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Introduction 

Radon as radioactive gas of natural origin is present everywhere on the planet’s surface. It is 
created by the disintegration of radium, coming from uranium contained in the earth’s crust 
and specifically in granitic and volcanic subsoils. Because of the dilution due to air masses, 
its concentration in open air is low. On the other hand, radon can accumulate in confined 
atmosphere of buildings and achieve high levels of concentration. In France, it is estimated 
that 300 000 individual dwellings present concentration higher than the French reference 
level of 400 Bq.m-3 and that there are 60 000 with concentration higher than 1 000 Bq.m-3 
referred as the French warning threshold (Gambard et al., 2000). Indoor radon concentration 
can vary considerably for a number of reasons, including design of buildings, the radium 
content and texture of the soil in contact with the building's slab and walls, the underpressure 
value between the inside and outside and the fresh air supply rate. Given the many 
parameters involved in this phenomenon, IRSN decided to develop a code called RADON 2 
for conducting simple and methodical studies of indoor radon concentrations, taking into 
account the factors mentioned above. If an effective diagnostic and risk management-aiding 
tool is to be obtained, a validity check must first be performed on the phenomenological 
model on which the code is based. Therefore an experimental program was initiated in 2002, 
as part of which a house in Brittany, located on a well-characterized uranium-bearing 
geological formation, was fitted out with special instruments. In this paper, results of the soil, 
indoor and outdoor radon concentrations are presented, then entry and removal radon 
processes are discussed. 

House and equipment description  
The house under study is located in a small town (western France) at 20 km from Brest 
(Améon et al., 2004). The site belongs to the Armorican domain, with mainly granite soil. The 
climate is oceanic, with soft winters, soft summers and a mean rainfall of 1000 mm per year. 
The house, without mechanical ventilation system, is built in with the typical building 
structure of the area, stone walls, full basement and comprises 3 levels. The basement floor is 
comprised of a garage, a cellar and a boiler room. The basement door between the garage and 
the two other rooms is always kept closed. The ground floor is composed of a kitchen, a 
living room and a bedroom. The first floor is comprised of 3 bedrooms and a bathroom. At 
these two levels, all the doors remained open to constitute an homogeneous zone. The 
inhabitant’s behavior may have a considerable effect on the process we want to study. So in 
order to reduce the complexity of the problem, the house under study was unoccupied. The 
house is equipped to monitor continuously indoor, outdoor and soil radon levels, indoor and 
outdoor radon flux levels, weather parameters and indoor differential pressure, temperature 
and humidity levels since June 2002. Texture and radium content of the soil and house 
permeability have been measured as well. A cross-section diagram of the house with the 
distribution of the equipment is shown in Fig 1. 



 

Fig 1 : cross section drawing of the house  

Fig 2 : distribution of the equipment installed 
in the house for the experimental study   

The detectors used to measure indoor and outdoor radon concentration are AlphaGUARD1 PQ 
2000 in 60 min diffusion configuration. Soil radon concentration is measured since April 2003 
with a Barasol probe installed at 1,10 m depth in the garden soil and at 1,50 m away from the 
basement room. Outdoor radon flux measurements are made with a developed system based on the 
well-known accumulation method, but with an accumulation chamber (cylindrical metal can) that 
is automatically removed between two consecutive measurements, thus exposing the soil surface 
to sunshine and rainfall (Ferry et al., 2001)(Fig. 2). 

An AlphaGUARD mounted inside the chamber integrates the radon concentration increase over 
10 min intervals when the accumulation chamber is closed. The accumulation time currently used 
is 60 min. Despite bad weather conditions (rain, snow, frost), the system works since two years 
without any disruption.  

  
Fig 3 : automatic radon flux measurement system 

Indoor radon flux measurements are made continuously at the slab and the wall surfaces of the 
basement floor with a similar accumulation chamber supplied with an AlphaGUARD inside. In 
this case, the purge of the accumulation chamber is obtained by pumping fresh air from outside 
during 30 min and the accumulation time is fixed to 210 min.  

Collection of time series data on radon, internal temperature and internal relative humidity along 
with external ambient conditions were synchronized, usually determining hourly average 
readings. The meteorological data included average hourly estimation of temperature, relative 
humidity, wind speed, wind direction, barometric pressure, precipitation. Date from all devices 
are downloaded directly to a computer. 
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Radon source characterization 

Before entering into the building, radon goes through two stages : (i) its generation called 
emanation which depends on radium content, grain size distribution, porosity and water content ; 
(ii) its migration in the source medium which is driven by two independent processes, the 
diffusion (response to a gradient of radon concentration) and the advection (response to a 
pressure gradient). Emanation and transport mechanisms depend to a large extend, on soil 
moisture content (Tanner, 1980)(Stranden et al., 1984)(Rogers and Nielson, 1991). Therefore 
exhalation rate at the soil surface is strongly affected by weather conditions. Soil 
characterization was made in measuring radium content by gamma spectrometry. The texture 
analysis allowed to classify the soil as fine limon (U.S. Department of Agriculture classification) 
with 54 ± 10 Bq.kg-1 of radium. The radium activity concentration of the rock found at the 
garage door (basement floor) is 84 ± 14 Bq.kg-1. This concentration is low compared to the 
uranium content (15 ppm) of the massif on which the house is built. If secular equilibrium is 
expected, radium content should be equal to 190 Bq.kg-1. 

 

Fine soils are very sensitive with 
humidity. It is well known that 
increasing the water saturation 
fraction increases emanation 
coefficient mainly because of the 
lower recoil range for radon in water 
than in air. When soil dries out, the 
emanation coefficient decreases. In 
the figure 4, it is observed that high 
monthly mean soil radon 
concentration values are correlated 
with high rainfalls. 

 
Fig 4 : Mean radon concentration measured in the 

soil surrounding the house in comparison with 
monthly rainfall data over one year 

Knowledge on the time variation of both soil radon concentration and radon flux at soil surface 
is needed for understanding the reliability and usefulness of measurements made at one point in 
time to characterize how the radon source strength available to the indoor air varies with time 
and for use in model calculations aimed at describing radon transport and estimating the long 
term exposure to radon in indoor air. 

Based on the data collected over two years, the radon exhalation rate shows high fluctuations 
during the full year cycle with values lying in the range 10 and 500 mBq.m-2.s-1. Winter mean 
radon exhalation rates at the soil surface near the house are higher than the summer ones. It is 
observed that the annual mean radon flux density, equal to 73 mBq.m-2.s-1, is similar to the 
average of radon flux densities measured at soils surfaces with the same geology.  



 

Potential linkages between variability of 
radon exhalation rates with barometric 
pressure, rainfall data and wind speeds 
were investigated over two years. 
Although all the parameters are linked 
together, it seems that rainfall and wind 
speeds have major influence on the 
radon flux. Figure 5 shows the course of 
the radon exhalation rate measured at the 
soil surface near the house as a function 
of meteorological parameters. During 
long period without rain, radon flux 
density decrease by a factor of 10, while 
successive rainfalls increase the radon 
flux density to values over 
350 mBq.m-2.s-1. Under the low-pressure 
regime, high radon flux density values 
are observed. The great influence of 
wind speed is unexpected because of the 
low permeability of fine soils, moreover 
barometric pressure variations don’t 
show any influence on the radon 
exhalation rate. During non-windy 
periods, the radon flux density is 

negatively correlated with the outdoor 
temperature showing high flux values when 
temperatures are low at nightfall. 

 
Fig 5 : radon flux measured on the soil surface 

surrounding the house in comparison with 
meteorological data over one month

 
 

Radon entry in the house 

Radon enters into dwelling from different sources, such as soil or rock under or surrounding the 
dwellings, building materials, water supplies, natural gas and outdoors air. In the house under 
study, the main source of radon entry is the soil underneath, with building materials as the 
second most important source. Outdoor radon concentration, measured continuously during two 
years, remain low (< 30 Bq.m-3) compared with indoor radon concentrations. Its entry depends 
on the driving forces and on the characteristics of the interface between the soil and indoors. 
Small depressurization of the house compared with the soil underneath due to wind and indoor-
outdoor temperature differences is enough to make the radon entering into the house. 

The interface between the soil underneath and indoors is comprised of a porous concrete slab 
and walls which consist of breeze blocks. Therefore radon can easily diffuse into the basement. 
In order to estimate the contribution of a given source to the total radon entry, both radon flux 
density at the slab and walls were continuously measured. 



 

Figure 6 displays data from 
one month in the winter 2004 
when the house was 
unoccupied. The indoor 
radon flux measured on the 
slab is well correlated with 
the radon flux on the walls 
showing the same variation 
over the time. Based on the 
data collected over one half-
year, the radon flux measured 
on the basement walls is not 
negligible despite of the slab 
flux representing 25 % of the 

total radon entry rate in the basement floor. 

 
Fig 6 : radon flux measured on the slab in comparison with the 

one measured on the basement walls over one month  

The natural-draught ventilation system of the house causes pressure differences between the 
house and the soil which increase with increasing temperature difference between the indoors 
and the outdoors. Figure 7 displays data from one month in the winter of 2003 when the boiler 
was switched on. The windows and doors were left closed, so that the indoor radon behaved 
according to the physical mechanisms driven by the environment. 

 

The first figure is the hourly 
variation of the radon 
concentration on the basement 
level, typical of a non-windy 
period, with the variation in the 
indoor-outdoor temperature 
difference. Increasing this 
temperature difference from 
zero to 15°C with the heating 
system switched on, induces 
the radon concentration on the 
underground level to rise from 
4 000 Bq.m-3 to 16 000 Bq.m-3. 
The house affects the soil 
through the stack induced 
pressure gradient between the 
house and the soil. The 
increased pressure differences 
due to stack effect cause 
increased airflow into the 
house from the enriched radon 
soil gas air. An inverse 
relationship is observed 
between these two fluxes.  

 
Fig 7 : stack effect on the indoor radon concentration 

(basement floor) and on both indoor and outdoor radon flux 

 



Due to the specific location of 
the house, near the Atlantic 
ocean, the passage of windy 
weather fronts are frequent on 
the experimental site. Figure 8 
illustrates the hourly variation 
of the radon flux density at the 
basement slab driven by the 
depressurization of the house 
due to wind speed over one 
month in the autumn 2002.   

Fig 8 : wind effect on the indoor radon flux measured on the 
basement slab 

 

Radon accumulation indoor 

The radon accumulation indoor depends on the balance between the entry and removal 
processes. Amongst the processes governing the radon concentration in buildings, those leading 
with air exchange in the house under study depend on the permeability of the building envelope, 
local wind velocity and direction, and thermal gradient. Flow in or out of a building occurs by 
ventilation through vents, open windows and doors, or by infiltration through cracks, porous 
materials, walls and roof. 

The air-tightness of the building was determined by using the building pressurization (blower 
door) test. The system is connected via flexible ducting to a wooden template that is temporarily 
sealed into an existing doorway. All external doors, windows and trickle ventilators are closed 
and all the internal doors are wedged open. The house under study seems to have relatively high 
permeability despite of the tightly-fitting double windows of the two upper floors. Kitchen hood, 
chimney and the boxroom on the first floor are the major source of air infiltration. Interzonal air 
flows were also characterized with tracer gas techniques. 

The relative importance of wind or stack action will depend on the type of building and local 
climate. The influence of wind action to ventilation rate is predominant compared with thermal 
gradient when the openings occur on the windward side. The converse will occur when 
prevailing winds hit the gabled walls (Inard and Allard, 2002). 

Actually, this relationship 
between the openings location 
and wind direction was 
confirmed in the house under 
study and illustrated by the 
figure 9. When the walls with 
windows are directly exposed 
to the winds from north-west 
and south-east, the radon 
concentration on both upper 
floors are largely influenced by 
the passage of Atlantic weather 
fronts.  

 
Fig 9 : effect of the wind direction on the indoor radon 
concentration measured on the ground floor 

 

 



Indoor Radon concentration 

The radon concentration values obtained in the different rooms of the house are given in figure 
10. It is observed that the monthly mean radon concentration values are higher in the summer 
period that in the winter one. High fluctuations are observed during the full year cycle and high 
differences of radon concentrations are observed between the different rooms of the house. 
However the highest radon levels are achieved in the basement rooms (cellar and boiler room). 

Generally, the highest mean radon values correspond to winter when ventilation is lower because 
the windows and doors are closed for longer periods and when stack effect is higher due to the 
building’s heating. In our case, the house is unoccupied, its ventilation during the summer period 
does not occur so the temperature differences are the highest at this period of the year. Although 
both the cellar and the boiler room have the same interface, radon concentrations are three times 
higher in the cellar than in the boiler room due to the higher ventilation rate in the last room. 

These measurements indicated unusually high indoor mean radon concentration of up to 
10 000 Bq.m-3 on basement floor and 80 % of the monthly mean radon concentration measured 
on ground floor exceeded the reference level of 400 Bq.m-3 for France. 

 

  

Fig 10 : Monthly mean radon concentrations measured in the house over one year 

 

Conclusion 
The experimental study carried out in an unoccupied Breton house has allowed characterizing 
radon sources, levels, entry and removal mechanisms into the house. It has been found that the 
soil underneath is the most relevant radon source. The porous concrete slab and walls at the 
basement floor are the preferential pathways for radon to enter into the house. Wind speed and 
stack effect appear to have dual influence on radon variability in enhancing both entry 
(depressurization of the building) and removal (natural ventilation rate) processes. Further works 
will consist in testing mitigation techniques to reduce radon exposure in the house. 

 

Acknowledgements 
We thank F. Allard and C. Bouilly from the Laboratoire d’Etude des Phénomènes de Transfert Appliqués aux 
Bâtiments (Université de La Rochelle) for their contribution to the determination of the air-tighness of the building 
envelope.  

References 
Améon R., Dupuis M. and Diez O. (2004) Etude de l’effet maison. Site experimental de Kersaint-
Plabennec. Bilan des données au 31 mai 2003. Rapport IRSN/DEI/SARG 04-05. 

Ferry C., Beneito A., Richon P. and Robé M.-C. (2001) An automatic device for measuring the effect of 
meteorological factors on radon-222 flux from soils in the long term. Radiat. Prot. Dosim., 93(3), 271-
274. 



Gambard J.P., Mitton N. and Pirard Ph. (2000) Campagne nationale de mesure de l’exposition 
domestique au radon IPSN/DGS. Bilan et représentation cartographique des mesures au 1er janvier 2000. 
Note technique SEGR-LEADS-2000-14, IPSN, France. 

Inard C. and Nastase I. (2002) Détermination de classes de débit de ventilation de maisons individuelles 
types. Rapport n°620/11000403. 

Stranden E., Kolstad A.K. and Lind B. (1984) The Influence of Moisture and Temperature on Radon 
Exhalation. Radiat. Prot. Dosim., 7(1-4), 55-58. 

Rogers V.C. and Nielson K.K. (1991) Correlations for Predicting Air Permeabilities and 222Rn Diffusion 
Coefficients of Soils. Health Phys. 61(2), 225-230. 

Tanner A.B. (1980) Radon migration in the ground : a Supplementary Review. In: Natural Radiation 
Environment III, Eds T.F. Gesell and W.M. Lowder, U.S. Dept. of Energy Rep. CONF-78 0422, 
(Springfield, VA: National Technical Information Services), 5-56. 

 


