studies in this field, conducted over the last twenty years. Most of these studies 

were commissioned by the Dutch government and therefore had a direct relation with 

actual or future radon policy. The studies are classified into the themes: 

− Methods (chapter 2) 

− Concentrations and exposures (chapter 3), and 

− Radon-transport mechanisms and mitigation (chapter 4) 
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These chapters contain sections that are essentially copies of articles that for the majority 

are published in peer-reviewed journals. 

 

In section 2.1 a method is described for the determination of the 222Rn exhalation rate of 

building materials, arising from the experiences in the SAWORA research programme for 

a more precise measuring method. The described method was entered into the standard 

NEN 5699 (NEN, 2001b) as the main procedure. In section 2.2 the performances and 

equivalence of three measuring methods, all following this standard method, are worked 

out. In section 2.3 a model is presented to calculate the external dose rate in dwellings due 

to the presence of primordial radionuclides in building materials. 

 The above-mentioned standard on 222Rn exhalation is applied to a representative set of 

Dutch building materials (section 3.1). Section 3.2 focuses on the Dutch situation with 

respect to the activity concentrations in gypsum plasters and mortars. In section 3.3 222Rn 

concentrations, absorbed dose rates and annual exposures are presented as determined for a 

small housing estate. In the next section the calculation model to assess the indoor 

absorbed dose rate in a dwelling as pointed out in section 2.3 was applied to a representa-

tive set of Dutch dwellings and the dose distribution was determined using a Monte Carlo 

technique. 

 One of the objectives in the RENA research programme was to examine the effects of 

various countermeasures to reduce the exposure in dwellings. In section 4.1 the results are 

presented of a study on the retaining action of various surface coatings to reduce the 222Rn 

release from construction materials. The last two sections deal with the exhalation from 

concrete samples, mixed according to various recipes to gain a better insight in the 

underlying mechanisms. 


