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SUMMARY 

This study deals with sources of indoor radon in Finland, seasonal variations in 
radon concentration, the effect of house construction and ventilation and also with 
the radiation dose from indoor radon and terrestrial gamma radiation. The results 
are based on radon measurements in approximately 4,000 dwellings and on air 
exchange measurements in 250 dwellings as well as on model calculations. 

The results confirm that convective soil air flow is by far the most important 
source of indoor radon in Finnish low-rise residential housing. The average flow 
rate of soil gas into a typical house with slab-on-grade is about 0.5 m3 h"1. This 
flow of radon-bearing air produces an average convective radon entry rate of 
12,000 Bq h'\ increasing the indoor radon concentration close to the target 
concentration for new buildings, 200 Bq m'3. Consequently, in a remarkable 
number of houses, the concentration limit for existing houses, 400 Bq m'3, will 
also be exceeded. The most important reason for such elevated concentrations are 
permeable soil, leaking substructures or an unfavourable ventilation system. In 
esker areas the subterranean air flows in the esker may still increase the effect of 
convective flows. This situation calls for new attitudes to house construction and 
mitigation of existing houses. Airtightness of the bouse substructure, especially on 
permeable soils, is the key question in radon-safe building. The building of ground 
floor flats with ground contact needs similar attention to low-rise housing. Because 
soil permeability and the gravel layer beneath the slab have a decisive effect on 
soil gas flow, attention should also be paid to studies on the effect of an 
impermeable layer below the slab. 

Modern foundation structures have increased the radon-bearing soil air flow into 
houses. Crawl-space, nowadays seldom used, is an advantageous substructure 
against radon. Slab-on-grade with foundation walls made of porous light-weight 
concrete blocks, being the most common construction, has increased the soil air 
leakage into dwellings. Hillside houses with an open stairwell between the ground 
floor and first floor have replaced basement houses. Basements were previously 
more isolated and reduced the radon-rich air flow into living spaces. 
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In a notable oroportion of the dwellings the air exchange rates are lower than the 
recommended air exchange of 0.5 h'. Improving the air exchange rates provides 
great potential for decreasing indoor radon concentrations. However, improving 
the air infiltration has a reductive effect on indoor radon concentrations only in 
cases where the remedy does not increase the underpressure in the dwelling. Air 
exchange rates in new houses with mechanical ventilation are higher than in 
houses with similar structures and with natural ventilation. However, radon 
concentrations are higher in houses with a mechanical exhaust or a supply/exhaust 
ventilation system. The underpressure created by both the exhaust air flow and the 
elevated airtightness of houses contribute to this increase in radon concentration. 
Mechanical exhaust ventilation is not recommended when building on permeable 
sand or gravel areas, unless soil air leakages are prevented. 

Comparison between predicted and measured winter/summer radon concentration 
ratios, in houses with slab-on-grade, suggests an average diffusive radon entry rate 
of 6 Bq m'3 h"1 and a convective entry rate of 50 Bq m*3 h"' at an average indoor-
outdoor temperature difference of 17 °C. The estimates in this study imply that 
both diffusive radon entry from soil through slab and floor coverings play an 
important role in diffusive radon entry in Finnish low-rise houses, more important 
than previously realized. In unfavourable conditions diffusive entry alone can 
elevate radon concentration above the target limit for new buildings, 200 Bq m'3. 
Therefore, attention should be paid to the quality of floor slabs in low-rise houses. 

The physics of diffusive radon entry into buildings, of air-flow from soil, ariven 
by the pressure difference, and of air infiltration, combined in the model of this 
study, explain to a considerable extent the observed seasonal variations in indoor 
radon concentration. Radon concentrations are higher in winter than in summer, 
because of the strong convective air flow from soil into houses in winter. Cold 
climatic conditions in Lapland increase indoor radon concentrations in low-rise 
houses, 25 % compared with the metropolitan area in Southern Finland. 

Correction factors for annual average radon concentration are needed to adjust 
measurements taken over periods other than twelve months. Indoor radon 
measurements in Finland are taken in the heating season, over a period of two -
months. For these measurements, typical correction factors vary in the range of 
0.9 - 0.6. Discrepancy between the single compartment model and the real 
occurrence of radon in dwellings affects the difference between measured and 
predicted results. 
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On steep sided eskers subterranean air-flows in the esker strongly affect indoor 
radon concentration. Variation in both outdoor temperature and wind induce these 
flows which result in winter/summer radon concentration ratios of 3 - 30, in esker 
top areas, whereas in slope areas with amplified summer concentrations, the ratio 
is typically 0.1-0.5. Typical values in flat ar*as are 1.5 - 2. 

The estimates of the effective dose due to indoor radon and terrestrial gamma 
radiation are based on nationwide surveys of indoor radon, gamma radiation 
indoors and outdoors, including a survey of environmental dose rates after the 
Chernobyl accident. The annual average effective dose to Finns due to indoor 
radon is estimated at about 2 mSv, the range of the dose being as wide as 0.2 -
350 mSv. The annual average dose due to natural gamma radiation and external 
gamma radiation due to Chernobyl fallout in 1994 were 0.45 mSv and 0.03 mSv, 
the ranges being 0.2 -1.0 mSv and 0.001 - 0.3 mSv respectively. Special attention 
should be paid to prevention of the highest doses, to repairing the houses with the 
most elevated indoor radon concentrations and to radon-safe construction of new 
houses. 
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YHTEENVETO 

Tässä tutkimuksessa käsitellään sisäilman radonpitoisuuksia suomalaisissa 
asunnoissa; radonpitoisuuden lähteitä ja vuodenaikavaihtelua sekä talon 
perustuksien ja ilmanvaihdon vaikutusta. Radonin aiheuttamaa säteilyannosta 
verrataan ulkona ja sisätiloissa saatavaan gammasäteilyannokseen. Tulokset 
perustuvat radonmittauksiin noin 4000 asunnossa, ilmanvaihtomittauksiin 250 
asunnossa sekä laskentamallin antamiin tuloksiin. 

Tulokset vahvistavat sen, että maaperän radonpitoisen ilman virtaus asuntoihin on 
kaikkein tärkein radonpitoisuuden lähde suomalaisissa pientaloasunnoissa. 
Tyypillisessä pientalossa, joka on rakennettu maanvaraiselle laatalle, 
keskimääräinen maaperän ilman virtausnopeus asuntoon on noin puoli 
kuutiometriä tunnissa. Tämä radonpitoisen ilman virtaus vastaa konvektiivista 
lähdenopeutta 12 000 Bq h"1 ja nostaa sisäilman radonpitoisuuden lähelle uusille 
asunnoille annettua enimmäisarvoa 200 Bq m'3. Maaperän radonpitoisen ilman 
vuodon seurauksena myös vanhoille asunnoille annettu radonpitoisuuden 
enimmäisarvo 400 Bq nr3 ylittyy merkittävässä osassa pientaloja. Tärkeimmät syyt 
asuntojen radonpitoisuuden kohoamiseen ovat maaperän ilmanläpäisevyys, 
perustusrakenteiden ilmavuodot, ilmanvaihdon riittämättömyys tai asunnon 
alipaineisuus. Harjualueilla harjun sisällä tapahtuvat ilmavirtaukset voivat edelleen 
kasvattaa radonvuotoa asuntoihin. 

Tilanteen korjaamiseksi tarvitaan asenteiden muutosta sekä uudisrakentamisessa 
että suhtautumisessa radonkorjauksiin. Perustusten ilmatiiveys, erityisesti 
rakennettaessa läpäisevälle maaperälle, on avainkysymys radonturvallisen asunnon 
rakentamiseksi. Kerrostalojen rakentamisessa tulee myös ottaa huomioon 
maaperästä tulevat radonvuodot, jotka vaikuttavat erityisesti alimman kerroksen 
maakontaktiasuntojen radonpitoisuuteen. Maaperän ilmanläpäisevyys ja myös 
läpäisevän salaojakenoksen käyttö vaikuttavat ratkaisevasti asuntojen 
radonvuotoihin. Tämän vuoksi tulisi myös tutkia läpäisemättömän maakerroksen 
tai kalvon käyttöä rakennuspohjassa. 

6 



STUK-A124 
FINNISH CENTRE FOR RADIATION 

AND NUCLEAR SAFETY 

Nykyisin yleisesti käytettävät pientalojen perustustaparatkaisut ovat kasvattanet' 
maaperän radonvuotoja asuntoihin. Ryömintätilainen perustus, jota nykyään 
käytetään harvoin, on asuntojen radonpitoisuutta alentava ratkaisu. Nykyisin 
yleisimmin käytetty maanvarainen laatta, joka tehdään hyvin ilmaa läpäisevistä 
kevytsoraharkoista, on taas kasvattanut radonpitoisuuksia. Rinnetalo, jossa on 
avoin porraskäytävä ylempään kerrokseen, on nykyisin syrjäyttänyt kellarillisen 
talotyypin. Aikaisemmin kellari oli ilmanvaihdollisesti paremmin eristetty muusta 
asunnosta, mikä vähensi asuintilojen radonpitoisuutta. 

Merkittävässä osassa asuntoja ilmanvaihtuvuus on alhaisempi kuin suositeltu 
0.5 h'1, mikä vastaa ilman vaihtumista kerran kahdessa tunnissa. 
Ilmanvaihtuvuuksien lisääminen asuntokannassa tarjoaa mahdollisuuden 
radonpitoisuuksien alentamiseen. Kuitenkin, ilmanvaihtuvuuden kasvattaminen 
alentaa radonpitoisuuksia vain siinä tapauksessa, että korjaus ei samanaikaisesti 
kasvata alipaineisuutta asunnossa. Ilmanvaihtuvuus on keskimäärin alempi niissä 
uusissa asunnoissa, jotka on varustettu koneellisella ilmanvaihdolla, kuin samalla 
tavalla rakennetuissa asunnoissa, joissa on painovoimanien ilmanvaihto. Kuitenkin 
radonpitoisuus on keskimäärin hieman korkeampi koneellisen ilmanvaihdon 
asunnoissa. Sekä koneellisen poisto- että tulo/poisto-ilmanvaihdon aiheuttama 
alipaineisuus vaikuttaa osaltaan radonpitoisuuksia kasvattavasti. Koneellinen 
poistoilmanvaihto ei ole suositeltava ratkaisu, kun rakennetaan läpäiseville hiekka-
tai soramaille ellei samanaikaisesti estetä maaperän radonvuodot asuntoon 
rakennusteknisin toimenpitein. 

Tutkimuksessa on verrattu mallilaskelmin ennustettua ja mitattua talvi- ja 
kesäpitoisuuden suhdetta maanvaraisella laatalla varustetuissa pientaloissa. 
Vertailun avulla on arvioitu, että keskimääräinen diffusiivinen radonin 
lähdevoimakkuus näihin taloihin on 6 Bq m3 h'1. Vastaavasti konvektiivinen 
lähdevoimakkuus on 50 Bq m3 h \ kun sisä- ja ulkolämpötilojen ero on 17 °C. 
Tehtyjen arvioiden perusteella myös radonin diffuusiolla maaperästä lattialaatan 
läpi on suurempi merkitys radonpitoisuuteen kuin aikaisemmin on arvioitu. 
Epäsuotuisassa tapauksessa, kun lattialaatta läpäisee hyvin radonia eikä lattian 
päällystemateriaali estä pääsyä asuntoon, voi diffundoituva radon yksin nostaa 
pitoisuuden yli uusien asuntojen tavoitearvon 200 Bq m'3. Uudisrakentamisessa 
tulisi siksi kiinnittää huomiota myös lattialaatan tiiveyteen. 

Tutkimuksessa käytetty fysikaalinen laskentamalli huomioi asuntoon 
diffundoituvan radonin, maaperästä tulevan radonpitoisen ilman konvektiivisen 
virtauksen sekä ilmanvaihtuvuuden. Tulokset selittävät hyvin mittauksin havaitun 
radonpitoisuuden vuodenaikavaihtelun. Pitoisuudet ovat yleensä korkeampia 
talvella kuin kesällä, koska paine-eron aiheuttama radonvirtaus maaperästä 
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asuntoon on suurimmillaan talvella. Lapin kylmä ilmasto kasvattaa 
radonpitoisuutta 25 %, verrattaessa Lapissa ja pääkaupunkiseudulla rakennettua 
samanlaista taloa. 

Korjauskerrointa vuosikeskiarvon laskemiseksi tarvitaan, kun arvioidaan 
radonpitoisuuden vuosikeskiarvoa alle vuoden pituisen mittauksen perusteella. 
Suomessa radonmittaukset tehdään lämmityskauden aikana. Mittausjakson 
pitoisuus on tavallisesti kaksi kuukautta. Kylmänä vuodenaikana tehdylle 
mittaukselle korjauskerroin on 0.9-0.6. Radonin käyttäytyminen asunnoissa on 
monimutkaisempaa kuin yksinkertaisessa laskentamallissa on oletettu. Tämän 
vuoksi mitattujen ja mallilla arvioitujen tulosten välillä on eroja. 

Harjun sisäiset ilmavirtaukset voivat vaikuttaa jyrkkämuotoisilla harjuilla 
voimakkaasti sisäilman radonpitoisuuksiin. Sekä ulkolämpötilan vaihtelu että 
harjun rinteeseen osuva tuuli synnyttävät näitä virtauksia, joiden seurauksena 
radonpitoisuuden talvi/kesä-suhde voi olla niinkin korkea kuin 3-30 harjun 
huippualueilla. Harjun rinnealueilla on vastaavasti alueita, joilla kesäpitoisuus on 
suurempi kuin talvipitoisuus, jolloin talvi/kesä-suhde 0.2-0.5. Tasaisilla alueilla 
harjujen ulkopuolella talvi/kesä-suhde on tavallisesti 1.5-2. 

Tutkimuksessa esitetyt arviot asuntojen radonin ja ulkoisen gammasäteilyn 
aiheuttamasta efektiivisestä annoksesta perustuvat maanlaajuisiin tutkimuksiin, 
joissa on mitattu asuntojen radonpitoisuutta sekä gammasäteilyä sisällä ja ulkona. 
Arvioissa on myös huomioitu Tsernobylin ydinonnettomuuden aiheuttama 
annosnopeus ulkoympäristössä ja asunnoissa. Keskimääräinen efektiivinen annos 
sisäilman radonista suomalaisille on noin 2 mSv. Annoksen vaihlelualue on niinkin 
laaja kuin 0.2-350 mSv. Luonnollisen gammasäteilyn aiheuttama keskimääräinen 
efektiivinen annos suomalaisille oli vuonna 1994 0.45 mSv. Tsernobyl-laskeuman 
ulkoisesta gammasäteilystä aiheutuva efektiivinen annos oli 0,03 mSv. Näiden 
annosten vaihlelualue oli vastaavasti 0.2-1.0 mSv ja 0.001-0.3 mSv. Tulosten 
perusteella erityistä huomiota tulee kiinnittää korkeimpien annosten estämiseen 
suorittamalla radonkorjauksia asunnoissa ja torjumalla korkeita radonpitoisuuksia 
jo uudisrakentamisvaiheessa. 
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1 INTRODUCTION 

Radon (Rn ) is a radioactive noble gas which is produced from the radioactive 
decay of the element radium (Ra226) , which is itself a decay product of uranium 
(U238). Uranium is a naturally occurring element which is found in low 
concentration? in rock, soil and building materials. Radon can enter a home by the 
process of diffusion or convection. The diffusive radon entry originates from 
building materials or from the soil beneath the building substructure. The 
convective radon entry is generated by the pressure-driven flow of radon-bearing 
soil-gas from soil beneath and around the substructure. 

The classification of radon as a carcinogen is based on data from epidemiological 
studies of occupational exposures in mines. The correlation between radon and 
lung cancer was established around 1970. Building materials and household water 
were first suspected as the major source of indoor radon. In 1980, however, 
scientist in the USA and in Europe, and in Finland too, observed that radon-
bearing soil-air was the major source of residential radon. Since then, the Finnish 
Centre for Radiation and Nuclear Safety (STUK) has undertaken intensive 
studies in order to find the areas and dwellings with high indoor radon 
concentrations and has studied the occurrence, sources and entry of indoor radon 
as well as the remedial measures needed in Finnish housing. The present study is 
a part of this research programme. 

The early measurements showed that variation in indoor radon concentrations was 
great. Concentrations from an outdoor level of 5 Bq m"3 to 30,000 Bq m"3, were 
observed, the national average indooi ddon concentration being estimated at 
around 100 Bq m"3. A prominent observation was that generally radon 
concentration was higher in wintertime than in summertime. Exceptionally high 
variation was observed on eskers. Also, the diurnal variation in radon 
concentration was high. Both international and Finnish studies showed that radon 
entry from soil, the building materials used as well as air exchange in buildings 
were the dominating factors affecting the variations observed. 

Because %>, same physical phenomena affect both the entry of radon into houses 
and its removal, modelling was needed in order 10 achieve a proper perception of 
the factors affecting this and to be able to do analytical calculations. The aim of 
this study is first to evaluate the contribution of radon sources and air exchange to 
indoor radon concentrations in Finnish housing and second to evaluate the 
seasonal variation as well as correction factors needed for estimates on annual 
average radon concentration. Attention will be paid also to analysis of radon 
concentrations in existing housing, effect of substructures and ventilation systems, 
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this is needed for planning of remedial measures and radon-safe building. 

Radon is the most significant natural source of human exposure to radioactivity. 
The natural radioactivity in the ground and in building materials is also the source 
of exposure to natural gamma radiation. Due to the dominant occurrence of 
indoor occupancy, the dose from indoor gamma radiation is the most important. 
Simultaneously with the awareness of doses from radon, interest in the effects of 
low doses from environmental gamma radiation has also arisen. Radioactive 
relea:>cö ^ r . i nuclear power plants and especially the Chernobyl nuclear accident 
in 1986 have increased the interest. Based on the surveys made at STUK, the 
doses due to radon and gamma radiation of natural origin and doses arising from 
the Chernobyl accident are compared in this study. 
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2 REVIEW OF THE LITERATURE 

2.1 Historical review 

2.1.1 Early studies 

"The radon saga is a scientific thriller with tragic features and political 
confounders. The historical roots of this saga reach back to the 15th 
century. It is a field full of dilemmas, controversies and frustrations, 
some of which still persist" (Jacobi 1993) 

The above extract is taken from a short history of the radon p.oblem in mines 
and homes, which also provides a good bibliography. The first literary mention 
of the saga are from sixteenth-century Germany, where the mining population 
was suffering from a widespread fatal lung disease. An unusually high mortality 
rate from lung disease, occurring in young workers, was observed among the 
miners in the Schneeberg region of Germany in the early 16th century. In the 
nineteenth century lung cancer was identified as the primary cause of death for 
about 75 % of all miners in the Schneeberg region. The present concern about 
health risks associated with radon begins from these experiences. 

The presence of radioactive elements in the atmosphere was demonstrated in 1901, 
one year after the discovery of radon. Some years later radon and thoron and their 
decay products were identified. Radon contents in the air were reported at the 
beginning of this century by many scientists. 

Compared to the situation in mines, the possible influence of radon on the risk 
of lung cancer facing the general public was discovered much more recently. 
Radon became well known because of the interest in radioactive water and its 
assumed health-promoting effects. The first "Radium inhalatory" was opened in 
1912 in Bad Kreuznach in Germany. The first literary document on assumptions 
regarding the health problems caused by radon came from Bohemian mines in 
1924. In 1950 the significance of exposure to 2"Rn decay products rather than 
radon gas itself was established as a causative agent for the observed excess lung 
cancer in Europe and in the Un'.ed States. The correlation between radon and lung 
cancer was, however, not estaDlished until around 1970. 
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At the beginning of the 1950s, Rolf Sievert,. the director of the Department of the 
Radiation Physics in Stockholm, began studies of the natural radiation 
environment. Swedjemark has coliected a brief history on these early studies in 
Sweden (Swedjemark 1985). The studies by Sievert and Bengt Hultqvist, his 
assistant, play an important role in the history of radon. Hultqvist carried out an 
extensive study of radon and thoron as well as of gamma radiation in Swedish 
housing. High radon concentrations were found, especially in houses built of 
alum-shale-based aerated concrete but also in other houses. Good ventilation was 
considered a sufficient remedy and no restrictions were imposed. Little attention 
was paid internationally to this finding because it was believed that it was a local 
Swedish problem. Hultqvist also pointed out the importance of indoor exposure to 
radon for the general public. However, epidemiological studies on non-mining 
populations were not begun until the late 1970s. 

The findings of the radium-rich alum-shale concrete in Sweden and the studies by 
Sievert and Hultqvist characterized the early understanding of radon sources. 
Building materials were also first suspected as the major source of indoor radon 
in the United States (Nero 1988), based on the experience in Europe, especially in 
Sweden. However, the initial U.S. results strongly suggested that soil must be the 
major source (George and Breslin 1980, Nero et al. 1983). 

In 1983 Nero and Nazaroff reviewed tht sources of radon indoors (Nero and 
Nazaroff 1985). At that time the existence of building materials as a source was 
quite well understood. The key-point of the studies reviewed was the observation 
that neither variation in ventilation rates nor in diffusion source strength can be 
the origin of the high variation and high levels observed in indoor radon 
concentrations. The review also presents the hypothesis that radon entry comprises 
two components, diffusion from materials and pressure-driven flow from soil. The 
hypothesis was soon confirmed through many studies. At the beginning of the 
'80s, intensive experimental and model studies were commenced, in order to 
explore residential radon concentrations and the transport of radon into buildings. 

"In summary, perception of radon problem in houses has three 
components: (1) A large variation in the range of indoor levels; (2) the 
relatively high equivalent dose to the sensitive bronchial epithelium; and 
(.T) the convincing epidemiological evidence of an excess risk of lung 
cancer in radon exposed miners. A major uncertainty remaining is the 
evaluation of the carcinogenic effect from indoor exposure to radon and 
its progeny, including the synergistic influence of smoking. A reliable 
quantitative answer to this vital question is still awaited." (Jacobi 1993) 
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2.1.2 Radon studies in Finland 

Castren (1987b) has reported the early experiences in dealing with radon in 
Finnish dwellings: 

"Radon in dwellings first emerged as a radiation protection problem in 
Finland in connection with household water. At the beginning of the 
seventies several drilled wells were found in the Helsinki area, in which 
the radon concentration was 5-10 kBqllitre. Radon in water was first 
studied as an ingestion problem (Suomela and Kahlos 1972). The 
inhalation pathway vas checked several years later and proved to be of 
overriding importance as a contributor to the effective dose equivalent 
(Castren et ai. 1977). During the last years of the seventies, it was 
assumed that radon-rich household water was the major reason for high 
indoor radon concentrations in Finland (Castren I978). In the last 
months of 1980 the views of the researches totally changed. In certain 
areas high long term average concentrations were measured in the 
living-rooms quite irrespectively of whether radon rich household water 
was used or not. 

The new observations meant that a direct influx from ground was the 
major source of radon in Finnish dwellings." 

The beginning of the 1980s was the period when the studies of the newly 
observed areas of high indoor radon concentration (Castren et ai. 1984, 1985, 
1987ab), building materials (Mustonen 1984, 1992) and natural radionuclides in 
groundwater (Asikainen 1982) took place. The first nationwide survey was carried 
out in 1982 (Mäkeläinen et ai. 1982). Studies on high radon concentrations on 
eskers (Taipale and Winqvist 1984) and analysis of seasonal variations in indoor 
radon concentration were initiated (Winqvist 1984). 

The last half of the 1980s was a time of active measurements; in 1985-1987 
STUK measured more than 25,000 dwellings. A directive was sent to local 
authorities (National Board of Health, 1986) and an active period of radon 
measurements in municipalities started. A methodology in making measurement 
plans and radon prognosis in co-operation with local authorities was developed 
(Voutilainen et ai. 1988, Castren et ai. 1992). Strategies for seeking high indoor 
radon concentrations and for reducing exposure were studied (Castren et ai. 
1987bc, Castren 1988). The first guide for home-owners with regard to radon in 
dwellings was published in 1986 (STUK 1986). The first reports on remedial 
actions against radon in dwellings were published (Ministry of the Environment 
1987, Lehtoviita and Viljanen 1986, Lehtoviita 1988, Viljanen et. ai 1987, 
Keskinen et ai. 1989). Studies on variations in radon concentration (Arvela and 
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Winqvist 1986, 1987, 1989, Arvela et ai. 1988) were commenced. 

In the first years of the 1990s a nationwide survey of indoor radon was carried out 
(Arvela et ai. 1993, Castren 1994). Information gained from measurement plans 
and prognoses gave decision-makers a more balanced view of the radon situation 
in municipalities as well as in the whole country (Castren et ai. 1992, Mäkeläinen 
et ai. 1992, Voutilainen and Mäkeläinen 1994). The methods and equipment used 
in the indoor radon survey were further developed so that today Finland has one 
of the most advanced technical systems for risk mapping and radon survey (Cole 
1993). The analysis of variations in indoor radon concentration has been continued 
(Rosenberg 1991, Hutri and Mäkeläinen 1993, Arvela et ai. 1994, Arvela 1995). 
A nationwide survey on natural radioactivity in drinking water has also been 
continued (Salonen 1994). The first epidemiological case-control study on the risk 
of lung cancer lung cancer caused by radon was carried out in East Uusimaa in 
1986-87 (Ruosteenoja 1991). 

Mitigation must meet the requirements of the housing stock as well as the 
foundation structures and ventilation strategies in each ccjntry. STUK has made 
a follow-up study of the measures (Arvela and Hoving 1993, Hoving and Arvela 
1993), and a short guide was published in 1992 (STTJK 1992). Based on current 
Finnish experiences, the costs of remedial actions were analyzed (Arvela and 
Castren 1994). Dependence of radon levels on ventilation systems and the use of 
a pressure difference controlled ventilation system have been studied at Tampere 
University of Technology (Keskinen et ai. 1989) and at Kuopio University (Kökötti 
and Kalliokoski 1992, Kökötti et ai. 1994ab, Kökötti 1995). Studies on radon-safe 
building have been carried out at the Helsinki University of Technology, and a 
guide was published in 1991 (Kettunen et ai. 1991) and in its final form in 1994 
(Ministry of the Environment 1994). 
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2.1 J The legal position concerning indoor radon in Finland 

Based on the studies of STUK and on the recommendation of a working group, in 
1986 the National Board of Health sent the local public health authorities a 
directive dealing with radon in dwellings (National Board of Health 1986). 
According to this, the annual average radon concentration in existing dwellings 
must not exceed 800 Bq m"3. Similarly 200 Bq m'3 was set as the target for new 
construction. In 1990 STUK recommended that house-owners consider simple 
remedial measures when the concentration is in the range of 200 - 800 Bq m3 

(STUK 1990). 

The new Finnish Radiation Act came into force on January 1st, 1992. According 
to the Act, STUK is the competent authority. The Act also requires natural 
radiation to be monitored. Safety guides concerning radon in mining, underground 
excavation and other workplaces as well as radioactivity in building materials have 
already been issued. The Act does not set limits to indoor radon concentration in 
residences but authorizes the Ministry of Social Affairs and Health to set the 
limits. 

In 1992 the Ministry of Social Affairs and Health issued a new resolution on 
limits for radon concentrations in residences. According to the resolution, in 
already existing houses the indoor radon concentration should not exceed 400 Bq 
m3. Future buildings should be planned and constructed in such R way that the 
radon concentration does not exceed 200 Bq m'3. In this connection radon 
concentration means the annual average radon concentration. The resolution also 
states that the concentration must be measured using a method approved by the 
STUK, the measuring period being at least two months. 

2.2 Sources of indoor radon 

2.2.1 Radon concentration in soil air 

Entry of radon-bearing soil air into dwellings is the most important source of 
elevated radon concentrations in indoor air. Radon is generated in the soil by its 
long-lived mother nuclides, which permanently maintain this high concentration. 

The solid fraction of soil consists of mineral grains. The void fraction is called the 
soil porosity. The void fraction consists of soil air and water. Not all radon 
generated in the solid fraction of soil enters the pore volume of soil. The fraction 
entering the pore volume is called the emanation coefficient. The recoil process 
when radon atoms are generated , the diffusion of radon and pore dimensions, 
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grain structure and soil moisture content affect the emanation coefficient. A good 
overview of these processes has been presented by Nazaroff (Nazaroff et al. 
1988a) and by Markkanen (1988). 

The average uranium concentration of Finnish moraines is 3 ppm (41 Bq kg"1) 
(Koljonen 1992). The highest concentration is to be found in the Rapakivi granite 
area of South-eastern Finland where indoor radon concentrations are also high 
(Castren et al. 1984,1935,1987ab). The average radium concentration of Finnish 
concrete ballast materials (both sands and crushed materials) was 33 Bq kg'1 

(Mustonen 1984) and of 150 sand samples from Southern Finland 60 Bq kg'1 

(Markkanen 2nd Arvela 1992). The average deep-soil gas radon concentration hi 
Finland has been estimated in Publication VI. The estimate of 50,000 Bq m'3 is 
based on the average uranium concentration of 41 Bq kg'1 , on an emanation 
factor of 0.25 and on soil porosity of 0.3. Diffusion decreases the concentration 
near the soil surface; the concentration in sand at a depth of 1 m is typically 50 % 
of the deep soil concentration (Markkanen 1988). 

The emanation coefficient of Finnish soils has been studied at STUK (Markkanen 
and Arvela 1992). Typical coefficients for room dry samples varied from 0.15 to 
0.25. The coefficient increases with increasing water content until it saturates in 
a water content of 5 %, where the coefficient is higher by a factor of 1.5 - 2, 
compared with dry samples. 

The results measured on eskers show that there may be an appreciable seasonal 
variation in soil-gas radon concentration, similar to that in houses (Taipale and 
Winqvist, 1985). Publication V analyses reasons for seasonal variations of soil 
gas radon concentration on eskers. 

2.2.2 Radon entry from building materials 

Natural radioactivity and radon exhalation from Finnish building materials have 
been studied by Mustonen (1984,1992). The results are based on exhalation 
measurements and on radium concentration measurements of concrete ballast 
materials. The samples were untreated. The average radon exhalation for 20 cm 
thick concrete samples was 15 Bq m'2 h'1, corresponding to the average 226Ra 
concentration of 33 Bq kg"1. The Laboratory of Structural Engineering and 
Building Physics of Helsinki University of Technology has studied the diffusion 
through a typical slab of a Finnish single family house (Kronqvist 1989). The 
results concerning both exhalation from wall elements of flats (Mustonen 1984) 
and diffusion through floor slabs (Kronqvist 1989), have been utilized in 
Publication VI. 
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2.2 J Radon transport from soil and building materials 

Two mechanisms are effective in the transporting of radon from soil or building 
material into the air: diffusion and convective flow (a good review e.g. by 
Nazaroff et al. 1988). Diffusion results in a flux density, which is proportional to 
the concentration gradient and the effective diffusion coefficient in the medium. 

The convective flow of soil gas drawn into homes follows Darcy's law. The law 
states that the local bulk-average velocity of soil gas is proportional to the local 
gradient of pressure and to the permeability of the soil. The driving force for this 
convective entry is the small indoor-outdoor pressure difference arising from the 
stack effect and other causes. The stack effect, caused by the warm and lighter air 
inside tbe house, imposes a small pressure difference between the interior and 
exterior of the house envelope, the calculation of the pressure difference being 
presented in Publication VI. At a temperature difference of 20 °C, the stack 
pressure is approximately 1 Pa for a house without a basement and with a single 
floor. For a house with a basement the corresponding pressure difference is 2 - 3 
Pa. 

Permeability is one of the most important characteristics of soil which affect the 
indoor radon concentrations. Permeability indicates how readily the soil air may 
flow through the soil. Permeability relates the soil air flow tnrough soil pores to 
the pressure gradient. Soils are classified according to the size distribution of the 
solid grains. Large-size grains promote air llow, whereas small grains as in clay 
and silt effectively prevent air flow in the medium. The effect of permeability is 
further discussed in the next Chapter. 

The range of permeability values is very broad, more than 8 orders of magnitude; 
10"16 m2 for clay at minimum and greatest 10'8 m2 for coarse gravel. The 
permeability of aggregate gravel used in Finland below the floor slab is typically 
5 10'° m2 (Viljanen et al. 1987). 

The early measurements and later radon risk mapping studies in Finland have 
shown that especially eskers and other gravel-dominated regions are areas with the 
highest radon concentrations. (Castren et al. 1985, Castren 1987ab, Voutilainen 
and Mäkeläinen 1994). 
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23 Modelling radon entry and concentrations 

23.1 Modelling radon entry 

Indoor-outdoor pressure difference is also the driving force for air leakages in the 
envelopes of residential buildings, this leakage being the primary mechanism for 
providing ventilation to those buildings. Because both the entry and removal 
processes are dominated by air flow driven by pressure difference and because 
the physical behaviour of radon entry through diffusion is quite different, it is 
important to model both the entry and removal simultaneously. 

Gadgil (1992) has presented a review on models of radon entry. He classifies the 
studies into three major approaches. These are 1) analytical solutions 2) lumped 
parameter models 3) numerical methods. 

The study by Mowris and Fisk is an analytical approach where the soil gas flow 
through a crack is approximated by soil gas entry into a depressurized horizontal 
cylindrical cavity in the soil (Mowris and Fisk 1988). They also calculated the soil 
gas flow through the basement wall-floor gap. Figure 1 shows the results. The gap 
width normally exceeds one millimeter, therefore it is not the gap width but the 
soil permeability that is the most important factor affecting the radon leakage rate. 

In a lumped parameters model, a simple model of the system seeks to represent 
the complex system as a discrete system with lumped parameters. The values of 
the parameters can be evaluated by different means, e.g. with experiments in test 
houses or by comparisons with representative results in the housing stock. 
Publications 1, II and VI utilize this approach. 

Numerical methods are normally based on finite difference or finite element 
solutions to the governing equations. The differential equation of conservation of 
mass for soil gas can be combined with the Darcy law equation to obtain the 
governing equation for pressure in the soil block adjacent to the building 
substructure. The pressure difference between the interior and exterior of the house 
envelope is less than 20 Pa, even when exhaust ventilation is used. This is much 
smaller than the atmospheric pressure of approx. 100 kPa. Therefore the soil gas 
can be considered incompressible, the flow rates are low, the flow is laminar and 
Darcy's equation can be used. The solution of this equation, with appropriate 
boundary conditions, yields the pressure field in the soil block; the gradient of the 
pressure directly allows determination of soil gas velocities and thereby soil gas 
entry rates into the house. 
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Figure 1. &>// gas flow through a basement wall-floor gap into a house, as a 
function of gap width and soil permeability (k) (Mowris and Fisk 1988). 

io-° 10-" 10"" 
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Figure 2. Convective radon entry rates into a typical basement through a 0.003 
m slab-footer gap as a function of soil permeability. The normalized entry rate 
(left-hand axis) is independent of soil characteristics; the entry rate (right-hand 
axis) is based on deep soil radon concentration of 37,000 Bq m3. The calculation 
has been made for variable gravel permeabilities of the 0.15 m thick layer of 
grave? beneath the basement slab. The basement is at -5 Pa pressure with respect 
to the atmosphere. (Revzan and Fisk 1992) 
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In Finland numerical calculations have been utilized in the planning of the sub-
slab piping system for radon-safe foundation constructions of new buildings 
(Kettunen et ai. 1990). More recently the method has been used for designing sub-
slab mitigation systems for existing buildings. 

The fourth approach, not addressed in GadgU's (1992) review , is the statistical 
analysis of geological data (radium content, soil type, permeability), house 
construction and other data affecting indoor radon concentrations. The analysis 
provides an index to describe the propensity of housing stock to have high radon 
concentrations. The studies carried out at STUK (Castren et ai. 1992, Mäkeläinen 
et ai. 1992, Voutilainen and Mäkeläinen 1994) use this approach with special 
attention being paid to indoor radon concentration results, house characteristics 
and building ground. 

Figure 2 shows the effect on radon entry into a basement of both subsoil 
permeability and a gravel layer with a thickness of 0.15 m below the slab. A 
numerical method has been applied (Revzan and Fisk 1992, see also Chapter 
2.4.1). 

Table I shows results from various analytical and numerical studies for air flow 
rate from soil into the house. The range of the estimates for a house with a 
basement and a basement wall- floor gap length of 40 m (a slab of 100 m2), on a 
soil with a permeability of 10'10 m2, is 0.8 - 2 m3 h'1. In a house with slab-on-
grade, with one floor and a pressure difference of 1 Pa, the corresponding estimate 
would be 0.2 - 0.5 m3 h V The calculations by Lehtoviita (1986), Bonnefous et al. 
(1992) and Revzan and Fisk (1992) show that the permeability of the aggregate 
layer is very important. The gravel layer acts like a uniform pressure manifold 
increasing the zone of the effective radon transport. Typically, when the ratio of 
gravel to soil permeability is over 100 and the soil permeability is less than 10'9 

m2, the aggregate layer increases the radon entry rate by a factor of 3 - 5 
(Bonnefous et al. 1993). 

The radon entry rate increases for small entry rates in proportion to Ap. For large 
flow rates, the entry rate increases only in proportion to ApM, due to depletion of 
radon concentration in soil air (Nazaroff 1988b). Large soil gas flow rate and the 
resulting short residence time of air parcels in the soil cause the depletion. In 
practice, the flow of fresh air into the soil decreases the soil air radon 
concentration. 

24 



STUK-A124 
FINNISH CENTRE FOR RADIATION 

AND NUCLEAR SAFETY 

Table h Soil air entry rate into dwellings, model estimates. 

House type 
Length of the crack , L 
Width of the crack , t 
Pressure difference, Ap 
Reference 

Basement, L=30 m , t=3 mm, Ap = 5 Pa, 
(Revzan ja Fisk 1992) 

Basement, L=75 m, t=5 mm, Ap= 3.6 Pa, 
(Mowris and Fisk 1988) 

Basement, L=28 m, t=2 mm, Ap= 10 Pa, 
(Bonnefous et al. 1993) 

Basement, L=40m ,t=2 mm, Ap= 5 Pa, 
(Lehtoviita 1986) 

Basement, L=40 m, t= 2 mm, Ap=5 Pa, 
unsealed LWCB-wall,** 
(Lehtoviita 1986) 

Slab on grade, L=40m, 2 mm, Ap= 5 Pa, 
(Lehtoviita 1986) 

Permeability 

m2 

io1 0 

1 ( r i o 

10' 
10 n 

soil 10"+ 
aggr. 
l0.io 

1012 

aggr. 

3 107* 

+ 
lO-io-

soil 1012 + 
aggr. lO-io-

Soil air 
flow rate 
m3!!-1 

0.6 

2.0 

3.2 
0.04 
0.20 

1.6 

4.9 

0.47 

* aggregate layer below slab 
** LWCB=light-weight concrete block 
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23.2 Modelling the effect of ventilation 

There are three basic means by which buildings are ventilated: natural ventilation, 
mechanical exhaust ventilation and mechanical supply and exhaust ventilation. As 
an alternative to natural ventilation, passive stack ventilation is generally used in 
Finland and the other Nordic Countries. The ventilation systems have been 
discussed in Chapter 2.4.2, the systems used in Finland being illustrated in 
Appendix B. 

As each of the ventilation systems affect indoor pressure, they simultaneously 
affect radon entry rates. The mechanical exhaust system produces an underpressure 
inside the house which may lead to increased radon entry. However, the 
mechanical supply and exhaust system also produces underpressure when the 
outgoing flow rate is higher than the incoming flow rates. In order to avoid 
condensation in house structures, this imbalance in flow rates is recommended for 
Finnish houses. The amount of depressurization can be calculated using Equation 
1 (Sherman et al. 1984). 

APumv = p/2 (Qumv/ELA)2, (1) 

where APomv is the pressure difference caused by unbalanced mechanical 
ventilation (Pa), Qumv is the unbalanced ventilation rate (m3 s'1) and ELA is the 
effective leakage area of the house (m2) and p is the density (kg m'3) of indoor 
air. For an effective leakage area of 0.025 m2, which is a reasonable vatuv foi an 
exhaust-ventilated residence, the underpressure, APumv, due to typical exhaust flow 
rates of 100 and 150 m3 h"1 would be 0.7 Pa and 1.7 Pa , respectively. The 
exhaust-induced underpressure is proportional to the square of the ratio of the 
ventilation rate divided by the effective leakage r.rea; airtight houses with 
unbalanced ventilation may experience a large additional underpressure. 

Sherman (1992) has studied the effect on radon concentration of the forces that 
drive ventilation and radon entry through the building envelope. Table II shows 
the results of the study as a form of relative scale of radon concentration from 
different driving forces. It is clearly seen that the stack effect is a force increasing 
the concentrations. Wind tends to decrease the concentrations. The use of 
mechanical exhaust ventilation, in normal conditions, neither increases nor 
decreases the radon concentration. In houses with low leakage area of the house 
envelope and high leakage area of house substructures, for radon-bearing soil-air, 
exhaust ventilation may increase the radon concentration. 

26 



FINNISH CENTRE FOR RADIATION 
STUK-A124 AND NUCLEAR SAFETY 

Table II. The relative scale of indoor radon concentration from different 
driving forces normalized by the soil concentration and total leakages, for 
conditions representative of normal housing in a moderate climate (Sherman 
1992). 

Driving force 

Stack, basement 

Stack, slab-on-grade 

Exhaust 

Wind 

Representative 

5 

2 

1 

0.5 

Range 

1 -14 

1 -5 

0.7 - 1.4 

0 - 2 

Mowris and Fisk (1988) studied the effect of exhaust ventilation on radon entry 
rates and indoor radon concentrations. This study is very applicable in 
Scandinavia, because installing mechanical ventilation into moderate airtight 
residences is very common here. Table III presents the air exchange rate and 
indoor radon concentration that would exist for an example house with and 
without exhaust ventilation. Exhaust ventilation was indicated to be suitable for 
houses with a basement surrounded by relatively impermeable soil (10'12 m2 or 
less). If soil permeabilities are between 10"12 and 10'10 m2, exhaust ventilation may 
cause substantial increases in indoor radon. These findings are noteworthy in 
Finland especially when building in sand and gravel areas with permeable soils. 

The addition of exhaust ventilation does not decrease notably the radon 
concentration. Supply/exhaust ventilation reduces the concentration more 
effectively than a bare exhaust system. In Finland supply/exhaust ventilation 
systems are not fully balanced, in order to avoid overpressure and problems with 
humidity. Therefore, the underpressure also created by that system counteracts the 
indoor radon concentration reduction achieved by increased air exchange rate. 
Effects of pressure difference as well as radon mitigation with pressure-controlled 
mechanical supply and exhaust ventilation system have been studied at Kuopio 
University (Kökötti et al. 1994ab, Kokotti 1995). Radon concentrations in Finnish 
houses with different ventilation strategies have been studied in Chapter 5.2. 
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Table III. Predicted ventilation rates, pressure differences, soil gas entry rates 
and indoor radon concentrations for a house with a basement and a 0.005 m wide 
wall-floor gap, with and without mechanical exhaust ventilation. The indoor-
outdoor temperature difference is 20 °C, wind speed 3 m s'1 and soil gas radon 
concentration 26,000 Bq m3 (Mowris andFisk 1988). 

Soil perme
ability 
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io-9 
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fl 

io-'° 

(1 
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nv 

0.098 

0.074 

0.060 

0.098 

0.074 

0.060 

0.098 

0.074 

0.060 

0.024 

0.098 

0.074 

0.060 

0.024 

Exhaust 
flow 

m3 
rate 
h"1 

0 

V 

t! 

0 

tl 

fi 

300 

ff 

tf 

ft 

300 

ff 

ft 

M 

Vent. 
rate 
h1 

0.40 

0.30 

0.24 

0.40 

0.30 

0.24 

0.55 

0.48 

0.45 

0.39 

0.55 

0.48 

0.45 

0.39 

Pressure 
differ. 

Pa 

-3.6 

fr 

rt 

-3.6 

ff 

ff 

-4.0 

-4.4 

-4.8 

-10.9 

-4.0 

-4.4 

-4.8 

-10.9 

Soil 
entry 

m3 

gas 
rate 
h1 

19.5 

IT 

tt 

2.0 

ft 

rr 

2.2 

2.4 

2.6 

5.9 

0.22 

0.24 

0.26 

0.59 

Indoor 
radon 
cone. 

Bq m3 

1610 

2150 

2630 

170 

224 

273 

1310 

1620 

1880 

4920 

140 

171 

198 

503 

* ELA, effective leakage area, see Chapter 4.3. 
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2.4 Building characteristics 

2.4.1 Substructure 

Soil gas entry into living spaces is the decisive factor when considering the effect 
of different substructures on indoor radon concentration. The entry is affected by 
both the leakage resistance of the substructures and the soil underneath. 

Appendix A presents common substructure constructions of Finnish low-rise 
housing. Low-rise residential houses are most commonly built with the lowest 
floor made of poured concrete and in direct contact with the underlying soil. If the 
floor is built to the same level as the soil surface, the substructure is designated 
"slab-on-grade". If the floor lies below the soil grade, the structure is called a 
basement substructure. In a crawl-space substructure the floor is not in direct 
contact with the subsoil but suspended above the soil. Basement, slab-on-grade 
and crawl-space substructures are the most common substructures in Finland as 
well as in other European countnes and in the USA. All these types of 
substructure have been the subjects of research into radon entry, Nazaroff (1988a) 
having presented a review on the early research in the USA. 

In a slab-on-grade substructure the concrete slab is normally underlaid by a layer 
of gravel or crushed stone. A plastic membrane below the slab may prevent 
moisture from penetrating into the slab. The membrane normally does not prevent 
the soil air flow through the gap between the slab and foundation wall. This gap 
is commonly the most important entry route for radon-bearing soil-air. If the soil 
is sufficiently permeable a large radon entry may result. Mowris and Fisk (1988) 
have calculated the importance of gap width and soil permeability (Chapter 2.3.1, 
Fig. 1). The permeable gravel layer below the slab still promotes the air flow from 
the original subsoil (Lehtoviita 1986, Sextro 1991, Revzan and Fisk 1992, 
Bonnefous et al. 1993), see Chapter 2.3.1, Table I and Figure 2. 
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Radon entry will be further amplified if the foundation wall is made of hollow or 
permeable blocks. Sextro et al. (1991) has studied the radon leakages into Florida-
style slab-on-grade houses with hollow-core concrete block stem walls. He 
concludes that if all entry points in the stem wall are eliminated (as might be 
accomplished by use of a solid, one-piece wall and floor slab) the total radon 
entry rate is reduced by 66 % (assuming fhat the floor-slab gap is present). The 
Florida-style concrete blocks are comparable with the light-weight concrete blocks 
(LWCB) nowadays commonly used in Finland. The permeability of LWC-blocks 
is comparable to that of coarse sand. Lehtoviita (1986) has estimated the air flows 
through these blocks. The results of a nationwide study in Finland (Arvela et al. 
1993, Arvela and Castren 1994) also show the upward effect of the LWC-blocks 
on radon entrv. 

Radon entry to basement houses is similar to that in slab-on-grade houses, 
however, soil air leakages through basement wall with soil backing may increase 
the radon entry. Pressure differentials, driving radon entry, are higher in basement 
houses than in slab-on-grade houses. On the other hand, ventilation in cellars may 
reduce the radon entry into living spaces. Modelling results on radon entry into 
basements have been set out in Table I. Revzan and Fisk (1992) have studied, 
using a numerical model, the influence of structural factors on radon entry into 
houses with basements. The most important of these is the presence or absence 
of a gravel layer below the slab; the presence of gravel can increase the radon 
entry rate through the floor slab- foundation wall gap by as much as a factor of 5 
over that for homogenous soil (see Figure 2, Chapter 2.3.1). The sizes and 
numbers of openings in the slab are relatively unimportant so long as the total 
opening area is very small compared to the slab area. If the cracks in the 
basement walls are major entry paths, as in concrete-block construction, the 
permeability of the soil restored to the region adjacent to the walls after 
completion of construction (backfill) is the determining factor in convective radon 
entry through these openings. 

Crawl-space, a very common type of substructure in Finland too before the 
1950s, is the most advantageous construction in regard to preventing radon. 
Crawl-space can effectively isolate the house from the soil when the radon 
concentration of the crawl-space is remarkably lower than the soil air radon 
concentration. Radon concentrations in crawl-space houses result from a set of 
complex interactions within the soii-crawlspace-living space system and a 
multizone airflow analysis is necessary to reveal the dynamics of this system 
(Hubbard et al. 1992, Sextro et al. 1993). Homes with elevated soil gas 
concentrations near the surface, coupled with poorly ventilated crawlspaces, could 
have elevated average living space radon concentrations. 
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2.4.2 Ventilation 

The common ventilation systems in Finnish low-rise residential houses described 
below, are illustrated in Appendix B. 

- Passive stack ventilation. The ventilation rate has two components: 
uncontrolled leakage of air through cracks and holes in the building shell and 
flow of air through ducts and ventilation stacks. In 1990 approx. 80 % of 
dwellings were equipped with natural stack ventilation (Arvela et ai. 1993). 
Many of these residences also have a local exhaust fan above the cooker, used 
only intermittently. 

- Mechanical exhaust ventilation. The indoor air flows out through the ducts in 
the kitchen and washing rooms. Fresh air flows in from the living room and 
bedrooms through both ho'.es in the building shell and through additional fresh 
air ducts. Fresh air ducts are recommended today. 

- Mechanical supply and exhaust ventilation. The rooms are equipped with ducts 
for both inflow and outflow. The air normally passes a heat-recovery device to 
reduce energy costs. 

In Scandinavian countries passive stack ventilation is the most common type in 
single family houses. In other European countries a^d in the USA natural 
ventilation without stack is widely used. In these houses all air exchange occurs 
through cracks and holes in the building shell. Ventilation through open doors and 
windows increases the ventilation rate in practice, as well as local exhaust fans for 
spot ventilation of wet rooms. 

The prevalence of both mechanical exhaust and supply/exhaust ventilation was 
about 10 %, in the Finnish housing stock, according to the results of the 
nationwide radon study (Arvela et ai. 1993). In the 1980s, however, 70 % of new 
low-rise residential houses were equipped with mechanical systems. 

The key aspect of ventilation with respect to radon entry from the soil is its 
relationship to the pressure difference that drives radon-bearing air to flow from 
the soil through the substructure openings into living spaces. This pressure 
difference and the model results concerning the effect of ventilation have been 
discussed in Chapter 2.3.2. 
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2.5 Seasonal variation 

Studies of seasonal and diurnal variation in indoor radon concentration have been 
carried out first, in order to reach i general comprehension of the radon problem; 
entry mechanisms and reasons for elevated radon concentrations; and second in 
order to evaluate the validity of short-term measurements and to estimate the 
annual average radon concentration. 

Seasonal variations are affected by many factors which vary from country to 
country. House characteristics, building soil and geology, ventilation practices and 
climatic conditions are the most important factors. Generally in conditions of a 
temperate or cold climate, winter concentrations are higher than summer 
concentrations. Patterns of air movement on eskers, Publications I,V, and on 
karstic limestone (Wilson et al. 1992) may result in anomalous seasonal variations. 

An annual average radon concentration is the main quantity used in estimates of 
the radiological effects of radon in homes. It reflects an average of the radon 
concentrations in all living spaces in a home. However, measurements taken over 
the course of an entire year have seldom been possible in practice. Short-term 
measurements are simpler to take and provide faster results.The expectations of 
the home-owners as well as the measurement methods used and recommendations 
by the authorities have led to national practices of using a measurement period 
of 2 days - 3 months in most countries. 

Correction factors for annual average radon concentration are needed to adjust 
measurements taken over periods other than twelve months. However, such 
correction factors have only seldom been studied. Majborn has reported highly 
significant variation in slab-on-grade houses (Majborn 1992). The mean annual 
average/winter concentration ratio in all 67 houses with varying types of 
foundation was 0.77. The ratio was lowest in houses with slab-on-grade. Statistical 
studies made using radon measurements from the radon-affected area of south
west England were used to estimate seasonal correction factors (Miles et ah 1992, 
Pinel et al. 1995). The factors achieved result in a change, in the estimated annual 
average, of up to 35 % for measurements taken over a six-month period and 56 % 
for measurements taken over a three-month period. Publications I, II, III, V and 
VI analyse measurements of seasonal variation. In Publications IV and VI 
seasonal correction factors have been calculated using a model fitted to the 
experimental data. 
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2.6 Radiation dose 

The concept of radiation dose has been introduced in order to estimate the harmful 
effects of radiation. The dominating factor affecting radiation dose, is energy 
absorbed per unit mass of target cells. The dose may be of external origin, such 
as gamma radiation from building materials or from the ground. An internal dose 
is caused by radioactivity that is inhaled or ingested. The evaluation of radiation 
doses received by target cells is very complex and still subject to discussion and 
intensive research. Today, in order to express the harmful effects of radiation, the 
concept of "effective dose" is generally used, (ICRP 1991), the unit being a 
sievert (Sv). In the case of a dose received by an entire population, the dosimetric 
concept of this integral dose received by a group of people is called "collective 
effective dose", the unit being a manSv. The most recent publications of the 
International Commission on Radiological Protection concerning the risk from 
indoor exposures to radon daughters and doses received are ICRP Publications 50 
and 65 (ICRP 1987, 1993) 

The United Nations Scientific Committee on the Effects of Atomic Radiation 
(UNSCEAR) collects worldwide data on human exposure to ionizing radiation 
including man-made and natural sources of radiation. According to the most recent 
UNSCEAR 1993 report, the collective effective dose from ionizing radiation 
during the period of 50 years since 1945 amounts to 840 million manSv. The 
following figures have been adopted from an UNSCEAR 1993 review by Kaul et 
al. (1994). Approx. 75 % of this dose is due to exposure to natural sources of 
ionizing radiation, with fractions of 55 % from inhalation of radon and its short
lived decay products, 28 % from terrestrial and internal gamma radiation, 16 % 
from cosmic radiation and 1 % from other sources (air travel, industry, 
cosmogenic radionuclides). 

The remaining 25 % of the total collective effective dose, 200 million manSv, is 
due to human exposure to man-made radiation. The fractions of this man-made 
contribution are: 84 % due to medical use of radiation , 15 % due to atmospheric 
nuclear tests and 1 % other sources. The Chernobyl accident contributes to the 50-
year collective effective dose only a fraction of 0.3 % of the total dose from man-
made sources. The contribution of the remaining sources of exposure (the nuclear 
industry, radionuclide production, occupational exposure) to the total exposure is 
negligible; however, their contributions to individual doses may be important. 
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2.6.1 Dose from indoor radon 

Exposure to radon, 222Rn, and its progeny comes mainly from the inhalation of 
the decay products of radon, which are deposited within the human respiratory 
tract and irradiate the bronchial epithelium. Of the short-lived radon decay 
products (218Po, 214Pb, 2I4Bi and 214Po), the polonium isotopes contribute most of 
the radiologically significant dose. The dose from inhaled radon gas is small, less 
than 5 % of the dose from the decay products. 

The most recent ICRP-65 report estimates a new conversion factor at 3.88 mSv 
per WLM (Working Level Month) (1.10 mSv per 1 mJ h m"3) from exposure to 
an effective dose (1CRP 1993). The relationship between the annual exposure and 
the radon concentration at home is 6.28 107 WLM per (Bq h m'3). An equilibrium 
factor of 0.4 has been used. Continuous domestic exposure (7000 hours per year) 
at an average concentration of 200 or 400 Bq m3 would imply an annual exposure 
of 0,88 or 1.76 WLM. Continuous exposure in a dwelling at an average 
concentration of 100 Bq m"3 would thus give an effective dose of 1.7 mSv. 

The worldwide annual average effective dose due to radon presented by 
UNSCEAR 1993, is 1.2 mSv. It is based on a population-weighted average 
radon concentration of 40 Bq m3 indoors and 10 Bq m'3 outdoors. The dose 
conversion factor used by UNSCEAR corresponds to an effective dose of 2.5 mSv 
at an average concentration of 100 Bq m"3 at home, being thus about 50 % higher 
than the factor used by the ICRP-65 report. Using the conversion factor of ICRP-
65, the worldwide population weighted annual average effective dose would be 
approx. 0.8 mSv. The annual effective dose from indoor radon in Finland has been 
estimated in Chapter 5.5. 

2.6.2 Dose from terrestrial gamma radiation 

The main sources of terrestrial gamma radiation are gamma rays from walls and 
floors and outdoors from soils and rocks. The radioactivity depends on the type of 
rock and soil: it is high in granites , low in some sedimentary rocks and 
intermediate in soils. The Radiation Atlas on Natural Sources of Ionizing 
Radiation (Green et al. 1993) presents a good overview on dose rates indoors and 
outdoors in Europe. 
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The coefficient of 0.7 Sv Gy ! has been generally used to convert the absorbed 
dose due to gamma radiation, both indoors and outdoors, in air to effective dose 
(UNSCEAR 1993). The occupancy factor is needed when summing the doses 
received indoors and outdoors. UNSCEAR 1993 uses an indoor occupancy factor 
of 0.8 as a worldwide average value, although there is indication that this value is 
low for industrialized countries. Approximations based on the Finnish study 
concerning the yearly time use in 1987-88 indicate also an indoor occupancy 
factor of 0.8-0.9 (Statistics Finland 1991). In this study a factor of 0.8 has been 
used when calculating the doses from gamma radiation , see Chapter 5.5. 

The annual effective dose due to terrestrial gamma radiation indoors and outdoors 
in Finland has been considered in Publications VIII and IX, comparison with the 
worldwide average being presented in Chapter 6.5. 
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3 OBJECTIVES OF THE STUDY 

The studies were carried out for the following purposes: 

1. To evaluate the contribution of diffusive and convective radon entry rate to 
indoor radon concentrations. 

2. To study the seasonal variation in indoor radon concentration and the factors 
affecting the variation. 

3. To evaluate the correction factor for annual average radon concentration for 
adjusting measurements taken over a period other than twelve months. 

4. To clarify the effect of foundation construction, air exchange rate and 
ventilation systems on indoor radon concentrations. 

5. To make a comparison between the doses from indoor radon and gamma 
radiation due to both natural origin and fallout from the Chernobyl nuclear 
accident. 
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4 MATERIAL AND METHODS 

This chapter gives a brief overview of the study material and the methods used. 
Detailed description are to be found in Publications I-IX. 

4.1 Study material 

4.1.1 Buildings studied 

Indoor radon measurements were made altogether in more than 4,000 dwellings. 
Table IV demonstrates the indoor radon studies performed and the number of 
dwellings measured. 

In the first studies of seasonal variation (Publications I and II) the houses were 
chosen mainly from areas of high indoor radon concentration. The measurements 
were made in two different seasons and the measured seasonal variation was 
compared with the model calculations. The houses represent all types of building 
ground; clay, till sand, gravel and rock. The houses were equipped with passive 
stack ventilation (see Chapter 2.4.2, Appendix B) and represent all common 
substructures (Appendix A): a slab-on-grade, basement and crawl-space. The age 
distribution is very similar to that in the housing stock of rural areas. The most 
representative measurements of seasonal variation (Publication VI) were made in 
connection with the nationwide radon survey described below. 

In the metropolitan area study a sample of 242 residences (155 low-rise houses 
and 87 flats) in the Helsinki area was selected from lists of service companies 
(Ruotsalainen et ai. 1992, Publication III). The study was led by the Laboratory 
of Heating, Ventilating and Air Conditioning of the Helsinki University of 
Technology. STUK was responsible for the indoor radon measurements, which 
were made simultaneously with the air exchange measurements. The results have 
been utilized in this study for analysis of the air exchange rate and the radon entry 
rate. The sample of dwellings was not a random sample from the dwellings in the 
metropolitan area; however, the residences represent typical Finnish architecture 
and construction technology. The ventilation systems in these residences were 
passsive stack ventilation (76 residences), mechanical exhaust (102 residences) and 
mechanical exhaust and supply (64 residences). The prevalence of mechanical 
ventilation systems in low-rise residential houses was 64 %, which is higher than 
average in the housing stock, about 20 %. 
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The exceptional variations in indoor radon concentration observed in esker areas 
were studied on the Pispala esker, in the city of Tampere (Publication V). Eskers 
are long and narrow steep-sided ridges formed by glacial streams. The soil in 
eskers is permeable sand and gravel which allows significant soil gas flow from 
the ground into houses, and also subterranean air flows inside the esker. The 
Pispala esker rises quite steeply 82 m above the waters of Lake Pyhäjärvi and is 
a densely-populated district. Most of the houses were built during the first half of 
this century. The passage of air from esker soil into dwellings is often free, wood 
constructions and leaky substructures being very common. Data on temperature, 
wind speed and wind direction from Tampere airport were used when analyzing 
the results of diurnal variation in radon concentration. The calculated 
perpendicular component of wind speed against the esker was an important factor 
when explaining the variations. 

In the nationwide survey, 5,000 persons were originally chosen randomly from the 
Central Population Register (Arvela et ai. 1993, Castren 1994, Publication VI). 
Finally the dwellings of 3,074 persons were measured, 2,071 in low-rise 
residential buildings and 903 in blocks of flats. The measurement period was one 
year, using two successive half-year measurements. The sample was selected from 
the population register and not from the housing register. The average number of 
occupants differs slightly in different types of dwellings and the sample represents 
not in completely a randomly selected sample from the housing stock. However, 
the differences are of minor importance, and yhe houses measured can be 
considered statistically representative regarding the most important parameters 
affecting indoor radon concentration. 

The data concerning house construction was collected from the questionnaire in 
connection with the radon measurements. There are altogether 39 questions on the 
form concerning e.g.: the room where the detector was, the type of house (single-
family/terraced house/flat), the year of building, the building material of bearing 
structures, the ventilation system, the number of floors, the living area, the 
substructure (Appendix A) and the passage between the cellar and the ground 
floor. The questionnaire aids us in classifying the houses according to radon-
critical factors (see e.g. Tables X and XI). 

The survey of gamma radiation in dwellings was performed simultaneously with 
the second measurement period of the nationwide study in 346 dwellings. These 
were randomly selected from the participants in the radon study. 
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Table TV. Summary of indoor radon studies performed. 

Radon study 

Seasonal study, winter/summer or winter/autumn 
measurements 
Comparison with model studies 

Long term seasonal study during 1-4 years, 
1-2 month measurements 
Comparison with model studies 

Measurements of diurnal variation 

Metropolitan area study, simultaneous air 
exchange and radon measurements, different 
ventilation systems 
winter 2 weeks, summer 1 month (only radon 
measurement) 
Analysis of the effect of ventilation system and 
substructure on radon concentration, source 
analysis 

Esker study, 
- monthly measurement during 1.5 years 
- winter/autumn study, 2 months 
- diurnal variation, indoor and soil air, 4 weeks 
Analysis of variations in radon concentration 

Nationwide survey, two successive half-year 
measurements, seasonal variation, model 
comparison. 
Air exchange measurement in low-rise houses 
with elevated indoor radon concentration. 
Simultaneous gamma radiation measurement 
during the second half-year period 
Analysis of seasonal variations and factors 
affecting radon concentration, model comparison. 

No of 
dwellings 

350 

33 

1 

250 

34 
295 

4 

3074 

55 

346 

Publication 
No or Ref. 

I and II 

I 

I 

III 

V 

VI, 
(Arvela et 
ai. 1993) 
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4.2 Methods of measurement 

4.2.1 Radon measurements 

The long-term measurements in dwellings were performed using alpha track 
detectors. In the studies of seasonal variation in indoor radon concentration 
measurement periods of two weeks to six months were used (Table IV). The 
detector consists of a small piece of Mackrofol polycarbonate film enclosed in a 
small plastic box. Radon diffuses through the filter into the container and alpha 
particles emitted by radon and its decay products strike the detector and produce 
submicroscopic damage tracks. The tracks become visible through an 
electrochemical etching procedure. The method used at the STUK is based on a 
German system and was modified for the STUK (Mäkeläinen 1986 ). Later the 
etching system was redesigned under the leadership of the present author. The new 
etching chambers are smaller, more reliable and more practical to use than the 
earlier ones, thus increasing the measurement capacity of the laboratory. The 
calibration of alpha track detectors is based on exposures in chambers with 
calibrated radon sources. Participation in several international intercomparisons has 
aided the quality control of measurements. 

The number of tracks per cm2 on the film were originally counted manually using 
a microfiche copy. ID 1988 a new image analysis based system was adopted, the 
software application being developed by the author. The system is based on grey 
level analysis of alpha tracks, measured with the aid of a microscope and a CCD-
camera. Sixteen different fields covering a total film area of 1.3 cm2 are counted. 
The software also takes into account the twin and triple tracks, the number of 
these increases with increasing track density. 

The measurements of diurnal variation were taken using continuous radon 
monitors. In the monitor, ambient or soil air is continuously pumped through a 
filter into ?. detection chamber (ZnS scintillation cells). The radon concentration 
was calculated from the hourly count rates recorded. 

4.2.2 Measurements of air exchange rate 

The total outdoor airflows were measured by the Laboratory of Heating, 
Ventilating and Air Conditioning of the Helsinki University of Technology, using 
an integrating constant tracer flow technique (PFT-technique) (Säteri et ai., 1989). 
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4.2 J Gamma radiation measurements 

Both Geiger-Muller-counters and high pressure ionization chambers were used in 
the environmental surveys of the dose rate due to natural gamma radiation 
(Lemmelä 1984) and gamma radiation arising from Chernobyl fallout, 
Publications VIII and IX. In addition, a Ge-spectrometer was used for 
measurements of dose rates and deposition levels due to Chernobyl fallout, 
Publication VIII. The instruments were continuously measuring in mobile 
vehicles. In the survey of natural gamma background radiation (1978-82) 
altogether 15,000 km were measured. After the Chernobyl accident, in 1986 -
1987, some 19,000 km were measured, 10,000 km with the spectrometer. On the 
basis of these measurements, maps were produced for dose rate and for Cs137, Zr95 

and Ru103 deposition in Finland. 

The survey of gamma radiation in dwellings was performed using 
thermoluminescence-detectors (TLD). The detector chips were affixed to radon 
dosemeters with a piece of plastic tape, Publication IX. 

Publication VII describes the calibration of the dose rate instruments used in the 
surveys of gamma radiation. The calibration included both a point source 
calibration, using Cs137, and response calculations to both natural and fall-out 
gamma radiation. 

4.3 Modelling indoor radon 

The model presented in Publications 1,11 and VI was developed mainly for 
understanding the variations in indoor radon concentrations and in order to make 
reasonable corrections for achieving the annual average concentration from the 
two months' results measured. The model results were first published in 1986 
(Arvela and Winqvist 1986) and they coupled the analytical calculations and 
observations of the winter-summer concentration ratio (Winqvist 1984, Castren et 
al. 1987a). Figure 4 demonstrates the key features of the model used in 
calculations of indoor radon concentration. 

The source comprises two components, diffusive and convective entry rates, Sd 

and Ssoil. The force driving the convective flow is the pressure differential Ap 
caused by the indoor-outdoor temperature difference AT , this phenomenon 
designated as the stack-effect. SS0I, is proportional to the soil gas radon 
concentration A^, and flow rate of soil gas into the house Qsojl, which in turn is 
the quotient for the stack pressure difference Aps at floor level and the flow 
resistance R,. 
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Wind and the resulting pressure difference also affects the radon entry rate. 
Compared to the stack effect the contribution of this steady-state wind effect is 
of minor importance and has been discounted in this study. It is also assumed that 
the pressure in soil was not significantly affected by the wind. Most likely, 
however, there will be an effect on the soil pressure and this will tend to reduce 
the steady-state wind effect- especially in permeable soils (Sherman 1992). 
Similarly the effect of periodic atmospheric pressure variations on radon entry 
have been ignored. These naturally induced pressure differentials could continue 
to provide major contributions to radon entry only when other sources of house 
depressurization are on a low level (Hintenlang et al. 1992). 
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Figure 3. Parameters of the model used for predictions of indoor radon 
concentrations. 
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The Lawrence Berkeley Laboratory model (Sherman and Modera 1984) was used 
in air infiltration predictions. It adds in quadrature the infiltration rates due to 
indoor-outdoor temperature differences (stack effect) and wind speed (v), as 
follows: 

Q = ELA ((fsr AT3 6J + (C v)2 ) « ( 2) 
N= Q V (3) 

where 0 is the total infiltration, ELA is the effective leakage area, AT is the 
indoor-outdoor temperature difference, fsr is the stack parameter and ^ is the wind 
parameter. N is the air exchange rate and V the house interior volume. The 
fraction of leakage in the floor and ceiling affect both the stack and wind 
parameters. Equation 4 gives the radon concentration, ARn, used in model 
calculations. 

ARn = ( A ^ , , AT (Tlfl Tout)-' +Sd) (X + Ny'V + A,, (4) 

The factor A^F^, ( T ^ J " 1 demonstrates the total convective radon entry rate 
per unit temperature difference, A^, being the radon concentration of the leakage 
air from soil. X. is the radioactive decay constant of 222Rn , 0.0076 h'1. A^, is the 
outdoor air radon concentration, the annual average being about 5 Bq m \ 

The effective leakage area, ELA, is a standard measure of building tightness which 
is measured by pressurizing a building with a fan. ELA is defined assuming that 
in the pressure range characteristic of natural infiltration (-10 to +10 Pa), the flow 
versus pressure behaviour of a building more closely resembles the square root 
(turbulent) than viscous flow. The flow of air Q (m3 s"1) at a specific applied 
pressure (Ap, Pa) can be related to these parameters (p is the density of indoor air, 
kg m'3) as follows (Sherman 1992): 

Q = ELA (2 p 1 Ap )"°5 (5) 

Publications I and II present the key results of the model calculations as well as 
comparisons with measured seasonal and diurnal variations. In Publication VI 
the winter-summer ratios of the nationwide study with more than 3,000 dwellings 
were compared with model estimates. This material also enabled a more accurate 
analysis of the model parameters for diffusive and convective radon entry. 
Calculations were made for a model house (Table 1 of Publication VI). This type 
of house represents more than 50 % of the low-rise housing stock. 
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The model equations presented in Publication VI also present the connection 
between the temperature difference and the pressure difference which drives radon 
into houses. The equations also relate the total soil air leakage from soil and the 
flow resistance of house substructures. The equation for radon concentration used 
in Publications I and II differs slightly from Equation 4, utilized in Publication 
VI, and it is a physical simplification which is valid only for a constant indoor 
temperature or approximately in a limited range of indoor temperatures. The 
envelope leakage exponent (Equation 2, exponent of AT) used in Publication VI 
is 0.65 instead of 0.5 used in Publications I and II and IV. 
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5 RESULTS 

The results presented are an overview of Publications I-IX with emphasis on the 
subject of this study. The chapters concerning building construction and air 
exchange contain some results published only in Finnish. 

5.1 Sources of indoor radon 

5.1.1 Source strength in blocks of flats 

Simultaneous measurements of indoor radon concentration and air exchange rate 
provide the best method for estimating the total source strength in flats. The most 
representative study with simultaneous air exchange measurement and radon 
measurement, was made using a two week measuring period and tracer gas 
technique (Publication III), the details of the air exchange measurements being 
presented elsewhere (Ruotsalainen et ai. 1992). The measurements were taken 
during the heating season, in the metropolitan area. The results are shown in Table 
V, which also shows a summary from other studies. 

The national radon survey (Arvela et ai. 1993, Castren 1994, Publication VI) , 
provides the most representative randomly selected material for the estimate on 
indoor radon concentration in flats. However, the air exchange rate was not 
measured in the study and when calculating the total source strength the average 
air exchange rate, from the metropolitan area study, described above, was utilized. 
Only blocks of flats with concrete as the main building material were accepted 
when analysing the source strength, Table V. 

The results presented in Table V give an estimate of 40 Bq m'3 h'1 for the total 
source strength in Finnish flats above the ground floor and 120 Bq nV3h'' for flats 
with ground contact. The source strength in ground-floor dwellings with ground 
contact is considerably higher than the source strength in flats above the ground 
floor. 
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Table V. Indoor radon concentration (A^ Bq m's), air exchange rate (ACH, ft1) 
and total source strength (S , Bq m'} h'1) in Finnish flats, results from various 
studies. Both arithmetic (amean) and geometric means (gmean) are shown. 

Study 

Metropolitan area study 
1) 
Publication III 

Mustonen 1984 I) 

Nationwide survey 2) 
Publication VI 
Flats above ground floor 
Ground floor flats with 
direct ground contact 

N 

75 

23 

563 

32 

ARn 

amean 
(gmean) 
Bqm3 

65 (53) 

56 (46) 

71 (62) 

198 (121) 

ACH 
amean 
(gmean) 
h1 

0.62 (0.55) 

0.72 (0.64) 

0.64 (0.57) 

0.64 (0.57) 

Source 
strength, S 
amean 
(gmean) 
Bq n r V 

38 (29) 

35 (27) 

45 (35) 

123 (69) 

1) Simultaneous air exchange and radon measurements, flats above the ground 
floor 

2) Only radon measurements were performed, 6 months during the heating season. 
The mean air exchange rate is based on the metropolitan area study and was 
applied to all flats, S=ARn ACH. 
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5.1.2 Diffusive radon entry into low-rise houses 

Wood is the main building material of the bearing structures in Finnish low-rise 
houses. In 80 % of all low-rise house, (85% of single family houses, 70 % of 
terraced houses) wood is the main buuding material of the bearing structures. The 
prevalence of concrete and brick is 14 % and 6 % (Arvela et al.1993). In wooden 
houses the role of building materials as a source of radon is remarkably lower than 
in flats. In houses with wooden wall and ceiling constructions the slab is 
practically the only source of diffusion radon. Diffusive radon entry through the 
slab from the soil and from the slab material has been studied in Publication VI. 
Table VI presents measured and estimated results of diffusive radon entry from 
slab materials or through the slab from the soil. 

Table VI Average diffusive radon entry from the soil through floor slab and 
from slab materials in a house with slab-on-grade. 

Source 
Reference 

Slab material + soil, 
Publication VI 1) 

Slab material, 
uncovered 
-Kronqvist 1989 
-Mustonen 1984 2) 

Total diffusive entry 
rate, 
Publication VI 3) 

Soil 
226Ra 
Bq/kg 

41 

Rn 
cone, 
of 
soil gas 
Bq m° 

30000 

Diffusive 
entry rate 
Bq m2 h ' 

15 

5 
6 

Source 
strength per 
unit volume 
Bq m3 h ' 

6 

2 
2 

7 

1) Based on Finnish measurements of diffusion through a typical slab with a 
thickness of 6 cm (Kronqvist 1989) and on estimated average reduction effect 
of floor coverings, 80 %. 

2) Calculated for a floor slab with a thickness of 8 cm, using the results for a 20 
cm thick wall element presented in the Reference. 

3) Based on comparison with measured and predicted winter/summer ratios in 
houses with slab-on-grade. 
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5.1 J Convective flow of soil gas and radon into houses 

The convective radon entry into houses and the physical equation governing the 
entry have been studied in Publications I, II and VI. Publication VI presents an 
estimate of the average convective radon entry rate into a typical house with slab-
on-grade. The average convective radon entry rate into a typical house with slab-
on-grade is 12,500 Bq h1, Table VII. Table VII also shows rough estimates of the 
range of entry rate and of the parameters used for the calculations. The estimate, 
12,500 Bq h \ is based on a comparison between measured and calculated winter-
summer concentration ratios in 439 low-rise houses. 

Table VII Convective soil gas and radon entry rate into the model house. The 
house represents a typical Finnish low-rise house with slab-on-grade and wooden 
bearing structures in walls. Parameters used for calculation of the estimates 
(Table 1, Publication VI). 

Parameter, annual average 

Radon concentration of leakage air from 
the soil, Bq m3 

Indoor radon concentration, Bq m'3 * 

Indoor radon concentration due to 
convective soil gas flow, Bq m3 

Air exchange rate, h"1 

Diffusive radon entry rate, Bq h'! 

Convective radon entry rate, Bq h'1 

Convective soil air entry rate, m3 h"1 

Range, 
rough estimate 

10.000- 1.000.000 

30-25.000 

O-25.O00 

0.1-1.5 

200-10.000 

0-2.000.000 

0-20 

Mean 

30.000 

170 

150 

0.33 

1500 

12500 

0.4 

Calculated using an air exchange rate of 0.33 h'1 and a house volume of 250 m\ Lower 
air exchange rates result in higher radon concentrations. 

The permeability of the building ground and the aggregate layer below the slab 
strongly affect the flow rate (Figures 1 and 2). The flow rate ranges up to 20 m3 

h'\ which corresponds to a house with leaking substructures built on permeable 
gravel (Publication V), a soil gas radon concentration of 100,000 Bq m3 and an 
indoor radon concentration of 25,000 Bq m'\ Results from such an example house 
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have been set out in Publication V. Typical high concentrations of 1,000-5,000 
Bqm3 in gravel areas correspond to a flow rate of 5 - 10 m3 h"1. In Southern 
Finland the soil air radon concentrations are higher than the average of 30,000 Bq 
m3 and indoor radon concentrations of 1,000-5,000 Bq m3 will be achieved by 
flow rates of 2 - 5 m3 b'1. 

5.2 Air exchange and radon 

5.2.1 Studies on air exchange rate 

In 1988-198y STUK participated an extensive study in the metropolitan area 
carried out by the Laboratory of Heating, Ventilating and Air Conditioning of the 
Helsinki University of Technology (Ruotsalainen et ai. 1992). Tracer gas 
technology and a measuring period of two weeks were used. STUK measured the 
indoor radon concentrations of the dwellings simultaneously with air exchange 
measurements, the results being presented in Publication III. The same measuring 
system was used when in 1993 STUK measured the air exchange rate in 31 low-
rise residential houses with an indoor concentration higher than 400 Bq m'3 

(Arvela and Castren 1994). These 31 houses represent the houses with the highest 
radon concentration (>400 Bq m"3) of the nationwide study undertaken in 1990-
1991. 

Figure 4 and Table VIII demonstrate the distribution of air exchange rates in 
houses and flats in the above studies. The distributions in low-rise houses are very 
similar, the proportion of houses with air exchange rates below 0.25 h' being in 
both cases about 16 %. The mean and median air exchange rates are only slightly 
lower in houses with elevated radon concentrations. Figure 5 shows the radon 
concentrations as a function of the air exchange rate in flats and in low-rise 
houses. When comparing two groups where the radon concentration is below and 
above the median value (Table VIII), the mean air exchange rate is higher in the 
former group for both low-rise houses and flats in the metropolitan area study, the 
difference being highest for flats. The difference is statistically significant only for 
flats (t-test, p=0.03). The difference between the distributions of air exchange of 
the houses with elevated radon concentration and the low-rise houses in the 
metropolitan area is also statistically insignificant. This comparison demonstrates 
that variations in source strength is the main reason for elevated concentrations. 
The effect of the air exchange rate is relatively highest for flats where diffusive 
radon entry dominates, whereas, in the case of low-rise houses the effect is not 
easy to observe, due to strong variations in source strength. 
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Figure 4. Distribution of the air exchange rates in 150 houses in the 
metropolitan area (A) and in 31 houses in Southern Finland with elevated radon 
concentration (B). The mean indoor radon concentrations in the house groups 
were 140and 960 Bq m3. 
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Table VIII Comparison of the air exchange rates (ACH) in 150 houses and 77 
flats in the metropolitan area and in 31 houses in Southern Finland with radon 
concentration exceeding 400 Bq m\ Percentage of houses with ACH less than 
0.25 h'. Comparison of ACH in houses with radon concentration (A^ less than 
or higher than the median radon concentration (AmeJ. 

Number of dwellings 

Radon, mean , Bq m3 

Radon, median, A ^ , 
Bq m3 

ACH, mean, h'1 

ACH, median, h' 

Percentage of dwellings, 
ACH< 0.25 h', % 

ACH, mean, A<Amcd, h"1 

ACH, mean, A=>Amed, h ' 

Metropo 
study, 
low-rise 

150 

141 

101 

0.45 

0.41 

16 

0.47 

0.43 

itan area 

houses 

Nationwide 
survey,low-rise 
houses with 
elevated 
radon cone. 

31 

962 

686 

0.41 

0.35 

16 

0.39 

0.43 

Metropolitan 
area study, 
flats 

77 

65 

57 

0.62 

0.55 

8 

0.68 

0.54 
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Figure 5 Indoor radon concentration as a function of air exchange rate in 77 
flats in the metropolitan area (A) and in 150 low-rise houses in the metropolitan 
area (B) and in 31 houses in Southern Finland with radon concentration 
exceeding 400 Bq m3 (C). 

52 



STUK-A124 
FINNISH CENTRE FOR RADIATION 

AND NUCLEAR SAFETY 

5.2.2 Effect of the ventilation system 

The effect of the ventilation system was studied in Publication III and in the 
nationwide study 1990 - 91 (Arvela et ai. 1993). Table IX shows a summary of 
both studies. The mean air exchange rate in houses with passive stack ventilation 
was slightly slower than in houses with mechanical ventilation. Irregular use (or 
misuse) of the mechanical systems have affected the results (Ruotsalainen et ai. 
1992). Because the number of houses studied was rather low and because the 
houses with mechanical ventilation were built mainly in the 1980s, caution is 
needed when drawing a conclusion on the effect of ventilation systems on radon 
concentration. Differences in house construction may also affect the results (See 
Chapter 5.3). 

The nationwide radon study in 1990 - 91 provides representative results on the 
effect of ventilation systems on indoor radon concentrations. In order to avoid the 
influence of houses with different construction, houses built in the 1980s were 
compared, Table IX. The mean radon concentrations are higher in houses with 
mechanical systems than in houses with passive stack ventilation, although the 
ventilation rates are higher in the houses with mechanical ventilation, according to 
the metropolitan area study. 

Table IX. Indoor radon concentration in low-rise houses with different 
ventilation systems. ACH is the air exchange rate (h1). 

Ventilation method 

Passive stack ventilation 

Mechanical exhaust 
ventilation 

Mechanical supply and 
exhaust ventilation 

All 

Metropolitan area study 

N 

58 

61 

43 

162 

ACH 
gmean 

h"1 

0.36 

0.42 

0.42 

0.40 

Radon 
cone. 
Mean 
(gmean) 
Bqm3 

124 (88) 

145 (111) 

156(110) 

141 (102) 

Nationwide study, 
houses of the 1980s 

N 

306 

165 

150 

651 

Radon 
cone. 
Mean 
(gmean) 
Bq m3 

180 (124) 

191 (136) 

212 (130) 

191 (129) 
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53 House construction and radon sources 

Tables X and XI show indoor radon concentration for different categories of flats 
and low-rise houses. The substructures of Finnish low-rise houses are illustrated 
in Appendix A. Figure 6 shows the prevalence of most common substructures, as 
a function of the decade when they were built, in Finnish low rise housing. Indoor 
radon concentration in flats have been studied in Publication VI. 

Table X. Annual average radon concentration in Finnish flats, results from the 
nationwide study of 1990 - 91. 

Type of flats 

Blocks of flats, concrete 

- ground floor, no cellar 

- ground floor, with cellar 

- ground floor all 

Upper floors 

All concrete flats 

Brick structures 

Wooden structures 

All flats 

N 

31 

69 

99 

563 

674 

70 

17 

903 

Radon 
cone. 
Mean 
Bqm3 

212 

78 

121 

68 

76 

62 

468 

82 

Radon 
cone. 
Gmean 
Bq m*3 

122 

68 

82 

61 

63 

56 

81 

63 

In the ground floor flats with ground contact (no cellar) the average radon 
concentration, 212 Bq m'\ is about 200 % higher than the average concentration 
in the upper floors, 68 Bq m'3. The difference in the geometric means is about 100 
%. In old flats with brick structures the concentrations are slightly lower than in 
flats with concrete structures. The mean radon concentration of flats with wooden 
structures is strongly affected by an old wooden house (3 floors) on an esker and 
with a very leaky substructure. 
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Figure 6 Prevalence of substructures, as a function of the decade when they 
were built, for the Finnish low-rise housing (Arvela et ai 1993). 
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Table XI. Radon concentration in Finnish low-rise residential houses with 
different substructures, results from the nationwide study undertaken in 1990-91 
(Arvela and Castren 1994). 

Substructure, 
building material of 
foundation wall 

Slab-on-grade, CC 2) 

Slab-on-grade, LWCB 2) 

Slab-on-grade, edge thickened 3) 

Crawl-space 

Basement, door and stairwell 

Hillside house, open stairwell, CC 

Hillside house, open stairwell, 
LWCB 

Other houses 4) 

All houses 

Typical 
year of 
constr. 1) 

1969-84 

1983-88 

1973-83 

1928-55 

1952-67 

1960-79 

1978-88 

Number 
of flats 

528 

142 

161 

254 

453 

69 

51 

513 

2171 

Mean 

179 

230 

102 

115 

124 

248 

281 

122 

145 

Gmean 

119 

168 

81 

77 

80 

147 

184 

95 

102 

1) Quartiles , 25% and 75% 
2) CC=cast concrete, LWCB=light-weight concrete blocks 
3) Foundation wall and slab casted simultaneously. Identification of this 

foundation is very difficult for the house-owners and the group also contains 
normal slab-on-grade foundations, see Appendix A. 

4) Lacking questionnaire information for classification or combination of 
foundations 
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Based on the results set out in Table XI and Figure 6, the key result concerning 
the novel low-rise residential houses is: foundation types most commonly used in 
the 1980s have resulted in higher radon concentrations than substructures used 
earlier. The changes contributing to this development have been discussed in 
Chapter 63 . 

5.4 Seasonal variation and model comparisons 

The model used for examination of seasonal variation in indoor radon 
concentration has been discussed in Chapter 4.3. 

5.4.1 Seasonal variation 

Figure 7 shows the calculated effect of the outdoor temperature and wind speed on 
radon concentration. In the case of a pure diffusion source both the decreasing 
outdoor temperature and increasing wind decrease the indoor radon concentration. 
In the case of a flow driven by pressure difference, the decreasing outdoor 
temperature increases the indoor radon concentration. It is noteworthy that in the 
case of pressure difference driven flow the indoor radon concentration increases 
simultaneously when air infiltration increases. Soil air flow is proportional 
approximately to the indoor-outdoor temperature difference, AT, whereas the 
ventilation rate is proportional to the envelope leakage exponent of AT, which has 
a range of 0.5-0.7; a value of 0.65 has been used in Publication VI. 

Figure 8 shows the calculated seasonal variation in Finland for the model house 
(Table I of Publication VI). The variation is shown also in the case of a pure 
pressure difference driven flow and a pure diffusion source. Figure 9 shows model 
predicted variations in radon concentration in a house, in the metropolitan area, 
with an annual average radon concentration of 300 Bq rr.'3, during the four-year 
period of 1991-94. 

Table XII shows results on the winter/summer or winter/autumn concentration 
ratio from different studies presented in Publications I,II,III, V and VI. On 
eskers subterranean air flows strongly affect the seasonal variation. In esker-top 
areas winter-summer ratios of 3-30 are typical whereas in slope areas, with 
amplified summer concentrations, the ratio is typically 0.1-0.5. Figure 10 shows 
the measured winter/summer concentration ratio for 439 houses with slab-on-grade 
as well as the predicted ratio. 
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Figure 7. Dependence of radon concentration in the model house on indoor-
outdoor temperature difference and wind speed for diffusive and convective radon 
sources. The air exchange rate of the house is 0.34 h'1 in average heating season 
conditions in Southern Finland. 
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Figure 8. Annual variation of indoor radon concentration in a typical Finnish 
house. The variation has also been shown for pure convective and diffusive 
sources. Model house parameters were used. 
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Figure 9. Predicted variation in radon concentration in a house with an annual 
average radon concentration of 300 Bq m'3, during the four-year period of 1991-
94. The period of calculation is four days. 
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Figure 10. The measured and model predicted winter-summer radon 
concentration ratio as a function of winter concentration in 439 low-rise 
residential houses with wooden frame and slab on grade. The bar shows the mean 
radon concentration and the standard deviation of the ratios measured. The 
average outdoor temperatures and calculated air exchange rates of the half-year 
periods were in winter -2.6 °C and 0.4 h'1 and in summer 10.0 °C and 0.28 h'\ 
Curve 1 represents the average parameter values of diffusion source strength Sa 

air exchange rate N as well as stack parameter j'„ and wind parameter f:
Wf. Curves 

2 and 3 represent the parameter values which give high and low winter-summer 
ratios, respectively. 
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Table XII Winter/summer radon concentration ratio in low-rise houses from 
different studies, with varying winter (W) and summer (S) measuring periods and 
lengths of measurement (L). The winter/summer concentration ratio is shown for 
different ranges of measured winter concentration. 

Months 
compared 

Publication 

W:ll-3 S:6-9 
II 

W:2 S:10 
II 

W:10-3 S:5-6 
III 

W:ll-4 S:5-10 
VI 

W:12-2 S:5-7 
Esker top area 
Esker slope area 
V 

L 

No of 
houses 

1-2 mo 
200 

1 mo 
100 

,5/1 mo 
150 

6 mo 
2000 

3 mo 
17 
4 

Range 
Bqm"3 

0-50 

0.9 

0.9 

1.0 

0.97 

of winter radon 

50-
100 

0.9 

1.0 

1.5 

1.22 

100-
200 

1.0 

1.2 

1.7 

1.34 

concentration, 

200 

1.7 

1.5 

1.8 

1.55 

3-30 
0.1-.5 

All 

1.5 

1.3 

1.5 

1.22 

5.4.2 Correction factor for annual average radon concentration 

The seasonal variation in indoor radon concentration decreases the comparability 
of measurements taken in different seasons , which can be improved through a 
correction factor based on measurements and model calculations. In the case of 
the model (Publication VI), parameters are chosen on the basis of representative 
national measurements. Therefore, the correction factors improve the usability of 
results of radon measurements in the analysis of annual average radon 
concentrations, e.g. in epidemiological studies. Typical correction factors for 
winter (Tou1 < 0 °C) measurements vary in the range 0.9-0.6, Figure 11. 

61 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-A124 

1.4-

1.3 

1.2-
o 
o 
S 1.1-
c 
o 
1 1.0-
o 

8 0.9-
"<5 
o 0.8-
V) et 
O 
CO n T 

0.7 

0.6 

0.5 

Outdoor temperature, °C 

+ 10 

+ 5 

^ 

\ > — ^ _ " 5 

V""^— -io 
^ ~ — - 1 5 

100 200 300 400 500 600 700 800 

Winter radon concentration, Bq m - 3 

Figure 11, The correction factor needed to obtain the annual average radon 
concentration from wintertime results, for a house with slab-on-grade and a 
diffusive radon entry rate of 1500 Bq h'K The outdoor temperature is the average 
temperature during the measure nent period. 

5.4.3 Diurnal variation 

When convective radon entry dominates, radon concentrations are normally 
highest in the early morning when the outdoor temperature is lowest (Figure 5 of 
Publication II). Comparison between calculated and measured diurnal variation 
shows that both variations in outdoor temperature and wind affect the variations 
in radon concentration (Figure 6 of Publication I). Figure 7 in Publication V 
presents abnormally high diurnal variations in a house on esker, where changes in 
wind and outdoor temperature produce very strong and rapid changes of indoor 
radon concentration. 
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5.4.4 Effect of the climate on radon concentrations 

Table XIII shows the annual average temperature, wind speed and radon 
concentrations in winter and summer (half-year periods ) for the model houses 
located in Helsinki (south coast), Tampere (southern Central Finland) and 
Sodankylä (Lapland). The effect of a cold winter is also clearly seen in these 
results. The annual average radon concentration of the model house is 25 % higher 
in Sodankylä than in the Helsinki area. 

Table XIII Air exchange rate and indoor radon concentrations of the model 
houses located in Helsinki, Tampere and Sodankylä. 

Parameter 

Air exchange rate, annual average, h'1 

Aii exchange rate, winter 6 months, h"1 

Air exchange rate, summer 6 months, n'1 

Radon, annual average, Bq m"3 

Temperature, annual average , °C 

Wind speed, annual average, m s'1 

Helsinki 

0.35 

0.41 

0.28 

150 

4.4 

3.9 

Tampere 

0.33 

0.40 

0.27 

163 

3.8 

3.3 

Sodankylä 

0.36 

0.43 

0.29 

188 

-1.1 

3.1 
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5.4.5 Houses on eskers 

The indoor radon concentrations measured on the Pispala esker (Publication V) 
show that not only the permeable soil but also subterranean air-flows in the esker 
strongly affect the indoor radon concentrations. Temperature differences compel 
the subterranean air to stream between the upper and lower esker areas, which 
strongly affects the seasonal variation observed on eskers. In addition, wind affects 
the soil air and indoor radon concentrations when hitting the slopes. 

5.5 Dose from radon and terrestrial gamma radiation 

One of the objectives of this study is to make a comparison between the doses 
from indoor radon and gamma radiation due to both natural origin and fallout 
from the Chernobyl nuclear accident. The results of nationwide gamma radiation 
surveys have been presented in Publications VIII and IX . The instrument 
responses to environmental gamma radiation have been studied in Publication 
VII. These results have been utilized when calibrating the instruments used in the 
studies presented in Publications VIII and IX. Table XIV presents the average 
indoor radon concentrations of Finns living in flats and in houses (Arvela et ai. 
1993) for the provinces. Table XIV also shows the dose rate due to natural gamma 
radiation indoors and outdoors as well as the dose rate outdoors due to Chernobyl 
fallout. 

The calculation of the effective dose due to exposure to indoor radon and 
gamma radiation has been presented in Chapter 2.5 and in Publication IX. Figure 
12 shows the results for the Finnish provinces. Table XV shows the national 
average doses as well as the percentage of the population exceeding the effective 
dose of 0.5, 1.0 and 10 mSv. 
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Table XIV Indoor radon concentration and dose rate due to gamma radiation 
indoors and outdoors in Finnish provinces. 

Province 

Aland 

Uusimaa 
West 

Uusimaa 
East + 
Kymi West 

Turku 

Kymi East 

Häme 

Mikkeli 

Central-
Finland 

Kuopio 

North 
Carelia 

Vaasa 

Oulu 

Lapland 

Whole 
country 

Houses 
Indoor 
gamma 

nGy h1 

76 

67 

59 

69 

67 

55 

52 

46 

48 

45 

44 

62 

58 

Houses 
Indoor 
radon 

BqnV3 

93 

171 

273 

102 

167 

242 

116 

158 

97 

118 

77 

100 

121 

145 

Flats 
Indoor 
gamma 

nGy h'1 

108 

153 

94 

105 

102 

76 

88 

60 

78 

89 

77 

79 

100 

Flats 
Indoor 
radon 

Bqm 3 

76 

72 

115 

60 

71 

147 

86 

54 

48 

73 

57 

53 

56 

82 

Outdoor 
natural 
gamma 

nGy h"1 

85 

79 

98 

70 

85 

72 

65 

57 

54 

58 

62 

61 

59 

71 

Outdoor 
Cherno
byl 
gamma 
1991 
nGy h"1 

2.1 

2.8 

11.4 

12.0 

2.8 

24.5 

12.8 

15.7 

7.5 

1.5 

13.0 

1.8 

1.2 

12.2 
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Province Houses Flats 
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Figure 12. Annual average effective dose in Finnish provinces from indoor radon 
and naturally and Chernobyl-originated terrestrial gamma radiation for Finns 
living in low-rise houses and flats. 
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Table XV The average, minimum and maximum annual average effective dose 
due to exposure to indoor radon as well as to indoor and outdoor gamma 
radiation in Finland. Percentage of the population exceeding the dose of 0.5,1.0 
and 10 mSv due to different sources. 

Source and 
population 

Indoor radon 
- flats 
- houses 
-all 

Natural gamma 
-flats 
- houses 
-all 

Chernobyl gamma 
1994, all 

Dose mSv Percentage of population 
exceeding 

Mean min max 0.5 1.0 10 
mSv mSv mSv 

1.3 0.2 86 1) 96 50 <0.5 
2.5 0.2 350 2) 96 72 3 
2.1 0.2 350 96 64 2 

0.58 0.29 1.0 70 1 
0.37 0.17 0.83 15 
0.45 0.17 1.0 32 0.3 

0.025 0.001 0.2 -

1) 5000 Bq m"3 (Arvela et ai. 1993) 
2) Winter measurement 39,000 Bq m3 (2 months, living room), estimated annual 
average 20,000 Bq m3 . One of the houses of the esker study set out in 
Publication V. 
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6 DISCUSSION 

6.1 Radon sources 

6.1.1 Source strength in flats 

The estimated total source strength , 35 Bq m3 h_1, in flats above the ground floor 
is higher than the diffusion source strength due to building materials, 16 Bq m'3 

h"1, presented in Publication VI for flats. The latter estimate was based on 
exhalation measurements from untreated concrete (9 samples) and radium 
concentration measurements from ballast material (266 samplesXMustonen 1984), 
In addition a reduction of 20 % due cover materials was applied. This comparison 
with other evidence presented in Publication VI supports the interpretation of an 
unexpected contribution of soil gas radon to indoor radon concentrations in flats 
also. Potential entry routes are shafts for piping and stairwells. This hypothesis 
remains to be ascertained through measurements, nonetheless observations of shaft 
leakages in flats with radon concentrations exceeding 400 Bq m'3 have already 
been made in Finland. 

6.1.2 Diffusive radon entry into low-rise houses 

Diffusion through the floor slab contributes remarkably to the estimate of the 
average diffusive radon entry rate, 6 Bq m'3 h"1, presented in Publication VI. This 
contribution, based on Finnish laboratory tests and estimates in Publication VI, is 
in agreement with recent results on diffusion through floor slabs (Rogers et al. 
1994). The diffusion coefficient for a typical floor slab in Finnish low-rise housing 
is higher than the widely used factors for industrial concrete elements, due to 
higher concrete porosity (Kronqvist 1989). Cracks may also increase the diffusive 
entry rate. 

According to the estimates presented in Table VI and Publication VI, in the case 
of a thin porous floor slab, elevated soil air radon concentration and a penneable 
floor covering, the diffusive radon entry through a slab may reach a level of 100-
300 Bq m'2 h'\ which can raise the radon concentration to above 200 Bq m'3, the 
target radon concentration of new building. It is therefore important to consider 
the quality of floor slabs. 
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6.13 Convective flow of soil gas into houses 

The estimate of the average convective soil gas flow into low-rise houses with 
slab-on-grade, 0.4 m3 h ! (Table VII), is in agreement with the theoretical estimates 
presented in the literature, Table I. For a house with slab-on-grade and a gap 
width of 2 mm gap length of 40 m and a soil porosity of 10"'° m2, the soil gas 
entry rate is aoprox. 0.2-0.5 m3h"' , see Chapter 2.3.1. 

The average convective radon entry rate of the model house (Table VII) raises the 
average indoor radon concentration to 170 Bq m~3. In Southern Finland the radon 
concentrations of leakage air are higher than the national average concentration of 
30,000 Bq m'3, used in (Table VII). This also means that lower soil air flow rates 
than 0.4 m3 h'\ can raise the radon concentration above the target value of 200 
Bq m'3. In houses with a very leaky substructure, in areas of permeable gravel, the 
flow rate may reach a level of dozens of m3 h'. 

6.1.4 Summary of sources 

Table XVI presents a summary of radon sources in Finnish low-rise housing and 
a comparison with global average entry rates presented by UNSCEAR (1993). The 
source strength in a Finnish masonry low-rise house estimated in this study is 80 
% higher than the global estimates presented in UNSCEAR. However, the indoor 
radon concentration is about 200 % higher in the Finnish house. This is due to the 
air exchange rate of 1.0 h"1 used in the UNSCEAR estimate. The air exchange 
rate of 0.5 h"1 was utilized for the Finnish example house. 
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Table XVI Representative radon entry rates for Finnish low-rise residential 
houses with masonry and wooden construction. Indoor radon concentration (A^ 
due to the total source strength. Comparison with radon entry rates presented by 
UNSCEAR. ACH (h'x) gives the air exchange rate of the example houses. 

Source 

Building elements 

Subjacent earth 
- through gaps 
- through slab 
- through gaps 

Outdoor air 
Water supply 
Natural gas 

All sources 

Mechanism 

diffusion 

diffusion 
diffusion 
convection 

infiltration 
de-emanat. 
consump
tion 

Entry 

Wooden 
In Finland 
ARn= 140 Bq m-
ACH= 0.5 h1 

2 

4 
60 

3 
1 

70 

rate Bq m3 h"' 

Concrete 
In Finland 

' ARn= 180 Bq m3 

ACH= 0.5 h"1 

16 

4 
66 

3 
1 

90 

Masonry 
UNSCEAR 
ARn= 50 Bq m'3 

ACH= 1.0 h' 

10 

7.5 

20 

10 
1 

0.3 

49 
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6.2 Air exchange and radon 

The results of the air exchange Studies show that although the air exchanges in 
new houses with mechanical ventilation are slightly higher than in houses with 
passive stack ventilation, radon concentrations have not been reduced. 
Simultaneous increase of underpressure in the dwellings due to house tightness or 
due to air flows of mechanical ventilation can explain this observation. The 
observation is in agreement with the modeling of Sherman (1992) and Mowris and 
Fisk (1988) (Tables II and III) who conclude that mechanical exhaust ventilation 
decreases radon concentration only when soil permeability is low. Finnish studies 
carried out at Kuopio University and at STUK also emphasize the sensitivity of 
radon concentrations to increased depressure in the dwellings (Keskinen et al.1989, 
Kökötti and Kalliokoski 1992, Kökötti et ai. 1994ab, Kökötti 1995, Hoving and 
Arvela 1993). 

The effect of operating times and operating powers of mechanical systems 
(Ruotsalainen et ai. 1992) on radon concentrations is complex. Low operating time 
and power of the mechanical systems decrease the ventilation rates. However, in 
the case of permeable building ground, neither the increased operation time nor 
increased operation power decreases radon concentration. 

Both Swedish and Finnish studies show that age differences in the ventilation 
rate of the housing stock are not great (Norien and Andersson 1993, Ruotsalainen 
et ai. 1992) The ventilation rates in Swedish houses have been very even, 0.2-0.25 
1 s'1 m"2 for houses built between the 1960s and the 1990s. Building practice in 
Sweden has been very similar to that in Finland, therefore similar results are to be 
expected. The unplanned air infiltration through the house envelope is generally 
believed to be lower in newer than in older buildings. More airtight buildings and 
greater use of mechanical ventilation may have developed in parallel which, taken 
together, may have caused the differences due to the building year to be smaller 
than one might have expected (Norien and Andersson 1993). 

A statistically significant effect of air exchange on indoor radon concentration was 
observed only in the case of flats (Chapter 5.2.1). This indicates that variation in 
house construction and building soil and the resulting soil air leakage into 
dwellings is the most important factor affecting the observed variation in radon 
concentrations by a factor of 1000 and even more , Table XV. 
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In a noteable proportion of the dwellings, irrespective of house age and ventilation 
mechanism, the air exchange rates are lower than the recommended air exchange 
of 0.5 h ! . Improving the air exchange rates provides a good potential for 
decreasing the indoor radon concentrations. In about 20 % of houses improving 
the air exchange rate to the target rate of 0.5 h ', offers a means for reducing the 
radon concentration by a factor of 0.5. However, improving the air infiltration has 
a reductive effect on indoor radon concentrations only in cases where the remedy 
does not increase the underpressure in the dwelling. Ventilation technology 
provides the best starting-point for radon mitigation when the air exchange rate is 
low compared with the target value of 0.5 h'1 or when the underpressure in the 
dwelling is high (Keskinen 1989, Hoving and Arvela 1993). 

6.3 House construction and radon sources 

The results shown in Table XI and Figure 6 reveal the following changes in the 
construction of residential houses as well as in radon sources and concentrations. 
Appendix A illustrates the substructures. 

1. Slab-on-grade has become the prevailing foundation construction. The gap 
between the floor slab and foundation walls is the main leakage route. 

2. Light weight concrete blocks in foundation walls and basement walls have 
increased the radon concentrations in houses built in the 1980s compared with 
older houses. This affects both houses with slab-on-grade and hillside houses. 
The permeability of the blocks is comparable to coarse sand, therefore the 
blocks increase soil air flow e.g. through wall constructions and through 
bearing structures inside the substructure perimeter (Lehtoviita et al. 1986). 

3. Houses with a basement were common in the 1950s and '60s. By contrast, in 
the 1980s, hillside houses with open stairwells between the ground floor and 
the first floor were built. Basement walls with soil backing and many load-
bearing walls with leaking joints between the foundation wall and floor 
increase the radon leakage. In new hillside houses these leakage routes also 
increase radon concentration in living spaces in upper floors because of the 
open stairwell. In basement houses the concentrations were lower than in 
houses with slab-on-grade and without a cellar. The cellar spaces were isolated 
from the upper floors by one or more doors and the ventilation in the cellar 
decreased the radon concentrations. 

4. Crawl-space is an advantageous construction when considering radon. In a 
ventilated crawl-space the radon concentration of the leakage air decreases 
remarkably. In a modern crawl-space the air tightness of the floor is also much 
higher than previously. The reduced use of crawl-space has increased the radon 
concentrations. 
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Ground-floor flats in ground contact are comparable with low-rise houses as 
regards the indoor radon concentration. In high blocks of flats the underpressure 
created by the warm air inside the house and the exhaust ventilation still increase 
the risk of high radon concentrations in ground floor flats. 

6.4 Seasonal variation and modelling 

The model used for the analysis of seasonal variations provides a good physical 
basis for comparisons between the predictions and the measured results. The 
model is a simplification of the phenomena affecting radon entry and air 
exchange. The model calculations are based on a single compartment model. In 
the houses, however, the sources, transport of radon, and air infiltration may differ 
from room to room, these phenomena being one reason for differences between 
predicted and calculated seasonal variations. In addition, ventilation through open 
windows is an important factor affecting seasonal variation, this effect not 
being taken into account in the model. However, the analysis presented in 
Publication VI shows that ventilation through an open window does not greatly 
decrease the radon concentration during the heating season. The contribution of 
hot summer periods with active window ventilation to the annual average radon 
concentration is also relatively low. 

Similar patterns in seasonal variation have been observed in Norway (NRPA 
1994), in Denmark (Majborn 1992) and in the radon-affected areas of England 
(Miles et al. 1992, Pinel et al. 1995). In Norway an average correction factor of 
0.75 has been applied for winter measurements (NRPA 1994). The correction 
factor for annual average radon concentration presented in this study has been 
used in the radon prognosis studies undertaken by STUK (Voutilainen and 
Mäkeläinen 1994, Mäkeläinen et al. 1990). 

6.5 Dose from radon and terrestrial gamma radiation 

The most recent report by the United Nations Scientific Committee on the Effects 
of Atomic Radiation (UNSCEAR 1993) lists the results of outdoor and indoor 
radiation surveys in various countries. The national average indoor absorbed dose 
rates in air that are reported show a range of 23-120 nGy h'1 with most dose rates 
falling in the range of 60-95 nGy h'1. The worldwide average is given as 70 nGy 
h'. The average in Finland, 12 nGy h'\ is thus quite close to the worldwide 
average. 
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In Sweden a survey of 1,298 dwellings showed an average of 110 nGy h'1 (range 
20-460 nGy h') (Mjönes 1986). Use of alum-shale-based aerated concrete with 
high radium concentrations has increased the dose rates in Sweden. Alum-shale 
houses also affect the ratio indoors to outdoors, which was 1.96 on average. The 
measured mean dose rates in Norway, 73 nGy h ' indoors and 95 nGy h'1 outdoors 
(Stranden 1977), are close to the Finnish results. 

In Finland the annual average effective dose due to terrestrial gamma radiation, 
0.45 mSv, is the same as the population weighted value of 13 countries given in 
the UNSCEAR 1993 report. 

The average indoor radon concentration in Finland, approx. 120 Bq m*3, and the 
resulting effective dose, is among the highest in the world. Similar regional 
average values have been reported from Sweden, parts of the USA and from some 
regions of Central Europe. The average indoor radon concentration in Sweden, in 
low-rise houses and flats, was 139 Bq nV3 and 81 Bq m3 (Swedjemark et al. 
1993), which is very close to the Finnish results 145 Bq m"3 and 82 Bq m"3 

(Arvela et al. 1993). 

The annual average effective dose due to radon in Finland, approx. 2 mSv, is 
more than twice as high as the worldwide annual average effective dose due to 
radon presented by the UNSCEAR 1993 report (0.8 mSv). In this comparison the 
original effective r* se presented by UNSCEAR, 1.2 mSv, has been reduced to 
correspond to the aose conversion coefficient presented in the ICRP-65 report 
(ICRP 1993); see Chapter 2.5.1. 
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7 CONCLUSIONS 

The analytical calculations in this study confirm that convective soil air flow is by 
far the most important source of indoor radon in Finnish low-rise houses. In new 
housing stock with slab-on-grade this flow increases the average indoor radon 
concentration to the target concentration for new buildings, 200 Bq m3 and in a 
remarkable proportion of houses above the limit for existing houses, 400 Bq m'3. 
Convective soil air flows may increase the radon concentrations to several 
thousands or tens of thousands of Bq m3 when the soil is permeable and the 
foundation structures are leaking. In esker areas the subterranean air flows in the 
esker may still increase the effect of convective flows. This situation calls for new 
attitudes to house construction and remedial actions in existing houses. 
Airtightness of the foundation, especially on permeable soils, is the key question 
in building radon-safe buildings. The building of ground floor flats with ground 
contact needs similar attention to low-rise houses. Because the soil permeability 
and gravel layer beneath the slab have a decisive effect on soil gas flow, attention 
should also be paid to studies on the effect of an impermeable layer below the 
slab. 

Modern foundation structures have increased the radon bearing soil air flow into 
houses. Crawl-space, nowadays seldom used, is an advantageous foundation 
construction as regards radon. Slab-on-grade with foundation walls made of porous 
light-weight concrete blocks, being the most common construction, has increased 
the soil-air leakage into dwellings. Hillside houses with open stairwells between 
the ground floor and the first floor have replaced basement houses. Basements 
were previously more isolated and reduced the radon-rich air flow into living 
spaces. 

The evaluation method and results of soil air flow into Finnish houses, presented 
in this study, can also be applied when estimating the indoor air concentrations 
of other harmful gaseous substances which are transported from polluted soil into 
dwellings. 

The estimates in this study show that both diffusive radon entry from the soil 
through floor slabs and the preventive effect of floor coverings play an important 
role in diffusive radon entry into Finnish low-rise houses, more important than 
previously realized. These results are based on Finnish laboratory tests of a typical 
floor slab, on rough estimates of the effect of the floor coverings as well as on 
model studies and the results need to be verified using direct measurements in 
houses. In unfavourable conditions diffusive entry alone can raise radon 
concentration above the target limit for new buildings, 200 Bq m'3. In order to 
reach concentrations below this limit, excessive diffusive radon entry must also be 
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Air exchange rates in new houses with mechanical ventilation are higher than in 
houses with similar structures and passive stack ventilation. However, radon 
concentrations are higher in houses with mechanical ventilation. The underpressure 
created by both the exhaust air flow and the increased tightness of houses 
contributes to this increase in radon concentration. Mechanical exhaust ventilation 
is not recommended when building on permeable sand or gravel areas unless soil 
air leakages are prevented. 

The physics of the diffusive radon entry into buildings, of the air flow from the 
soil driven by pressure difference and of air infiltration explain the seasonal 
pattern of indoor radon concentration. In the cold Nordic climate, ventilation 
through open windows does not generally contribute remarkably to total air 
infiltration. Therefore model predictions which do not take open windows into 
account are, nevertheless, in good agreement with the measured results. 
Discrepancy between the single compartment model and the real occurrence of 
radon in dwellings as well as the variation in summertime ventilation through 
windows are the factors most affecting the difference between measured and 
predicted results. 

The annual average effective dose received by Finns due to indoor radon is 
estimated at about 2 mSv, the range of dose being as wide as 0.2-350 mSv. The 
annual average effective dose due to natural gamma radiation and external gamma 
radiation due to Chernobyl fallout in 1994 were 0.45 mSv and 0.03 mSv, the 
ranges being 0.2-1.0 mSv and 0.001-0.2 mSv respectively. Special attention should 
be paid to the prevention of the highest doses, to repairing the houses with the 
most elevated indoor radon concentrations and to radon-safe building of new 
houses. 
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APPENDIX A 

Substructures in Finnish low-rise houses 
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suspended floor 
of wood 

E. CRAWL-SPACE 
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F. BASEMENT 
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G. SUBSTRUCTURE OF A HILLSIDE HOUSE 
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APPENDIX B 

Ventilation systems in Finnish low-rise houses 

A. Passive stack ventilation (with a cooker fan, used only intermittently) 

B. Mechanical exhaust ventilation 
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C. Mechanical supply and exhaust ventilation 

92 



I 

ARVELA H, VOUTILAINEN A., MÄKELÄINEN L, 
CASTREN O. and WINQVIST K. 
Comparison of predicted and measured variations of indoor 
radon concentration. 
Radiation Protection Dosimetry 24(1), 231-235 (1988). 



Radiation Proiccnon Dosimeirv 
Vol 24 No 1 4pp 231-235 | I9SS| 
Nuclcur Technology Publishing 

COMPARISON OF PREDICTED AND MEASURED 
VARIATIONS OF INDOOR RADON CONCENTRATION 
H. Arvela. A. Voutilainen. I. Mäkeläinen. O. Castren and K. Winqvist 
Finnish Centre for Radiation and Nuclear Safetv 
PO Box 268. SF-0010I Helsinki. Finland 

Abstract — Prediction of the variations of indoor radon concentration were calculated using a model relating indoor 
radon concentration to radon entry rate, air infiltration and meteorological factors. These calculated variations have been 
compared with seasonal variations of 33 houses during 1-4 years, with winter-summer concentration ratios of 3IHI houses 
and the measured dirunal variation In houses with a slab in ground contact the measured seasonal variations are quite 
often in agreement with variations predicted for nearly pure pressure difference driven flow The contribution ol a 
diffusion source is significant in houses with large porous concrete walls against the ground Air flow due to seasonally 
variable thermal convection within eskers strongly affects the seasonal variations within houses located thereon 
Measured and predicted winter-summer concentration ratios demonstrate that, on average, the ratio is a function of 
radon concentration. The ratio increases with increasing winter concentration According to the model the diurnal 
maximum causer" by a pressure difference driven flow occurs tn the morning, a finding which is m agreement with the 
measurements "the model presented can be used for differentiating between factors affecting radon entry into houses. 

INTRODUCTION 

Measurements of seasonal variations of indoor 
radon concentration in Finland demonstrate that the 
winter-summer (W/S) concentration ratio may vary 
by a factor of ten, in addition to which the diurnal 
variations measured are remarkable. Environmental 
and building factors affect these variations, so that a 
knowledge of these is needed in the planning of 
radon safe buildi.-gs, in the accomplishment of 
remedial actions as well as in the evaluation of 
exposure to radon. In order to examine factors 
affecting the variations a model has been developed 
which relates radon concentration to source strength 
and its variations, air exchange rate and 
meteorological factors" : ' . In this paper results 
calculated by this model are compared with results 
obtained in the study programme of our 
laboratory' '. 

PREDICTION MODEL 

The radon source has two components, the 
diffusion source Sj represents radon diffused from 
building materials or from the soil through the 
building structure; Ss is the source flowing from the 
soil through the foundation with the soil air driven 
by the pressure difference across the construction: 
these may be represented by Equations 1 and 2. 
Wind may also affect the pressure difference driving 
radon from the soil into the building, this -ffect 
being disregarded in this study Equation 3 of the 
Lawrence Berkeley Laboratory model'" represents 
the air exchange rate N (in air changes.rr'). The 
source levels and concentration decreases, occurring 
with both air infiltration and radioactive decav can 

be combined into a differential Equation 4 in which 
A is the indoor radon concentration (Bq.m '). 
Equation 5 represents the steady-state solution: 

S, = A A < I > 
0 . = F, £TT/T 1 1 U ! (2) 

N = L„ V-' ((f,r AT ' -)- + (f,Ar v>:)''- (3) 

dA/dt = - >.A - N A + V ' (Sj + S j (4) 

A = (ASFS A T T / T1H11 + Sd) (>. + N)"1 V (5) 

where A, is the radon concentration of the leakage 
air. Q„ is the flow rate of soil air into the building 
and F„ is (he leakage parameter, accounting for the 
total leakage. T. T„ut and AT are the indoor and 
outdoor temperature and the temperature 
difference. V' is the inside volume of the building. L,, 
is the total leakage area of the building. fsr is the 
stack parameter. f̂ r is the wind parameter and v is 
the weather tower wind speed. 

RESULTS AND DISCUSSION 

Seasonal variations 

Figure 1 demonstrates the seasonal variations for 
different sources and the effect of wind. In a house 
with a diffusion source, the radon concentration 
decreases with increasing air infiltration rate due to 
increase in temperature difference, whereas flows 
driven by pressure difference caused increase in 
concentrations. This is because the increase in the 
source strength has a greater effect than the 
decrease in the concentration caused by air 
exchange. Wind reduces the annual variation 
considerably in houses with a diffusion source. 
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Seasonal variation was measured in 33 houses 
with natural ventilation in 1983-87. The total period 
of measurement was 1-4 vears. individual 
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Pressure difference driven flow 

Diffusion source 

Combination of sources 

V (m.s"1 

:—i 

J. l_ J_ L 
7 8 9 10 11 12 1 2 3 4 5 6 
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Figure 1. Calculated annual variation of radon 
concentration for different types of sources The effect of 
wind is also shown Outdoor temperature values (in °C) 
used for the months (7. ... 12,1, ... 6) are 16.1. 14.6, 9,5, 

4.5, -0.54, -5 .3 . -7.8. -8 .1 . -4.0. 2.0. 9.2 and 14.7. 

measurement periods being 1-3 months. Th< 
characteristics of the annual variation are presentee 
using the winter-summer ratio (November-March 
June-August). The measured variations wen 
compared with the calculated variations in order u 
find the essential model parameters. On this basi 
the houses were divided into five groups. The result: 
are presented in Table 1. Figure 2(a-d) exhibiting 
typical variation curves. 

In the comparisons of this section average value 
were used for parameters L„. fsr and fAr. The level a 
magnitude of parameters Fs. A;, and Sd was chosei 
on the basis of radon concentration in the houses 
The focal poin in this study, the relative 
contribution of sources F,A„ and Stl. was determine 
by finding the best fit with experimental data. 

In houses with a slab in ground contact the 
concentrations are rather high, with flow through 
gaps being the dominating source. The median W/S 
ratio measured is 2.2, the calculated value being 2.0 
2.5. The following factors affect the difference: 
between individual measured and calculated values: 

(i) The soil gas flow through the foundation i: 
balanced by an equal volume of outdoor air slowl; 
flowing into the soil around the foundation. Thi: 
replacement flow decreases the concentration of th< 
leakage air in wintertime compared with th< 
concentration in summertime, this concentratiot 
being assumed to be constant in this study. 

(ii) Variations in diffusion source contribution, 
(iii) Variations in living habits; indoor temperature 
ventilation through open windows in differen 
seasons. 

In some of the houses with a crawl space th 
variation was quite even while in others th 

Table I. Measurements of seasonal variation of indoor radon concentration in differ?).! »ypes of houses. 

House type Number Cone. 
range 

(kBq.nT1) 

«1.15-8 

Winter/summer 
ratio 

Range Mc'i.-m 

1.3-4.1 : . : 

Source 

Low diffusion source, 
strong pressure 
driven flow 

Slab in ground 
contact 

15 

Crawl space 

Bi-levcl 
porous walls 
asainst ground 

0.06.5 

0.4 -1 

09-3.0 

1.0-1.9 

1.1 Complex 

12 Strong diffusion source, 
strong pressure 
driven flow 

House at top 
ofesker 

0.5 -4 3.0-7.1 5.0 Varying soil air 
concentration 

House on slop*, 
ofcskcr 

0.5 0.7 07 Varying soil air 
concentration 
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Figure 2. Measured and calculated seasonal variations of indoor radon concentration in different types of houses. The 
values of the diffusion source, Sd arc: (A) 2000 Bq.lT1. (B) 8000 Bq.lT1. (C) 2000Bq.h-'. (D) 4000Bq.lT1. The broken 

line is calculated, soil air radon variations taken into account. 

variation was very similar to the curve presented in 
Figure 2(a). An accurate comparison requires more 
data on annual variations of crawl space radon 
concentration and on the calculation of flow rate 
through the floor. 

In houses with targe basement wall areas 
constructed of porous concrete blocks against the 
ground the wall presented a high diffusion source. 
Comparison with the model gave the best agreement 
when a significant diffusion source contribution was 
added to the pressure driven flow (Figure 2(b)). 

Those houses located on eskers show very 
exceptional winter-summer ratios. Eskers are 
usually long and narrow steep-sided ridges formed 
by glacial streams. Their composition of stratified 
sand and gravel makes them permeable to water and 
air. Simultaneous measurements indicated that 
variations of soil air radon concentration strongly 
affect the indoor radon concentration. On this basis 
it has been explained that these variations are 
caused by the thermal convective air flow inside the 
esker (Figure 3). In winter the warm air flows 
upwards, transports radon rich soil air to the surface 

Figure 3. Thermal convective air flows inside an esker and 
measured soil air radon concentration variations at the top 

and on the slope of an esker. 
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layers at the top of the esker. Simultaneously radon 
free air flows into the esker from the slope. In 
summertime the direction of flow is reversed These 
flows lead to high winter-summer leakage air 
concentration variations. The temperature of the air 
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Fmure 4. Measurements and calculations of winter-
summer ratio as a (unction of winter concentration The 
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f-i^ure 5. ( .ilciiUiied diurnal variation of indoor radon 
iiuiceniratjon in a building with a diffusion or pressure 
difference driven radon source and with zero initial 
concentration. Curves are. A. pressure difference driven 
How Ft. diffusion Miiircc ( '. outdoor temperature. H'( '( '). 

in the esker is fairly constant throughout the year. 
The thermal flow is based on the existence of 
differences of density between the air masses of 
different temperature in the esker and outdoors. 
The effect is comparable with the stack effect within 
a house. Figures 2(c) and 2(d) present the measured 
indoor radon variation in a house at the top and on 
the slope of an eskcr as well as the calculated 
variations with constant and varying soil air radon 
concentration. Figure 3 presents the corresponding 
measured soil air radon concentration variations for 
these houses. 

Winter-summer ratio 

The calculated ratio of winter and summer 
concentrations is presented in Figure 4 as a function 
ot winter concentration for three diffusion source 
strengths, which normally equal from 500 to 4000 
Bq.h in a detached house with a volume of 270 m". 
The ratio increases with increasing winter 
concentration due to the increasing pressure 
difference driven radon flow input. The ratio 
increases more rapidly towards its maximum value 
when the input from the diffusion source is low and 
when the air exchange rate is high. A pure pressure-
difference driven flow gives a winter-summer ratio 
of 2-3.5 depending on model parameters'1 . 

Two separate studies have b n carried out on VV 
S ratios in Southern Finland, in about 300 
dwellings1,:'. Solid state nuclear track films were 
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Figure 6. Measured and calculated diurnal variations in a 
house with slab-on-cradc 
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used. Figure 4 displays the measured W/S ratios of 
the first study as a function of the winter 
concentration level. The results were in agreement 
with the predicted winter-summer ratios. 

Diurnal variation 

Figure 5 illustrates calculated diurnal variations in 
indoor radon concentration when the temperature 
varies sinusoidally by ±5iJC around an average value 
of + 10CC. the sinusoidal curve being a good 
approximation of the average diurnal variations. In 
a house with a diffusion source, the maximum radon 
concentration occurs in the afternoon when the 
ventilation is at a minimum, while in houses with a 
pressure difference driven source the maximum is 
reached in the early morning. There is a time lag of 
one to four hours between the diurnal extremes of 
temperature and radon concentration, this lag 
depending on the air exchange rate. The result 

calculated is in agreement with the long-term 
measurements made in many Finnish houses with 
high radon concentrations, the most frequent 
observation being the maximum in the early 
morning. 

Figure 6 demonstrates measured and predicted 
diurnal variation in a house with slab-on-grade and a 
rather low indoor concentration Model parameters 
were varied in order to find agreement with the 
concentrations measured. Both diffusion and 
pressure difference driven sources contribute to the 
level. The figure presents calculated variation also 
for a pure diffusion source, difference concerning 
the measured data being significant 

CONCLUSION 

The results show that it is possible to use the 
model presented herein for differentiating between 
the factors affectine radon entrv into houses. 
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The model relates radon concentration to variations in source strength, air exchange fate, and 
meteorological factors. The diffusion source represents radon diffused from building materials 
or from soil. The pressure-difference driven flow represents radon flowing with soil pore air and 
driven by the stack effect. In a house with diffusion source, the radon concentration decreases 
when the air exchange rate increases due to increasing temperature differences, whereas the flow 
source causes an increasing concentration. This is di'c to the fact that the effect of the source 
strength increase is stronger than (he decreasing cffcvl of air exchange on concentration. The 
winter-summer concentration ratio depends on the combination of the two types of source. A pure 
pressure-difference driven flow gives a winter-summer ratio of 2-3 (winter -5*C, summer +15*C. 
wind speed 3 m/j). A strong contribution of * diffusion source is neet.«d to cause a summer 
concentration higher than the winter concentration. The model is in agreement with the winter-
summer concentration ratios measured. This ratio increases with the increasing winter concentrati
on, The results indicate thai radon concentration must be taken into account in analyses of 
seasonal variations of indoor radon. In houses with a diffusion source, the diurnal maximum 
occurs in the afternoon; in houses with a pressure-difference driven flow, the maximum is reached 
in the early morning. 

INTRODUCTION 

We have measured wintertime indoor radon con
centrations several times higher than summertime 
concentrations (Winqvist 1984). Likewise, diurnal 
variation may be considerable. Simultaneously with 
surveys in many countries, large-scale surveys in 
Finland clearly demonstrated that the pressure-dif
ference driven flow from the ground to the dwelling 
is responsible for the high radon levels in Finnish 
dwellings (Castren et ai. 1985; Nero and Nazaroff 
1985). The dominant mechanism responsible for 
the radon flow is the "stack effect" driven by tem
perature differences between the indoors and the 
outdoors, The wide temperature variations, with indoor-
outdoor temperature differences up to 50°C in the 
Nordic countries are obviously one special reason for 

the wide variations. The pressure difference drives 
both radon flow and air infiltration, yet little atten
tion has been paid either to models relating indoor 
radon concentration, sources, and air infiltration or 
to analysis of the concentration variations. 

In order to be able to understand and make good 
use of the results, we have developed a model that 
relates radon concentration to source strength and 
its variations, sir exchange rate and meteorological 
factors (Arvela and Winqvist 1986). The Lawrence 
Berkeley Laboratory (LBL) infiltration model, (Sher
man 1980) has been utilized for calculation of the air 
exchange rate. The objective of this study is to exam
ine the annual and diurnal variations predicted by our 
model and to make comparisons with the results mea
sured. 

.'.39 
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MODEL 

LBL air infiltration model 

The only factors decreasing the indoor radon con
centration are air exchange and radioactive decay. Be
cause of the long half-life of radon, 3.82 d, air exchange 
is the more important factor. Eq. 1 of the LBL infil
tration model represents the total in(ex)fiItration and 
Eq. 2 and 3 represent the radon flow from the build
ing due to an air exchange rate N (in air changes h'1). 
The LBL model adds in quadrature the infiltration 
rates due to indoor-outdoor temperature difference 
and wind speed. Floor, wall, and ceiling leakage 
areas affect the suck parameter. The wind parameter 
depends on the degree of shielding of the building 
and on the terrain parameter converting r'le measured 
wind speed from a weather station into a local wind 
speed for the model. 

Q«t = k « f « A T l / V + (f^v)2)"3 (i) 

QDBt = N V (3) 

S n , is ihe radon flow rate from the building (Bq h~'j 
A is the radon concentration of indoor air (Bq m ) 
QMI is (he air »nitration rale (m3 h'1) 
V is the inside volume of the building, 270 m5 below 
L» is the total leakage area of (he building <mJ) 
fir is (he reduced suck parameter (m s'1 K'lrl) 
f.t is (he dimensionless reduced wind parameter 
AT is (he indoor-outdoor temperature difference (°C) 
v is the weather tower wind speed (m s'1) 

The LBL model was chosen for (his study because 
of its relatively simple analytical form and because 
measured and predicted results compare well, (Sher
man and Modera 1984), The comparison sites have 
been selected (o represent wide variability in cli
mate, house construction and infiltration rates. Thus, 
the model has been reasonably well tested in condi
tions comparable to Scandinavian conditions. The 
model is based on physical simplifications of many 
factors affecting the process of air infiltration. In 
(his work, (he model provides a good physical basis 
for studies on factors affecting indoor radon con
centrations. 

Sources and concentration model 

In the model of this study we have related radon 
concentration to source strength and air exchange. 
The radon source comprises two components. The 
diffusion source Sc represents radon diffused from 
building materials or from the soil through the build' 
ing structure. S, is the part of the source that flows 

from the soil through the foundation with the pore air 
driven by the pressure difference across the construc
tion, and may be represented by Eq. 4 and S. Wind 
may also affect the pressure difference driving radon 
from the soil into the building. In this study we dis
regard the effect of wind on the source and assume 
that the long-term contribution to the the source is 
not high, 

S. = A,Q. (4) 

Q, = F, AT T/Tout (5) 

Aa is (be radon concenrjacion of (he leakage air (Bq m"3) 
Qt is the flow rate of soil air into the building (mJ b'1) 
F, is th leakage parameter and accounts for the total 

leakage (mJ h ' eC ') 
T and T „ t are the indoor (295 *K) and outdoor temperature 
C'K) 

The source levels and concentration decrease with 
both ventilation and radioactive decay and can be 
combined into z differential equation (6). Eq. 7 rep
resents the steady-state solution. The effect of radio
active decay (K, 0.0076 h'1) is generally very small, 
and the concentration is inversely proportional to the 
exchange rate. 

dA/dt = -J.A -N A + V ^ S , + S,) (6) 

A = ( A,F, AT T/T,,, + Sc) (X + N)1 V 1 (7) 

EXPERIMENTAL DATA 

Two separate studies of annual variations have 
been carried out in about 350 dwellings with natural 
ventilation in southern Finland. Track-etch films were 
used. In the first study (Winqvist 1984), radon mea
surements were (aken in 250 houses in (wo different 
seasons, November-March and June-August, with the 
single measurement period being 1-2 months. Fig, I 
shows the measured annual variations of the first 
study in the form of a winter-summer ratio as a 
function of the winter concentration. Each of the 
points represents measurements in at least 20 hou
ses. The results were sorted into concentration grou
ps. The standard deviation of the mean values was 
25-55%. 

The second measurement of annual variation (this 
study) was made in 100 houses in February and 
October. Fig. 2 shows (he results of the measure
ments. The standard deviations were slightly lower 
than in the previous study. 
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MODEL VALIDATION 

Effect of temperature difference and wind 

In the following calculations the air infiltration 
model parameters flr and fwr were taken to be 0.11 
and 0.16, representing a normal single-story house 
(Sherman antf Modera 1984), The leakage area 

used, ISO cm2, represents a well-sealed house. The 
air exchange rate corresponding to a temperature 
difference of 10°C and a wind speed of 3 m/s is 0.12 
h'1, Fig. 3 shows the dependence of radon concentra
tion on the indoor-outdoor temperature difference. In 
a house with a diffusion source, the radon concentra
tion decreases when the ventilation rate increases due 
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to the increasing temperature difference, whereas 
pressure-difference dependent sources cause increas
ing concentrations. This is because the increase in 
the source strength has a greater effect than the de
crease in the concentration caused by air exchange. The 
figure also shows the influence of wind. Wind reduces 
the importance of the diffusion source with small 
temperature differences. 

Annual variation 

Long-term average temperature and wind values 
have been used to evaluate the annual variation of the 
indoor radon concentration in Finnish houses. Fig. 4 
shows the annual variations for different sources and 
the effect of wind. Wind reduces the annual variation 
considerably in houses with a diffusion source. The 
calculated variations have been compared with mea-
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sured seasonal variations in Arvela et ai. (1988). In 
houses with a slab in ground contact, the measured 
seasonal variations are quite often in agreement with 
variations predicted for nearly pure pressure differ
ence driven flow. The contribution of a diffusion 

source is significani in houses with large, porous 
concrete walls against the ground. 

Winter-summer ratio 
The calculated ratio of winter and summer con

centrations is presented in figures 3 and 4 as a /unc-
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tion of winter concentration, with the figures also 
showing the results measured. On the basis of exha
lation rate measurements in blocks of flats, (Mustonen 
1984), it is estimated that the exhalation rate per unit 
volume in detached houses with one story in Finland 
normally equals 2-15 Bq m'3 h'1. In a detached house 
with a volume of 270 m3 (100 m2) the total exhalation 

rate is 500-4000 Bq h'1, respectively. Furthermore, 
diffusion from soil through (he foundation may in
crease the diffusion source strength. On the ba*is of 
these estimates, the winter-summer ratio in figures 3 
and 4 is presented for three different diffusion source 
strengths. 
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The winter-summer ratio increases with increasing 
winter concentration. This is due to the increasing 
radon flow input. The ratio increases more rapidly 
toward its maximum value when the input from the 
constant source is low and when the air exhange rate 
is high. A pure pressure-difference driven flow gives 
a winter-summer ratio of 2-3 depending on the model 
parameters. 

The measured and calculated results are obviously 
in agreement. In the first study, the single measurement 
period was 1-2 months from November to March and 
from June to August. Variations in weather conditions 
of the measurement periods affect the winter-summer 
ratios measured, increasing the standard deviation of the 
mean values. The summer concentrations varied more 
than the corresponding cold season measurements, also 
increasing the variance of the results, with ventilation 
through open windows during warm periods being one 
source of inaccuracy. 

Variations in air exchange rate and diffusion source 
strength, as well as the occupancy habits, are the 

most important factors affecting the variance of the 
results measured. The seasonal variations of soil gas 
radon concentrations may also affect the results. The 
evaluation of the effect on winter-summer ratios mea
sured of occupancy habits, house constiuciion, soil 
type, and variations in soil gas radon is beyond the 
scope of this study. Some preliminary results, how
ever, have been published in references (Arvele et al. 
1988; Voutilainen et al. 1988). 

Diurnal variation 

Fig. 5 shows the variations in indoor radon con
centration when the temperature varies sinusoidally 
by ±5*C around an average value of +10°C. The si
nusoidal curve is a good approximation of the aver
age diurnal variations. In a house with a diffusion 
source the maximum occurs in the afternoon when 
the ventilation is at a minimum, while in houses with 
a pressure-difference driven flow, the maximum is 
reached in the early morning. There is a delay be-

700 
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Fig. 5. Dium l viriilion of indoor ridon concertlrttion in i building with • diffusion fource or prei lure-difference driven rid on flow 
ind with zero initial concentration. 
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tween the extremes of value of temperature and radon 
concentration. The result calculated is in agreement 
with the long-term measurements made in many Finnish 
houses with high radon concentrations. The most fre
quent observation is the maximum in the early morn
ing. 

CONCLUSION 

The model agrees with the measured values. The 
interaction between the stack-effect-driven radon (low 
and the air esrange contributes to the observed high 
winter-summer ratios. To find dwellings with high 
radon concentrations, radon measurements in Fin
land have been made at least once during winter-
lime. The model lends weight to the method chosen. 
The results indicate that radon concentration must be 
taken into account in analyses of seasonal variations 
of indoor radon. 
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RADON STUDY IN 250 FINNISH HOUSES 
WITH DIFFERENT VENTILATION SYSTEMS 

Hannu Arvela 
Finnish Centre for Radiation 
and Nuclear Safety 
P.O.Box 268, SF-00101 Helsinki 
Finland 

The study is based on simultaneous passive measurements of 
both the ventilatior. ra^e an£ radon concentration in 250 
houses with different ventilation systems. House substructure, 
air exchange rate and building materials were significant 
factors affecting the indoor radon concentration, building 
ground is the most important but remains to be analyzed. In 
blocks of flats the geometric mean of the diffusion source 
was 29 Bq m': h'1. In 16 % of the single family houses the 
concentration limit of 200 Bq m"3 was exceeded. If the 
concentration limit is exceeded by a factor of two, increasing 
the ventilation as the only mitigation against radon seldom 
would give good results. 

INTRODUCTION 

The contribution of the natural ionizing radiation to the 
total radiation exposure of man in Finland is larger than in 
most other countries. This is mainly due to radon in indoor 
air. Since 1980 more than 30 000 residences have been measured 
in Finland. 

The realistic assessment of exposures requires detailed 
knowledge on influencing factors. In order to examine factors 
effecting the variations in indoor radon concentration a 
model has been developed which relates radon concentration to 
source strength and its variations, air exchange rate and 
meteorological factors (1). In this study radon concentrations 
were measured simultaneously with air exchange rates, in order 
to get information about the source levels and model 
parameters. The analysis of some model parameters is still 
being done. 

This study was made in co-oporstion with the Laboratory of 
Keating, Ventilating and Air Conditioning of Helsinki 
University of Technology. The objective of the research was to 
gather information about the actual ventilation and indoor air 
quality (air temperature, humidity and dust) in Finnish 
residences (2). The Finnish Centre for Radiation and Nuclear 
Safety has been responsible for measurements and analysis of 
indoor radon concentrations. 



MATERIALS AND METHODS 

The field measurements were made in 251 typical Finnish 
residences during the 1988-1989 heating season. The sample 
was selected randomly from the buildings in the metropolitan 
area of Helsinki and is consisted of 162 recidences in detached 
or semidetached houses (below single family houses) and 89 
residences in blocks of flats, Table 1. The ventilarion 
systems in these residences were natural ventilation (78 
residences), mechanical exhaust (108) and balanced ventilation 
(65). Table 1 shows the characteristics of the residences. 

The average two-week period ventilation rates were measured 
using the PFT-technique which is an integrating constant 
tracer flow technique (2). The radon measurements were 
performed with solid state nuclear track dosimeters. 
Electrochemically etched Makrofol polycarbonate films sealed 
in a plastic cup were used. The normal measuring period for 
control measurements of the STUK is two months. In this study 
the measuring period was only two weeks. For improving the 
sensitivity we used cwo dosimeters in each room studied. The 
calibration factor of the dosimeters was: one track per radon 
concentration of 7 Bq m"3, background 4 tracks. Therefore 
the statistics of measurements in low concentrations is not good 
although two dosimeters were used. 

Radon concentrations were measured also in summertime, in 
May-June 1989. The measuring period was one month. The air 
exchange rate was not measured during this period. 

The results were analyzed using SAS GLM (3) procedure. The 
procedure uses the method of least squares to fit general 
linear models. The statistical methods used were regression 
and analysis of variance. 

RESULTS AND DISCUSSION 

Air exchange rates 

Table 2 shows the air exchange rate in residences with 
different ventilation systems. In single family houses with 
natural ventilation the exchange rate is only slightly slower 
than in houses with mechanical exhaust or balanced 
ventilation. The mean values for single family houses and 
blocks of flats were 0.45 and 0,64 1/h, respectively. 



Radon concentration 

The mean radon concentration in single family houses was 140 
Bq ni"3 and in blocks of flats 64 Bq m"3. In single family 
houses the radon concentrations were on average higher in 
houses with mechanical ventilation than in houses with natural 
ventilation. However, on basis of statistical analysis this 
difference was caused by other factors than the ventilation 
system. House construction, building material and air exchange 
rate were the significant factors. Tables 2 and 3 show the 
results. In slope houses ( explanation in Table 1) both the 
gap around the slab and the walls (often porous concrete) 
against the ground increase the flow of radon into the house. 
The mean concentration was 50 Bq m"3 higher than in houses with 
only slab on ground. The concentrations are lowest in houses 
with crawl space or basement. 

In this study the type of building ground was not analyzed. 
However, radon concentration in soil and soil permeability 
are the most important factors affecting the indoor radon 
concentration. This is in agreement with the results, that 
the factors analyzed in this study explain only less than 30 % 
of the variations observed. 

In blocks of flats radon diffused from building materials is 
the main source of indoor radon. However, in first floor 
flats the influx from the ground may increase radon 
concentrations. 

Increasing ventilation as a mitigation 

The concentration limit of 200 Bq m'3 was exceeded in 16 % 
of the single family houses. In 70 % of these houses the air 
exchange rate was below the recommended value of 0.5 1/h. By 
increasing the ventilation rate to 0.5 1/h the radon 
concentration would decrease below 200 Bq m"3 only in 10 of 
these 27 houses, assuming the pressure difference driving radon 
flow from the ground is not affected by the ventilation 
improvement. 

Winter-summer ratio 

The variables used in statistical analysis were winter 
concentration, building material, ventilation method and house 
construction. Winter ccncentration and building material 
were significant variables, Table 4. The results are in 
agreement with our model and previous results (1). When the 
winter concentration is low the contribution of diffusion 
source to radon concentration is high and the winter-summer 
ratio is near unity or lower. When the winter concentration 
is high the contribution of pressure difference driven flow is 
dominant. In this case the ratio is normally 1.5-2.5. In 



single family houses with concrete walls the diffusion source is 
higher than in houses with wooden walls, winter-summer ratio is 
lower, respectively. 

Source strength 

The diffusion source strength SB <Bq m'
3 h"1) was calculated 

for residences in blocks of flats where the contribution of 
radon influx from soil is small using equation 1. 

S-,= A N (1) 

A is radon concentration (Bq m"3) and N air exchange rate (1/h). 
The geometric mean was 29 Bq m"3 h"x. 

In single family houses the average total source strength was 
56 Bq m~3 h"1. In houses with wooden walls building 
materials contribute on average less than 20 % to the indoor 
radon concentration. 

CONCLUSION 

Careful analysis is needed in studies on factors affecting 
the indoor radon concentration. The effect of pressure 
differences caused by mechanical ventilation systems was not 
detected because of other significant factors. Pressure 
difference measurements are needed for careful analysis of 
ventilation systems. Improvement of ventilation can be used 
as a mitigation against radon mainly in cases where the 
ventilation rate is low. However, if the concentration limit 
is exceeded by a factor of two, increasing the ventilation 
seldom is an adequate measure. 
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Table 1. House characteristics 

Ventilation 
system: 
Natural 
Mech. exh. 
Bal. vent. 

Total 

Substructure: 
Slab on ground 
Crawl space 
Basement 
Slope house (1) 

Houses 

58 
61 
43 

162 

55 
77 
8 
22 

Flats 

20 
47 
22 

89 

Total 

78 
108 
65 

251 

(1) The houses are built on two levels. On one side of the 
ground floor the wall (often porous concrete) is against the 
ground. Slab on ground. 

Table 2. Air exchange rate and radon concentration, dependenc3 
on house type and ventilation system. 

Air exchange rate 
1/h 

Geom. mean 
Single family 
houses 
Flats 

Radon 
concentrati on 
Bq m"3 

Geom. mean 
Single family 
Flats 

Ventilation system 

Natural Mechanical Balanced All 
exhaust ventilation 

0.36 0.42 0.42 0.40 
0.56 0.59 0.54 0.57 

88 HI 110 102 
48 51 58 52 



Table 3. Indoor radon concentration for different types of house 
construction. 

Radon 
concentration 
Bq m"3 

Geom. mean 
Mean 
Std 

Slab on 
ground 

135 
173 
208 

House 

Crawl 
space 

79 
100 
47 

construction 

Basement 

5/ 
75 
82 

Slope 
house 

157 
223 
147 

Table 4. Winter-summer concentration ratio in single family 
houses. Dependence on winter concentration and building 
material. 

Concentration 
group 
Bq m"3 

0- 50 
50-100 
100-150 
150-

Building material 
Wood 
Concrete 

Geom. 
mean 

0.9 
1.3 
1.7 
1.9 

1.5 
1.3 

Winter-summer 

Mean 

1.0 
1.5 
1.7 
1.8 

1.8 
1.4 

ratio 

Std. 

0.7 
0.8 
0.9 
0.7 

1.0 
0.7 
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INDOOR RADON SURVEY IN FINLAND: 
METHODOLOGY AND APPLICATIONS 
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PO Box 268. SF-00101 Helsinki. Finland 

INVITED PAPER 

Abstract — The methods and equipment used in the indoor radon survey being carried out by the Finnish Centre for 
Radiation and Nuclear Safety (STUK) are presented. The track densities of mailed alpha track dosemetcrs are 
determined by an automatic track counting device coupled to a personal computer. Data concerning the house are 
compiled using a questionnaire. The 2-month mean concentrations are converted to annual means using a seasonal 
adjustment programme. A mapping system loaded into a PC is used to read the geographical coordinates from local 
maps and the type of bedrock and soil from geological maps. STUK's indoor radon information system is used to 
research and plan mitigation and preventative activities, to present results as thematic maps and to study the raden 
significance. 

INTRODUCTION 

When the major contiibution made by radon in 
indoor air to radiation dose was first understood 
during the 1970s, a study of its geographical 
distribution in Finland was begun01. Along with 
the survey, it was intended to develop appropriate 
measuring methods and to study the factors 
influencing the indoor radon concentration, 
especially the correlation of high concentrations 
with the geological features of the bedrock and 
soil<2). A centralised indoor radon measuring 
service and a data processing system were 
developed, the original aim of which was to serve 
the research purposes mentioned above. However, 
the results proved useful to other needs of society. 
This paper presents the methods used in the 
survey and some applications of the results. 

To filter out temporal variations caused by the 
daily routines of the inhabitants and by the 
weather, integrating nuclear track dosemeters were 
adopted from the very start, recommending a 
minimum integration period of 2 months. Data on 
the house are compiled using a questionnaire. The 
local health authorities often help to distribute the 
dosemeters. Measurements on more than 35,000 
houses from all over Finland have been obtained. 
The geographical coordinates and constructional 
details of more than 23,000 houses are known. 
Figure 1 shows the geographical distribution of 
indoor radon concentration. 

The basic radon database is being compiled in 
the minicomputer of the STUK. During the first 
years, the maps were drawn by handP. Since 
1988. much of this awkward and error-prone 
manual work with maps has been performed using 
a mapping system in a PC. The basic radon 
database, the mapping system and various 

Figure 1. A thematic map showing the arithmetical 
means of the annual average radon concentration in low-

rise residential buildings in 10 x 10 km2 squares. 
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auxiliary registers now jointly form an indoor 
radon information system which is used 
extensively for planning and information purposes 
and for research. 

METHODOLOGY 

Radon measurements 

The solid-state nuclear track dosemeters used 
by the STUK consist of 0.25 mm polycarbonate 
(Makrofol) foil placed at the bottom of a closed 
cylindrical container 17 mm high, and 40 mm in 
diameter, made of carbon-enriched ABS plastic. 
The foil is covered by a 14 |0.m thick aluminised 
Mylar ?bsorber. Radon enters the cup by diffusion 
through filter holes. The dosemeters can be 
distributed and relumed by mail in ordinary 
envelopes. 

A bar code tape is pasted on the detector foils 
during packing. Following exposure, the detector 
foils are electrochemically etched in a 
C:H5OH+KOH solution using 720 V voltage and 
a 2 kHz frequency. The tracks are counted in an 
automatic track counting device consisting of a 
Quantimet 520 image analysis system (Cambridge 
Instruments Ltd. Cambridge. UK). Sixteen 
different fields covering in total 1.3 cm2 are 
counted. The bar code numbers are read 
automatically. The counting of tracks is f'tlly 
automated, using a detector changer coupled with 
a microscope. 

If the track density is high, there is the 
possibility that the larger clusters of overlaying 
tracks are ignored. Track densities higher than 
5000 cm"- are therefore counted manually using a 
microfiche reader. 

The background of the detector materia) is 
monitored monthly. The etching quality is checked 
by inserting a detector exposed in the calibration 
chamber into each etching lot. The quality of the 
counting is checked by inserting a control film 
into each counting lot. Participation in several 
international intercomparisons has also helped us 
with our quality control of the measurements. 

Sampling 

The selection of houses where measurements 
are made is not totally under the STUK's control. 
At the beginning, the tendency was to try to get an 
aerially representative sample of ground-contact 
dwellings from each administrative area. This may 
not necessarily give a sample that represents the 
population. However, it was believed that the 
results could be adjusted with proper weighting. 
Since then, the sample has become more and more 
biased to higher concentrations, due to the 

emphasis given to them in measurements. A truly 
stochastic sampling programme in 3000 dwellings 
has confirmed the validity of the weighting 
methods used so far. 

Data collection and processing 

The data which may be relevant for analysis of 
the reasons for and consequences of indoor radon 
concentrations can be divided into three groups — 
geological data on the building site, construction 
data on the house and data on the inhabitants. The 
main emphasis has been on the first two groups, 
and of these geological data have proved more 
important. Visiting all the houses is impossible, 
but reasonably accurate estimates of the 
geological features can be made from geological 
maps. This is one of the tajks in which the 
mapping system is a great help. 

A questionnaire filled in by the contact person 
includes questions on the administrative district, 
starting and ending time of the exposure, and the 
room and floor where the dosemeter was placed. 
Questions on the building material, water, 
ventilation and heating systems are answered by 
choosing between given alternative;!. To answer 
questions on the sub-structure, different illustrated 
examples are given, and the respondent chooses 
the right answer. This part of the questionnaire has 
been improved over a long period of time, taking 
the experience from earlier answers into account. 
The questionnaire also includes questions on 
whether indoor radon has been measured earlier or 
whether the house has been mitigated. It consists 
in total of two pages of questions and two pages of 
illustrations. The position of the house is marked 
on a local map provided by the local health 
authorities. 

Information from the questionnaire is recorded 
in a separate file, v/r'ch is linked together with 
other information into a single SAS data set (SAS 
Institute Inc.. Cary. NC. USA), the basic indoor 
radon database, as shown in Figure 2. In the near 
future, all files will be parts of a relational 
database which will also include other information 
on natural radiation in Finland. 

Seasonal correction 

The dosemeters are normally exposed during 2 
months in the cold season (November-April). The 
correction factor to achieve the annual average 
radon concentration from wintertime results have 
been shown to depend on the concentration 
measured in winter''*'. A model has been 
developed for understanding annual variations in 
indoor radon concentration and to allow reliable 
estimates on the annual average concentrations to 
be made. 
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The evaluation method is based on a model 
which relates radon concentration in houses with 
natural ventilation to variations in source strength, 
air exchange rate and meteorological factors. The 
source term comprises diffusion source (building 
materials) and flow from the ground driven by 
pressure difference. These sources lead to 
different types of annual variation in radon 
concentration, so the correction factor for annual 
concentration depends on the relative strength of 
the sources. A pure diffusion source gives a 
correction factor higher than unity, the factor for a 
pressure-driven flow source being less than unity. 
In houses with a low radon concentration (<100 
Bq.rrT3) both sources are important and the 
correction factor is near unity. In houses with a 
high radc;t concentration (>200 Bq.m3) the flow 
source dominates and the correction factor is 
typically 0.6-0.9. 

The correction factor in Figure 3 is given as a 
function of the measured winter concentration for 
different average outdoor temperature values 
during the measurement period. The diffusion 
source strength is 10 Bq.m~'h~'. which 
corresponds to the average source in single-family 
houses with slab-on-groi*nd and wooden wall 
structures. The variations in source strength and 
the air exchange rate affect the correction factor. 
The parameters have been chosen to give a good 
estimate of the average annual concentration 
nationwide. The current study in randomly chosen 
dwellings will check the validity of the model and 
give new information about the correction that 
should be used for blocks of flats and for single-
family houses with mechanical ventilation. 

Mapping system 

A TOPOS mapping system (Timo Pekkonen 
Inc.. Helsinki, Finland) with an interface custom-
made for this study is used. It is used for: (1) 
digitising and retrieving information from existing 
maps; (2) the production of thematic maps; and 
(3) the calculation of parameters for designated 
areas. 

The positions of the houses are marked on local 
maps (1:10.000-1:50.000). The map is taped on 
the digitising table. When the coordinates of three 
points are given, the map is fixed to the system. 
Three different maps can be fixed on the digitising 
table simultaneously, The other two are the 
geological maps, indicating the types of bedrock 
and soil, respectively. The mapping system is 
provided with the coordinates of the house from 
the local map when the operator points and clicks 
a multibutton cursor. The position of the house on 
the geological maps can be found easily by 
moving the cursor on the map. The information 

given to the system on the bedrock and soil is at 
the operator's discretion, and he/she must know 
how to interpret the geological maps. 

The scales of the geological maps vary from 
1:20.000 to 1:400.000, depending on the part of 
the country. However, the most interesting maps. 
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Figure 2. The present files, software and hardware 
comprising the Indoor Radon Information System. 
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Figure 3. The correction factor needed to obtain the 
annual average radon concentration from wintertime 
results. The outdoor temperature is the average 
temperature during the measurement period. The annual 
average meteorological factors used are for the metro
politan area of Finland (temperature January-December. 
_7.8, -8.], -4,0, 2.0. 9.2, T4.7. 16.1. 14,6.9.5.4.5.-0.5 
and -5..VC. average wind speed 3.9 m.s"1). The 
diffusion source strength is 10 Bq.nv'.tf'. The 
ventilation rate is 0.4 h"' at an outdoor temperature 

of+.VC. 
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those on grave! and sand deposits, are on the scale 
1:20.000 and allow a very exact determination of 
whether the house is situated on these formations 
or not. 

Thematic maps can be constructed by linking 
together the radon concentrations and the 
coordinates of the house. An example of a local 
thematic map is shown in Figure 4. The soil type 
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of the building site is indicated by different 
symbols and concentration classes with different 
colours. Various features from ordinary maps 
(administrative boundaries, roads, lakes, etc.) or 
geological maps (boundaries of esker areas, 
bedrock type areas, etc.) can be easily digitised 
and presented in a suitable colour on the PC 
screen or printed on paper). 

Once the result map is on the screen, a certain 
area on the map can be outlined with the mouse or 
cursor and statistical parameters calculated for the 
results from that area. The parameters which 
TOPOS automatically shows on the screen are the 
number of the houses measured, the arithmetical 
and geometrical means, percentages of results 
exceeding given levels and the fall of mean 
concentration if houses exceeding a certain level 
are mitigated. Results from the designated area 
can also be isolated for other processing, e.g. the 
cumulative distributions of the results from the 
test areas of Figure 4 can be drawn, as shown in 
Figure 5. 

Figure I is an example of a thematic map 
presenting the arithmetical means of the results 
from 10 x 10 knr squares covering the areas 
where measurements have been made. Similar 
maps for administrative regions or any areas 
digitised to the system can also be made. 

APPLICATIONS 

Use as information system 

The information compiled in the indoor radon 
database is used for many purposes. The 

N • numeaf of aantfCS 

A rrm» « unfTmtK mpar 

O m w • gsomflffic m « r 

wi * rarm intfe» Tie reduction o! wean concentration i' rhesuses MceedmgSX 3c ~ 'areTiiicjalei 

MZOOdqm"-' 

Figure 4. An example of a black-and-white copy of a 
local thematic map produced by the TOPOS mapping 
system. The actual maps are coloured. The area has been 
divided into geologically homogeneous test areas The 
statistical parameters for the test areas are automatically 
calculated by the mapping system and shown on the 

screen. 
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Figure 5. Cumulative distributions of indoor radon 
concentrations in the test areas in Figure 4; Q ) non-

granitic. (*) Rapakivi granite. (A) gravel in eskers. 
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information on a given area can be picked out 
before a media interview or an inquiry from the 
loc?l authorities. Presentation as a map usually 
demands some extra work in choosing the proper 
scale and digitising the features from ordinary 
maps, but it is still significantly faster and easier 
than manual drawing. The database has also been 
used to find candidates for mitigation research and 
to analyse the results and methods used in the 
mitigations. 

Results on individual houses are given only to 
the owner and the local health authorities. If a 
private person orders and pays for the 
measurement, the only information given to the 
local health authorities is the result and the postal 
code of the address. 

In order to make the estimates of the municipal 
mean concentrations more reliable, the municipal 
results were linked with information on the 
percentage of population living in low-rise 
residential houses in each municipality. As more 
detailed statistical information on the population 
distribution within municipalities becomes 
available, the accuracy of the estimates can be 
increased further. 

Model research 

A multiplicative model has been used to 
correlate indoor radon concentrations in low-rise 
residential houses throughout the country with 
location and construction factors'5'. The analysis 
has shown that the construction factors 
(foundation type and building year) differed only 
by a factor of 2. while the location factors 
(geographical zone and soil type) differed by a 
factor of 6. This result explains why the effect of 
house type was not observed in earlv survey 
results'*'. 

The effect of construction factors must be taken 
into account when the geographical distributions 
of smaller areas are looked at. if. for instance, 
most of the houses are of the same age and type. 
Correction factors are calculated from the results 
for the same area. 

The basic questions that the study of 
geographical distributions is able to answer ^e: 

1. In which areas may indoor radon 
concentrations exceeding a certain level 
occur? 

2. How large a percentage of houses to be built 
in a certain area will exceed a certain level, if 
no preventative measures are taken? 

To answer the above questions, the STUK 
provides the municipalities with two different 
services. Radon measurement plans answer the 

first question and radon prognosis maps the 
second. 

Radon measurement plans 

In devising the radon measurement plans, all 
the available geological information and results of 
earlier indoor radon measurements are taken into 
account. The municipality or federation of 
municipalities is divided into test areas which are 
assumed to be reasonably homogeneous 
geologically. The basis for the division may be 
different for different types of building sites. 

In the first stage, eskers and other sand 
formations are treated separately. For all othtr 
areas, the division is based on the bedrock type 
and its estimated or measured uranium 
concentration. A recommendation is made on how 
many houses in each area should be measured. 

Some of the measurements are recommended in 
order to get results from all parts of the 
administrative area. In areas where elevated 
concentrations are expected, the number of 
recommended measurements is higher. The 
measurement programme is carried out in several 
stages, between which the boundaries of the test 
area are revised and the need for further 
measurements estimated. One of the criteria used 
in the estimation is how far the mean 
concentration can be reduced if all houses in the 
test area exceeding a certain level are mitigated'7'. 

As an example. Figure 4 shows a small part of 
the map attached to a radon measurement plan for 
a federation of municipalities in southern Finland. 

Radon prognosis maps 

Some municipalities want to assess the radon 
risk in future houses in areas of development in 
order to decide whether they have to make 
preventative measures against radon obligatory in 
these areas. The assessment is made by the STUK 
using the results of indoor radon measurements 
and geological information'8'. The number of 
indoor radon measurements needed for an 
assessment of this kind is typically several 
hundred for a total area of 200-1000 km2. 

The prognosis areas are chosen to be as 
homogeneous as possible and to include at least 
several dozen indoor radon results. The percentage 
of houses exceeding a certain level is calculated 
assuming a log-normal distribution. The estimates 
are made for each prognosis area and for different 
foundation types. The total number of estimates in 
the maps constructed so far has ranged from 7 to 
22 and the percentages exceeding 800 Bq.m"3 

from 0 to 5Wc. The prognosis is most reliable 
when it concerns construction near or within an 
existing settlement. 
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CONCLUSIONS performed anyway. Modern methods used for the 
automatic data processing of land information 

An attempt has been made to optimise the seem very suitable for this kind of work. It is 
measurement and data processing methods so that hoped that the survey will serve as a basis for both 
the maximum amount of information can be mitigation and prevention, and for further study of 
drawn from measurements that would be the significance of radon. 
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HIGH INDOOR RADON VARIATIONS AND THE THERMAL 
BEHAVIOR OF ESKERS 

H. Arvela, A. Voutilainen, T. Honkamaa, and A. Rosenberg* 

Abstract—Measurements of indoor radon concentrations in 
nooses built on toe Pispala esker in the city of Tampere were 
taken. The objective was to find connections between indoor 
radon concentrations, esker topography, and meteorological 
factors. The results show that not only the permeable soil but 
also subterranean air-flows in the esker strongly affect the 
indoor radon concentrations. The difference in temperature 
between the soil air inside the esker and the outdoor air 
compels the subterranean air to stream between tbe upper and 
lower esker areas. In winter, tbe radon concentrations arc 
amplified in tbe upper esker areas where air flows out from tbe 
esker. In summer, concentrations are amplified in certain 
slope zones. In addition, wind direction affects the soil air and 
indoor radon concentrations when hitting the slopes at right 
angles. Winter-summer concentration ratios are typically in 
tbe range of 3-20 in areas witb amplified winter concentration, 
and 0.1-0.5 in areas with amplified summer concentrations. A 
combination of winter and summer measurements provides 
tbe best basis for making mitigation decisions. On eskers 
special attention must be paid to building technology because 
of radon. 
Health Phys. 67(31:254-260; 1994 

Key words: "JRn, indoor; soil; scintillation chamber; dosim
etry 

INTRODUCTION 

ESKERS ARE long and narrow steep-sided ridges formed 
by glacial streams. The soil in eskers is permeable 
sand and gravel which allows significant soil gas flow 
from the ground into houses. Radon concentrations in 
houses on eskers arc higher than in flat areas with 
similar soil permeability (Castren et ai. 1984). Geolo
gists have reported observations on the thermal behav
ior of some Finnish eskers (Okko 1957), The main 
observation was snowless patches on the upper parts 
of the eskers composed of coarse material where air 
above 0°C flows out of the ground in winter. In the 
same patches, outdoor air flows into the ground in 
summer. Our previous radon measurements on eskers 
raised the question of connection between subterra-
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14, F1N-0O88I. Helsinki, Finland. 
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nean air flows and observed concentration variations 
(Arvela et ai. 1988; Rosenberg 1991; Hutri and Mäke
läinen 1993). Intake and exhaust of air have also been 
reported in fractured tuffs in the Yucca Mountains, 
Nevada (Weeks 1987). Within the hilly karst terrains 
of the southern Appalachians, subterranean transport 
of radon, affecting the indoor concentrations, has been 
observed (Gammage el al. 1992). 

In this study, we present detailed results from the 
Pispala esker in the city of Tampere. The main objec
tive has been to find connections between indoor 
radon concentrations, esker topography, and meteo
rological factors. 

MATERIALS AND METHODS 

The Pispala esker 
The Pispala esker is located in southern Finland in 

the city of Tampere, which lies 170 km northwest of 
Helsinki, the capital of Finland, The Pispala esker is 
only a small part of a large and long esker formation 
which runs across the city of Tampere. 

In the Pispala area, the esker forms a narrow but 
high isthmus between two lakes. On the steepest slopes, 
the inclination is 30°. Fig. 1 shows the map of the esker 
with the sub-areas used in this study and the vertical 
profile of the esker. The relative height of the esker is 
greatest in the eastern part of the study area, where the 
formation rises quite steeply 82 m above the waters of 
Lake Pyhäjärvi. The ridge tilts toward the west, and the 
difference in height in the west is 40 m. 

According to the explanatory material accompa
nying the map of superficial deposits (Virkkala 1962), 
the most common fractions in the esker are pebbles, 
gravel, and sand. Because the coarsest material forms 
the core of eskers, the top and uppermost parts consist 
of gravel and pebbles and the down-slopes of sand. In 
some places in the lower slopes, silt and clay are 
observed to form intermediate layers below more 
coarse material. 

The houses on the esker 
The Pispala esker, with its steep slopes and fine 

lake scenery on both sides of the esker, is a densely 
populated district. Originally, Pispala wa« a workers' 
settlement area, but in recent years it has become a 
more popular and expensive area. Most of the houses 
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Fig. 1. The Pispala esfcer, the sub-areas used in the analysis, 
and the esker profile with subterranean air flows in summer 
and in winter. Measurements of diurnal variation were made 
in houses 1-4 shown in the figure. vp is the perpendicular 
component of wind speed against the esfcer. 

were built in the first half of this century. The passage of 
air from esker soil into dwellings is often very free, and 
the floor in many cellars is onfy soil or fractured 
concrete, with many open joints between the foundation 
wall and the floor. The houses are of wooden construc
tion and circulate air from the bottom level into the 
upper levels. Most buildings are either single family 
houses or small blocks of apartments with 2-3 floors. 
Three types of foundation construction have been used: 
slab on ground, crawl space, and cellar with foundation 
wall. Cellar construction is most common. 

Instruments 
The solid state nuclear track dosimeters used for 

long-term measurements consist of 0.25-mm-thick 
polycarbonate foil covered with aluminized absorber 
placed at the bottom of a closed cylindrical container 
(17 mm high, 40 mm in diameter) (Castren et ai. 1992). 
Radon enters the cup by diffusion through holes cov
ered with filter paper. The detector foils are electro-
chemically etched and the tracks are counted in an 
automatic track-counting device consisting of an im
age analysis system. 

Diurnal variation in indoor and soil air radon 
concentration was measured using continuous flow 
scintillation flask radon gas monitors. The instruments 
recorded the average radon gas concentration every 
hour. 

Measurements 
Two types of measurements were made in this 

study: long-term measurements and measurements of 
diurnal variation. The long-term measurements made 
in two groups of houses are shown in Table 1. In the 
first seasonal study, 34 houses were measured from 
September 1987 to April 1989 using successive 1-mo 
measurements. In the second study, called the winter-
autumn study, 295 houses were measured using 2-mo 
measurements in winter 1987-1988 and in autumn 
1988. The houses were chosen in order to achieve a 
representative survey of radon concentrations at dif
ferent heights on the esker. In the seasonal study, the 
houses are located near the chosen southwest to 
northeast profile of the esker. Fig. 1 shows the areas 
and their location on the esker profile. The areas S3 
(sand) and S4 (rock) on the southern side are beyond 
the main esker formation. The western area (W) is the 
lowest part of the esker. 

Measurements of diurnal variation were taken in 
four houses, at locations shown in Fig. 1. In these 
houses, the indoor and soil gas radon concentrations 
were measured simultaneously; the recording period 
was 1 h. The measurements were taken in March-April 
1989, March-April 1990 and in November 1990, with 
the total measuring period for each of the houses being 
about 4 wk. During the measuring periods, a house on 
the top of the esker was measured simultaneously with 
a house on the southern slope. Soil air radon concen
tration was measured either through a pipe drilled 
through the slab or outside close to the foundation wall 
using a soil-gas probe. 

The following parameters weTe calculated on the 
basis of data collected: 
Seasonal study: 

• annual average: 
• winter concentration, December-February av

erage; 
• summer concentration, June-August average; 

and 
• winter-summer concentration ratio. 

Winter-autumn study: 

• winter concentration, December 1987-March 
1988, 2 mo; 

• autumn concentration, 15 August-! October 
1988. 1.5 mo; 

• winter-autumn concentration ratio. 

Meteorological data: 

• for each period of measurement, the average 
outdoor temperature was calculated from 5 d 
average meteorological data. 
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Table 1. Average and median indoor radon concentration (Bq m -'l for the houses in the seasonal study and 
the winter-autumn study for different sub-areas ot the Pispala esker. The sub-area height is given for the 
profile A-B in Figure 1. Winter summer ratios and winter autumn ratios given are mean or median values of 
the ratios of individual houses. 

Sub-area 

N3 North 
100-115 m 

N2 North 
115-125 m 

Nl North 
125-150 m 

Top 
150-160 m 

SI South 
120-150 m 

S2 South 
100-120 m 

S3 South 
under 100 m 

S4 South 
Tahmela 

West 

Total 

Se 

Winter 
Summer 
Annual av. 
Winter Summer 
Winter 
Summer 
Annua! av. 
Winter Summer 
Winter 
Summer 
Annual av. 
Winer Summer 
Winter 
Summer 
Annual av. 
Winter Summer 
Winter 
Summer 
Annual av. 
Winter Summer 
Winter 
Summer 
Annual av. 
Winter Summer 
Winter 
Summer 
Annual -v . 
Winter Summer 
Winter 
Summer 
Annual av. 
WimerSummer 
Winter 
Summer 
— 

asonal s 

N 

—. 
— 
— 
-

1 
1 
1 
1 
9 
9 
9 
9 

s 
8 
8 
8 
3 
3 
j 

3 
4 
4 
4 
4 
6 
6 
6 
6 
3 
3 
3 
3 

— 
_ 
— 
34 

tudy 

mean 

— 
— 
— 

1200 
2400 
1500 

0.49 
5800 
340 

3600 
~f 

2000 
120 

1400 
21 

610 
7<HM> 
2600 

0.09 
180 
240 
210 

1.2 
200 
150 
180 

1 " 
83 
89 
83 

1.2 

— 
_ 
— 

median 

120(i 
24011 
1500 

0.49 
1800 

9.' 
1300 

n 
111)0 

110 
89(1 

7_7 
500 

6800 
26O0 

0.086 
190 
250 
210 

1.1 
200 
130 
180 

1.6 
83 
56 
7* 

1.1 

— 
— 
_ 

Winter-

Winter 
Autumn 

- — 
Winter Autumn 
Winter 
Autumn 

— 
Winter Autumn 
Winter 
Autumn 
— 
Winter Autumn 
Winter 
Autumn 
— 
Winter Autumn 
Winter 
Autumn 
— 
Winter Autumn 
Winter 
Autumn 
— 
Winter Auiumn 
Winter 
Autumn 
_ 
W inter Autumn 
Winter 
Autumn 

Winter Auiumn 
Winter 
Autumn 
Winter Auiumn 

Autum 

N 

4 
3 

— 
3 
s 

— 
1 

36 
; 7 

— 
-»7 

48 
38 

— 
37 
39 
2" 

— 
29 
52 
42 

— 
42 
28 
20 

— 
20 
8 
8 

— 
8 

74 
61 
61 

29? 

n study 

mean 

130 
<9 

-
l.<!> 

1900 

6000 

— 
0.88 

39(H) 
890 

--
11 

1400 
530 

-
9.7 

600 
1400 

— 
0.58 

280 
460 
— 

0.89 
150 
130 

_ 
1.2 

160 
17(1 

— 
l t 

430 
360 

2.3 

median 

95 
59 

— 
1.9 

1100 
6000 

— 
0.88 

2400 
340 

— 
4.5 

2300 
310 

— 
8 

240 
810 

— 
0.5! 

140 
210 

— 
0.74 

95 
90 

— 
1 

150 
90 

— 
1.2 

190 
130 

1.9 

Measurements of diurnal variation: 

• hourly average for indoor radon concentration 
and soil gas radon concentration; 

• wind speed and direction, over a period of 3 h 
(at 10 m, at Tampere airport) 

• the perpendicular component of wind speed 
against the esker v = v cos if, where if is the 
angle between wind direction and 210°, see Fig. 
1. For a wind direction of 210° {wind from the 
southwest), the component is the same bs wind 
speed v and for a wind direction of 30J respec
tively -v. The perpendicular component is a 
measure of the pressure field which wind pro
duces on the esker slopes. The component is 
lowest for periods of low wind speed and for 
wind blowing in the direction of the esker. The 
conversion is approximate, because the esker 
slopes along its direction. 

RESULTS AND DISCUSSION 

Seasonal variation 
Table 1 shows results of the long-term measure

ments for the seasonal study and for the winter-
autumn study for different sub-areas. Two results are 
most pronounced. Firstly, winter concentration and. 
hence, also the annual average, is much higher in the 
regions T and Nl than in the regions SI and N2. 
Secondly, the winter concentration exceeds the sum
mer concentration in the areas T and Nl; in the slope 
areas SI and N2, the behavior is to the contrary. 

Fig. 2 shows typical annual variation curves for 
houses on sub-areas Nl and SI. Table 1 and Fig. 3 
show the average winier and summer concentrations 
for esker sub-areas. /Viiplificd summer concentrations 
occur only in areas SI and N2 on both slopes. 

Winter-summer concentration ratios shown in Ta
ble 1 arc typically in the range of 3-20 in sub-areas T 
and Nl and 0.14).5 in the :?iope areas SI and N2. 
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Fig. 2. Typical annual variation in indoor radon concentra
tion in esker top and lower slope areas. 

Outside the esker, the ratio is 1-2, which is common in 
flai sreas (Arvela et ai. 1988). In the top area with the 
highest winter concentrations, the annual average con
centration is about 60% of the winteT concentration. 

The effect of wind 
Figs. 4 and 5 show the indoor and soil radon 

concentration variations in different seasons as a func
tion of the perpendicular wind component. It is clearly 
seen that, during cold seasons in the north-eastern 
upper slope area ( N l ) of the esker, south-western 
winds increase the concentration. On the south
western slope, these winds decrease the concentra
tion. The wind striking the esker will increase soil gas 
pressures and may increase the soil-gas entry rate into 
homes. The wind may also increase outdoor air infil
tration into the homes and the net effect on the 
pressure differential causing soil-gas to infiltrate the 
home is questionable. It appears that the major effect 
causing indoor radon concentrations to decrease as a 
result of wind, is the greater air flow into the esker on 
the windward side, causing increased dilution of the 
soil gas radon concentration and increased outdoor air 
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Sub-area 
Fig. 3. Winter and summer concentrations in esker sub-
areas. Sub-areas Nl-N -1 and S1-S4 are on the northern and 
southern slopes, with area T being on the top of the esker. 

infiltration into homes. Similarly, on the downwind 
slope the sub-slab soil radon concentrations increase. 

The soi! air radon concentration in house 3 on the 
upper northern slope ( N l ) w a s measured in a base
ment room with a sandy floor using a soil-gas probe. 
The soil air concentrations of the house on the lower 
southern slope (Si ) in Fig. 5 were measured through a 
pipe drilled into the slab. The flow of radon-free air 
into the esker ground and into the ground below the 
slab during strong winds markedly decreases the soil 
air radon concentration below the slab. During periods 
with weak wind, the sub-slab soil air concentration in 
summer is about twice the concentration during colder 
periods. 

The effect of temperature 
8 0 ^ of winds occur within the range 1-4 m s~'; 

therefore, high wind values (Fig. 4 and 5) do not 
greatly affect the average radon concentrations in 
Table 1. Temperature is the dominant factor affecting 
the air-Hows in the esker and the annual variations in 
indoor radon concentration. 
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Fig. 4. Indoor and soil air radon concentrations in a house in 
the upper slope area of the esker as a function of wind speed. 
Wind speed is shown as a perpendicular wind component 
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Error bars show one standard deviation limits for mean 
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Fig. S. Indoor and soil air radon concentrations in a house in 
the lower slope area as a function of wind speed. Wind speed 
is snown as a perpendicular wind component against the 
esker. The house is located on the south-western slope 
(positive winds blow from this direction) of the esker. Error 
bars show one standard deviation limits for mean values of 
hourly averages. 

In summertime, the concentrations in the sub-
areas T and Nl are constantly low; even high south
western winds are not able to increase the concentra
tions of soil gas or indoor radon. During warm periods 
(T>10°C) in these areas, not even strong winds are 
able to change the direction of gas flow in the esker. 
Also, the increases observed in Fig. 4 during strong 
winds and a temperature exceeding 10°C have oc
curred when the temperature was close to 10°C. 

In the slope areas with amplified summer concen
trations, the concentration in summertime is high, 
even with zero wind speeds. Thus, the amplification is 
caused by the flow produced by the difference in 
temperature, not by the winds. Winds against the 
slope may, however, lower the concentrations to the 
level which is normal in wintertime. Strong winds are 
infrequent; therefore, high concentrations are domi

nant in summertime in the lower south-western slope 
area. 

Fig. 6 shows indoor radon concentration behavior 
as a function of the outdoor temperature. The air-flows 
in the esker change direction in the outdoor tempera
ture range 2-10°C. The change occurs in southern 
Finland in April-May and in September-October. 

Diurnal variation 
Changes in wind speed and outdoor temperature 

produce strong and rapid changes of indoor radon 
concentration. Changes by a factor of ten or more 
were observed during a period of a few hours. Fig. 1 
shows an example of these variations. 
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Fig. 7. Strong and rapid changes of indoor radon concentra
tion in March 1990 in a house in the upper area of the Pispala 
esker 
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Fig. 6. Average indoor radon concentrations of the houses in 
the upper (9 houses, northern) and lower (3 houses, south-
em) esker slope areas as a function of outdoor temperature. 
Radon concentration is presented as a percentage of the 
maximum concentration measured in each of the houses. 
The measurement period was 1 mo. The total study period 
was 20 mo. Error bars show two standard deviation limits. 

CONCLUSIONS 

The indoor radon concentrations measured on the 
Pispala esker show that not only the permeable soil, 
but also the subterranean air-flows in the esker 
strongly affeel the concentrations. The difference in 
temperature between the soil air inside the esker and 
the outdoor air compels the subterranean air to stream 
between the upper and lower esker areas. This flow 
strongly affects the annual variation observed on esk-
ers. In addition, wind affects the soil air and indoor 
radon concentrations when hitting the slopes. The 
result is in agreement with the observations of snow-
less patches on Finnish eskers (Okko 1957). 

The observed high concentration on eskers can
not be explained merely by the variations in the soil air 
radon concentrations. The subterranean air flows must 
also increase the pressure difference driving the air 

from the soil into the houses. This pressure difference, 
as well as the pressure differentials caused by the 
wind, remain to be measured in future studies. 

The results observed are valid for permeable soil 
areas comparable to eskers and are in agreement with 
the observations of subterranean air-flows on hill\ 
karst terrain (Gammage et al. 1992). The results can bt 
applied to some degree to radon concentrations in hill) 
areas, where soil on building sites is permeable, bu 
where subterranean air flows between the slope anc 
the upper parts of the hill are not generated. In thi: 
case wind will increase and decrease radon concentra 
tion of the sub-slab soil air more than in the case ol 
houses on flat terrains. 

Special attention must be paid to building con
struction technology on eskers because of radon. In 
the case of slab-on-grade or cellar, a high-grade air
tight foundation is needed to prevent soil air-flow into 
dwellings. Use of well ventilated crawl spaces with 
air-tight floors provides a radon-safe foundation. 

The most serious errors in long term average 
estimates will be made if houses in the upper area are 
measured during warm seasons. The result may be 
only 2—10% of the true annual average. A single 
measurement in wintertime in the lower slope area 
with amplified summer concentrations may lead to an 
underestimation by a factor of 3^J. Therefore, in esker 
areas, a combination of winter and summer measure
ments is needed to produce valid estimates. The result 
also aids in selecting measures for decreasing the 
concentration. It may be possible to reduce high 
summer concentrations by improving ventilation; sub-
slab suction or the radon well are the best methods in 
areas with high winter concentration. 
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Abstract — Indoor radon concentration of two consecutive half-year measuring periods in 3074 Finnish dwellings were analysed. 
The periods were the wannest and coldest half-year periods in Finland. The mean of winter/summer concentration ratio in all 
low-rise residential buildings was 1.28. and in houses with winter concentrations of <50. 50-100. 100-200 and >200 Bq.m"\ 
0.97. 1.22. 1.34 and t.55. respectively. The results are in agreement with the results predicted by the model, which takes into 
account the varying contribution of diffusive and corrective radon entry as well as the contribution of suck effect and wind 
induced air infiltration. The model is a useful tool for estimating the average correction factor for the annual average radon 
concentration from the two months measurements used in Finland. Typical correction factors vary in the range of 1.0-0.7. 
depending on the outdoor temperature and on radon concentration level. Model comparison with winter/summer ratios measured 
in houses with slab on grade suggests an average diffusive radon entry rate of 7 Bq.rrr'.h and a convecttve entry rate of 
50 Bq.m~'.h~' at an average indoor/outdoor temperature difference of 17 K. The use of a simple averaging of winter/summer 
ratios for houses with varying radon levels, creates inaccuracy in the information on seasonal variation. Surprisingly, the behaviour 
of the winter/summer ratio in blocks of flats was very similar to that in low-rise residential buildings. The results support the 
interpretation that soil air leakage also contributes unexpectedly to the radon concentration in flats. 

INTRODUCTION 

Indoor radon measurements in low-rise residential 
houses have shown that in houses with natural venti
lation, where the pressure difference driven radon flow 
from soil is the dominant radon source, winter concen
trations are normally higher than summer concen
trations. In Finland, a measurement period of two 
months during the heating period is used for indoor 
radon measurements in dwellings. Measurements of sea
sonal variation and model calculations have been used 
for estimation of the annual average concentration. The 
measured variation has been in agreement with model 
predictions, but the small number of houses measured 
has limited the accuracy of parameter estimates" ""*'. The 
Finnish Centre for Radiation and Nuclear Safety carried 
out a study or indoor radon in 1990-91 in 3074 
dwellings'3'. Because of the large number of houses and 
long measurement periods, the study provides new data 
for studies of seasonal variation. The aim of this study 
is to present the results concerning the seasonal vari
ation and to compare the results with model predictions. 
This is also the first Finnish study providing representa
tive information on seasonal variation in blocks of fiats. 

MATERIALS AND METHODS 

Indoor radon measurements 

The measurements were carried out in 1990-91 in the 
dwellings of 3074 persons randomly chosen from the 
Central Population Register. 2071 of these in low-rise 

residential buildings and 903 in blocks of fiats. Alpha 
track detectors'46' and two consecutive half-year meas
uring periods were used. The measuring periods were 
22 Nov. 1990-3 May 1991 and 3 May 1991-19 Nov. 
1991 (median dates), also approximately the coldest and 
warmest half year periods in Finland. The median length 
of the periods was 162 d and 200 d. Thus the periods 
also covered spring and autumn. However, for sim
plicity the periods are herein termed winter and summer. 

In order to avoid the highest extremes of the 
winter/summer concentration ratio due to detector inac
curacy, the minimum concentration of radon was set at 
15 Bq.trr3. This limitation affected only the concen
trations measured in 15 dwellings with floor slabs made 
of concrete. Taking into account the contribution of 
radon concentration in outdoor air'7'. 5 Bq.nr1. the limi
tation is well justified. 

Air infiltration prediction 

The modelling used for the predictions of seasonal 
variation combines both air infiltration and radon 
sources to a simple model. At first, Finnish air infil
tration models were tested, but then the Lawrence 
Berkeley Laboratory (LBL) air infiltration model was 
chosen as it has been tested in moderately cold climates 
and because it gives a simple analytical basis for 
calculations"'1. 

The LBL infiltration model adds in quadrature the 
infiltration rates due to indoor-outdoor temperature dif
ferences (stack effect) and wind speed as follows: 

Q = ELA [rfwAT°*s)1 + (Lry)2]"2 (I) 
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X = QV (2) 

where Q is the total infiltration (m'.s"1). ELA is the 
effective leakage area (irr). AT is the indoor-outdoor 
temperature difference (K), f,. is the stack parameter 
<'m.s~'.K-1':), v is the meteorological wind speed at 10 m 
and f„.r is the wind parameter. N is the air exchange rate 
<h ') and V the house interior volume (m1). 

The envelope leakage exponent of AT in Equation 1 
is 0.5 for turbulent air flows and 1.0 for iaminar air 
flows, the effective parameter is in the range of 0.5-0.7 
The contribution of flow through vents and non-planned 
leakage routes to the total air infiltration affects the 
effective value of this exponent, as described later in 
this section. Comparison between predicted and meas
ured air flows, made by the LBL give an estimate of 
0.65 for the exponent'9'. The comparison implies that 
the original model, w ith an exponent of 0.5. overpred-
icts at low pressures and underpredicts at high pressures. 
In this study a value of 0.65 for the flow exponent will 
be used. 

In the development of the infiltration model, it is 
assumed that all significant air flow takes place directly 
through the shell of the house envelope. Normally Finn
ish low-rise residential houses have been equipped with 
exhaust vents. located mostly in the kitchen and bath
rooms. Air flow through a vent. Qv can be expressed 
as follows'8': 

Q, = Av(v= + 2gh'Am.Iul)' (3) 

where Av is the leakage area of the vent <m:). v is wind 
speed at the top of the ventilation stack (m.s"'), h' is 
the height of the stack (above the neutral level), g is the 
acceleration of gravity (9.8 m.s":), AT is the indoor-
outdoor temperature difference and T(1U, is the outdoor 
temperature (K). 

In Finland, the use of air intake vents in living rooms 
and bedrooms was uncommon before 1987 when a new 
building code was instituted''"'. As a rule the new code 
requires mechanical ventilation. When natural venti
lation is chosen air intake vents are required. The air 
flow through a vent will be balanced only if there is an 
intake veni of the same air flow. Houses with intake 
vents are at the present time few in number and hence 
the air flow through exhaust vents in the Finnish hous
ing stock is, in general, unbalanced. Unbalanced flow 
adds to the total infiltration in quadrature. The wind and 
stack effect induced components of the vent flow. Equ
ation 3, are approximately similar physically to the 
infiltration Equation I. Therefore, the addition of the 
unbalanced flow through the vents to the stack and wind 
induced flows through the house envelope is explicable 
as alterations in the leakage area as well as the stack 
and wind parameters of the air infiltration equation. 

The fraction of leakage in the floor and ceiling affects 
both the stack and wind parameters'"'. In houses with 
slab on grade, the floor leakage is of the order 1 m'.tr'. 
as estimated in the present study. In such cases the floor 

leakage area is, in comparison with the total air infil
tration, virtually negligible. However, as a source of 
indoor radon concentration, this leakage area is signifi
cant. The available measured results from the fraction 
of leakage in the ceiling in Finnish moderately tight 
houses are 40-6Wt (pressure tests, vents closed)'" 
Exhaust vents are installed through the ceiling and 
increase the flow through the ceiling. Based on a study 
of 60 houses with natural ventilation, the non-planned 
flow through the envelope is typically 30-60^ of the 
total infiltration'12'. As a result, the overall fraction of 
leakage in the ceiling is approximately 70-80%. These 
calculations resulted in a value of 0.08 for the stack 
parameter and 0.11 for the wind parameter (Equation 1) 
of the model house presented in Table 1. 

Radon concentration prediction 

Equations 4-9 give the steady state radon concen
tration A (Bq.nr') used in model calculations. 

Table 1. Physical characteristics of the model house used in 
the calculations. 

Substructure 
Floor area 
No of storeys 
House height 
House volume. V 
House interior height 
Ventilation 
Wall bearing structures 

Air exchange model 
parameters" 
Leakage area. ELA* 
Ceiling leakage area 
Terrain class 
Wind parameter. fwr 
Stack parameter, f„ 
Indoor temperature 
Ventilation rate 

Radon concentration and 
sources 
Average soil gas -"adon 
concentration 
Indoor radon concentration. 
annual average 
Diffusive radon, volumetric 
entry rale. Sd 
Convective radon entry rate, per 
unit indoor-outdoor temperature 
difference** 
Convcclive soil air leakage rate. 
Q,n,.** 

Slab on grade 
100 nr 
1 
4m 
250 m1 

2.5 m 
Natural 
Wooden 

0.036 m2 

75% o!" ELA 
3 
0.11 
0.08m.s'.K-"-
22 °C 
0.40 h ' 

30.000 Bq.m ' 

170Bq.m-' 

6Bq.m-1.h-1 

2.8Bq.m--,.rr'.K-

0.4 m\h'' 

Calculated ai outdoor temperature of 0 DC and wind speed 
of 4.? m.s-1. 
"Calculated for the following annual average climatic para
meters, outdoor temperature 4.4'C. wind speed 3.3 m.s"1 

34 



SEASOXAL VARIATION IX RADOX COXCEXTRATIOX 

Q V 1 = A P . Rr (5,i 

AP, = pou, g H.,, AT T;„; (6) 

AP, =P,HB I , ,AT(T i nT™,l •' (7) 

A = 1AW,F AT (T,„T(1L,r' - S J (A t- N r ' V ' + A(,u, (S) 

F„, = P; HU, Rf (9) 

The source comprises two components, diffusion 
from building materials; SalBq.h-') and radon source 
due to convective flow of soil gas into the house. SsoM 

(Bq.fr1). The force driving the convective flow is the 
pressure differential caused by the indoor-outdoor tem
perature difference. AT (K). this phenomena designated 
as the stack effect'"'. T,„ and Tou, indicate the indoor and 
outdoor temperatures (K). Sv„, is proportional to the soil 
gas radon concentration ASI)1, (Bq.m"v) and flow rate of 
soil gas into the house Q^idn'.h"1), which in turn is the 
quotient for the stack pressure difference AP„ (Pa) at 
floor level and the flow resistance R, (Pa.h.m"3). R, is 
the total resistance of both floor cracks and soil, to soil 
gas flow. The stack pressure at floor level is given in 
Equation 6'8'. In deriving Equation 7 from Equation 6. 
the density of the outdoor air polJt was expressed in terms 
of the air density (1.29 kg.nr1) at a temperature of 
273 K. The acceleration due to gravity, g. is 9.8 m.s : , 
thus P, has a value of 3450 Pa.nr'.K. Hnpi is the height 
of the neutral pressure level (m)"" above floor level. Fsm, 
is the leakage parameter and accounts for the total leak
age for the soil (m'.rf'.K). \ is the radioactive decay 
constant of " :Rn. 0.0076 h"1. N being the air exchange 
rate (rr1) (Equation 2). Aout is the outdoor air radon con
centration, the annual average being about 5 Bq.m"1'"''. 
The factor Aw,|F,ol, (TinTou,)"' demonstrates the total 
convective radon entry rate per unit temperature differ
ence. 

Equations 10-12 give the quotient for the radon con
centration of winter and summer periods. Aw/As, as a 
function of Aw. in the case N *» X and TmS = T,nW. 
solved from Equation o. The variables are defined 
above, subscripts W ?nd S referring to winter and sum
mer periods. 

AwA-' = AW(K, Aw + K :)-' (10) 

K, = T^w ATS Nw (ToulS ATW Ns r ' f 11) 

K: = SD V-1 Ns1 [I - TnulW ATs(Tnu,s ATwr ' ] 

+ ( l -K,)A o u l (12) 

Model house 

Table I shows the physical characteristics of the 
model house used in our calculations. The house rep
resents the most common house type in Finland; based 
on a nationwide study, 50% of the low-rise buildings 
are of this type. i.e. with slab on grade and single 

storey'1'. The average radon concentration of the con
vective leakage air is given in Table l. in order to esti
mate the connective flow rate Qso„. The indoor radon 
concentration of the model house. 170 Bq.m"-1. is the 
average value measured for houses with slab on grade 
in the nationwide survey'51. The estimate of the average 
radon concentration of soil gas convectively flowing 
into the house. 30.000 Bq.m :. is based on an estimate 
of the average deep soil radon concentration of 50.000 
Bq.m3. This concentration was multiplied by an 
approximate factor of 0.6, which displays the ratio of 
leakage air radon concentration to the deep soil radon 
concentration. The estimate of the deep soil concen
tration. 50.000 Bq.m"3, is calculated on the basis of the 
average :3"U concentration of the Finnish moraines'13'. 
41 Bq.kg"1. with an average emanation coefficient of 
0.2'l4' and a soil porosity of 0.3. 

For low-rise residential houses with wooden wall 
structures and slab on grade, both diffusion through the 
concrete slab and from the slab material should be con
sidered as diffusive entry mechanisms. The exhalation 
rate through a typical uncovered floor slab in Finnish 
houses with a thickness of 6 cm would be 
70 Bq.m~2.rf''"', when the soil air radon concentration 
below the slab is 30.000 Bq.m 3. The corresponding 
effective diffusion coefficient was 3.8x10"" nr.s"1 

(porosity 0.17. density 2.18)"5'. This is in agreement 
with recent results on diffusion through floor slabs"6'. 
the effective diffusion coefficient (product of pore dif
fusion coefficient and porosity) for a slab with a similar 
porosity being about 2 x 10"" nr.s"1. 

The cover material of the slab has a most important 
role in exhalation. Vinyl coverings with a thickness of 
2 mm and a diffusion constant of I0" ' ° - I0~" 
nr.s""15'. when used, reduce the exhalation rate by 
more than 90%. Vinyl coverings, especially those with 
felt backing, permit horizontal diffusion between the 
concrete slab and floor covering, which in turn increases 
the radon entry rate. For wood floors the reduction is 
much lower than for plastic coverings. Both vinyl cover
ings and wood floors are used in Finland, vinyl cover
ings being most common. The exhalation rate from an 
uncovered slab itself is of the order 5 Bq.nr:.h"">y17'. 
As cover material reduces exhalation remarkably, this 
contribution is. therefore, low in comparison with exha
lation through the slab. In this study, a rough approxi
mation of 15 Bqm^.h"1 for the average diffusive entry 
rate from a floor slab in Finnish low-rise houses has 
been used (30% wood floors with a reduction of 507c. 
70% vinyl coverings with a reduction of 95%). 

The average air exchange rate. 0.40 rr ' , as well as 
the mean indoor temperature. 22°C. of the model house 
was adopted from a study of 60 houses with natural 
ventilation in the capital area":i>". The air exchange 
study was taken during the heating season and the leak
age area of the model house. 0.036 nr. was calculated 
(Equations I and 2) utilising the air exchange rate of 
0.40 h ' and the mean climatic parameters of the 
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measurement period (Nov. 1988-Apr. 1989): tempera
ture 0 °C and wind speed 4.3 m.s '. 

RESULTS 

Table 2 presents the results for winter and summer 
periods and the annual average concentration. For flats 
the results have been presented for houses with concrete 
as the building material, as it is the main building 
material in 90*£ of the blocks of flats studied. The aver
age winter concentrations in low-rise houses and con
crete flats were 171 and 78 Bq.m"3. the corresponding 
summer concentrations being 133 and 74Bq.ni"3. Fig
ure 1 demonstrates the distribution of the winter/ 
summer concentration ratio for 2071 low-rise houses 
and for 903 blocks of flats, with means of 1.28 and 1.20. 
Figure 2 illustrates the annual average concentration in 
low-rise houses as a function of winter period concen
tration. 

Table 3 gives the winter/summer concentration ratio 
as well as the ratio of annual average over the winter 
radon concentration. These ratios can be used to esti
mate the annual average from measurements made dur
ing one season only, summer or winter The concen
tration ratios are presented for concentration groups 
<50 . 50-100. 100-200 and >20O Bq.nr3. In both low-
rise residential houses and flats, the winter/summer con
centration ratio increases with increasing radon concen
tration. This is also clearly seen in Figures 3 and 4. 

In order to obtain a homogenous study material single 
family houses of the model house type. i.e. with slab on 
grade, one floor, natural ventilation and wood frame 
have been studied. Figure 3 shows the measured 
winter/summer concentration ratio for 439 houses as 

we(I as results of .node] prediction. Variation in the 
winter/summer concentration ratio is quite high, the 
standard deviation in single groups being 30—W*. The 
low values of the ratio are clearly concentrated in the 
0-100 Bq.m 3 winter radon concentration range. 

Model predictions 

The average outdoor temperature of the half-year 

500-

400 

300 

! 

200-

100-

0 2 0 4 OS 0 8 10 1.2 1.4 16 1.8 20 2.2 2.4 2 6 2 8 30 
Wmier/summer ratto 

Figure 1. Distribution of winter/summer radon concentration 
ratio, based on two half-year measurements in 2071 houses and 

903 fiats. 

Table 2. Winter, summer and annual average radon concentration for the 3074 dwellings studied, based on two consecutive 
half-year measurements. 

Low-rise buildings 
wooden frame 
concrete frame 
All* 

Blocks of flats, concrete 
ground floor, no cellar 
ground floor, with cellar 
ground floor all 

upper floors 

All concrete flats* 

All flats* 

N 

1645 
253 

2171 

31 
64 
99 

563 

674 

903 

mean 

158 
224 
171 

198 
84 

119 

71 

78 

90 

Winter 

gmean 

103 
122 
!07 

121 
70 
83 

62 

65 

64 

Summer 

mean 

125 
164 
133 

224 
74 

122 

65 

74 

76 

gmean 

87 
109 
91 

115 
64 
77 

57 

60 

59 

Annual 

mean 

139 
181 
149 

212 
78 

121 

68 

76 

82 

av. 

gmean 

96 
117 
too 

122 
68 
82 

61 

64 

63 

'Includes dwellings with insufficient questionnaire data for classification. 
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study periods were -2.6 °C (winter) and + I 0 S C 
(summer). The average wind speeds for the periods 
were 3.1 m.s"1 and 3.3 m.s"' respectively. The tempera
tures and wind speeds from Tampere airport, centrally 
located in Southern Finland, were used. The minimum 
monthly average temperature occurred in February, 
-8 .0 5 C. and the maximum in July, 17.1 °C. The 
monthly average wind speed in Tampere is quite even 
throughout the year, 2.5-4.2 m.s"1. The mean tempera
ture during the study was 4.4 3C. which is close to the 
long term (1961-1980) annual average temperature in 
Tampere. 3.8 °C. Using the parameters of Table 1. the 
calculated average air exchange rates (Equations 1 and 
2) of the model house were, in the winter period 
0.40 h"!, in the summer period 0.28 h"1 and dunng the 
whole study period 0.33 rr' . 

Figure 5 illustrates the results for the model house 
presented in Table 1 as well as for a similar house with 
varying diffusion source strengths and air exchange 
rates. The air exchange rates utilised in Figures 5, 6 and 
3 were calculated for the average outdoor temperature 
and wind speed of the winter period, given above. The 
air exchange rate and diffusion source strength affect 
the steepness of the curve. High diffusion source 
strengths and low air exchange rates produce a flatter 
curve. Increasing air exchange rate and decreasing dif
fusion source force the curve to rise rapidly. Parameters 
with similar diffusion source strength to air exchange 
rate ratio yield approximately similar curves. At high 
values of the winter radon concentration Aw. where the 
contribution of diffusion is of minor importance, the 
quotient of winter and summer concentrations 
approaches the value of K71 (Equation 10). The climate 
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Figure 2 The annual average radon concentration AA in 2I42 
low-rise houses as a function of radon concentration of the half-
year winter measurement Aw. The line represents the linear 
regression equation fitted to the point. AA - 12 + 0.82 Aw. 

is considerably colder in Northern Finland than in Sou
thern Finland. However, the predicted winter/summer 
ratios are very similar to those presented in Figure 5, 
even when the climatic conditions of Northern Finland 
(differences less than 15%) or of the south coast 
(differences less than 7<7c) were used. 

The relative contribution of the stack effect and wind 
induced infiltration to the total infiltration affect the 
winter/summer ratio, this is shown in Figures 6 and 3. 
High values of stack parameter decrease the 
winter/summer ratio, whereas high values of wind para
meter increase the ratio. The parameter values utilised in 
Figure 3 represent the average values of the parameters 
presented in Table I and realistic combinations of the 
parameters producing high and low winter/summer 
ratios. 

Comparison with the measured results supports the 
value chosen. 6 Bq.m"\rf' for the volumetric diffusion 
source strength of the model house. The statistical sig
nificance of the variations in the winter/summer ratio 
results of Figure 3 were tested using the following pro
cedure. First. Equation 10 was rewntten into the form 
presented in Figure 6. Second, a linear regression analy
sis was performed for the variables As/Aw and Aw 
usinj.. :he data of Figure 3. Figure 7 giving the results. 
The analysis gave statistically significant (p<0.0001) 
values for coefficients K, and K:. By substituting K:. 
as well as the temperature and air exchange values given 
above, into Equation 12. one gets a value of 1720 Bq.h" ' 
for the diffusion source strength SD, the corresponding 
volumetric entry rate being 7 Bq.nr'.h"'. This is in 
good agreement with the value of 1500 Bq.h ' used in 
Figure 4. 

The average convective radon entry rate. Asol|FSOI| 
(T,„TOUIr

:. and the average flow rate of soil gas into the 
house (Qso,|) were calculated using the average outdoor 
temperature and wind speed of the total study period 
and the annual average indoor radon concentration of 
the slab on grade houses in this study. 170 Bq.m'1'''. 
These parameters and the results are given in Table 1. 
The average convective radon entry' rate w a s 

706 Bq.h"'.K '. the volumetric enry rate being 
2.8 Bq.m''.h ~.K~'. This produces a source strength 
comparable with the diffusion source strength of 
6Bq.m \ r r ' at a temperature difference of 2 K. The 
corresponding volumetric convective radon entry rate at 
the average annua! indoor-outdoor temperature differ
ence of 17.6 K is SOBq.nr-.rr1. Utilising the soil air 
radon concentration of 30.000 Bq.nr\ the correspond
ing flow rate of the soil gas into the house is 0.4 m\fr ' . 

DISCUSSION 

Low-rise residential houses 

The model used herein provides a good physical basis 
for comparisons between the predictions and the meas
ured results. The model is a simplification of the 
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phenomena affecting radon entry and air exchange. The 
model calculations are based on a single compartment 
model. In the houses, however, the sources, transport of 
radon, as well as air infiltration may differ from room 
to room. 

The differences in ventilation practices during the two 
measuring periods is one of the factors strongly affect
ing the winter/summer ratio. The lowest value of 0.04 
was measured in a house w here the supply and exhaust 
ventilation system was operating only during the winter 
period. In addition, in this unusual case, the measure
ment room was equipped only with an air intake duct, 
the outlet ducts being in other rooms. In a study carried 
out during the heating season in the capital area1-' , in 
52% of the dwellings ventilation through open windows 
was a daily habit. In 15% of the cases such airing was 
done more than twice a dav. The duration of each venti

lation was less than 2 min. 2-10 min. 10-30 min or 
more than 30 min in 5%. 41%. 34% or 20% of the 
dwellings respectively. The average air exchange rate in 
the category with the lowest open window ventilation 
(less than once per week) was 0.44 h~' and in the high
est category (more than twice per day) 0.56 h"'. Based 
on the average short ventilation durations and on the 
rather low differences in ventilation rates between cat
egories, ventilation through an open window does not 
greatly decrease radon concentration during the heating 
season. On the other hand, summer ventilation through 
an open window is an important factor in increasing the 
winter/summer ratio, this effect not being taken into 
account in the model of this study. In the present study. 
with half-year measuring penods. the contribution of 
hot summer periods with active window ventilation is, 
however, relativeiv low. 

Table 3. Winter/summer and annual average/winter radon concentration ratios for the 3074 dwellings studied, based on 
two consecutive half-vear measurements. 

Winter/summer ratio Annual av/w inter ratio 

mean smean mean smean 

Low-nse houses 
winter cone. 
winter cone. 
winter cone. 
winter cone. 

Houses with 

<50 
50-100 
100-200 
>200 

wooden frame 
concrete frame 

All houses 

Blocks of flats 
First Moor, no 

winter cone. 
winter cone. 
winter cone. 
Ail 

. concrete 
cellar 
<50 
50-100 
>100 

First floor with cellar 
winter cone. 
winter cone. 
winter cone. 
All 

tipper floors 
winter cone 
winter cone. 
winter cone 
All 

<50 
50-100 
>100 

<50 
50-100 
> 1 (X) 

All concrete flats* 

AH flats* 

415 
681 
599 
476 

645 
253 

0.97 
1.22 
1.34 
1.55 

1.29 
1.23 

0 90 
1.14 
1.26 
1.42 

1.19 
1.12 

1.13 
0.96 
0.91 
0.86 

0.95 
0.99 

1.08 
0.94 
090 
0.85 

093 
096 

2171 1.28 0.96 093 

7 
7 

17 
31 

21 
26 
17 
64 

194 
277 
92 

563 

674 

903 

0.72 
1.20 
1.36 
1.18 

0.94 
1.23 
1.56 
1.22 

0.93 
1.23 
1 55 
1.18 

1 18 

i.:o 

0.70 
1.16 
1.19 
1.05 

0.87 
1.17 
1.28 
1.09 

0.88 
1.15 
1.41 
1.08 

1.08 

1.08 

1.27 
0.95 
0.98 
1.03 

1.13 
0.94 
0.95 
1.00 

1.15 
096 
0 87 
1.01 

1.01 

1.01 

1.26 
0.94 
0.94 
1.01 

1.10 
0.93 
0.92 
0.98 

1.10 
0.94 
0.86 
0.98 

0.98 

0.98 

•Includes dwellings with insufficient questionnaire data for classification 
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Our previous studies'2'' yielded measured 
winter/summer ratios similar to the present results. In 
the first of these studies, the periods of measurement 
were the coldest and warmest two month periods. 
Therefore, the winter/summer ratios at high radon con
centrations were higher than in the current study which 
utilised a half-year period of measurement. 

Soil air flows may alsc affect seasonal variation, 
amplifying, especially on eskers. the indoor concen
trations either in winter or in summer'-"-20'. Because 
of these flows, the winter/summer ratio may vary over a 
range of 0.1-1.0. The effect of building soil and relative 
position on esker in this study material calls for further 
analysis. However, the number of houses on steeply for
med eskers where subterranean air flows can have a sig
nificant contribution, is, at maximum, only a few per 
cent. 

Blocks of flats 

The concentrations are highest in ground floor dwell-

100 200 300 400 500 600 700 800 

Winter concentration (Bq.rrr3) 

Curve 
1 
2 
3 

SD< Bq.tr ') 

1500 
750 

3000 

N(h 
0.40 
0-80 
0.20 

f,r (m-s-'-K-"3 

0.08 
0.04 
0.12 

0.11 
0.12 
0.06 

Figure 3. Measured and model predicted winter/summer radon 
conceniration ratio as a function of winter concentration in 439 
low-rise residential houses with wooden frame and slab on 
grade. The bar shows the mean radon concentration and the 
standard deviation of the ratios measured. The average outdoor 
temperatures and calculated air exchange rate of the half-year 
periods were in winter -2.6'C and 0.4 h"' and in summer 
10,0 °C and 0,28 tr1. Curve I represents the average parameter 
values of diffusion source strength Sn. air exchange rate N as 
well as stack parameter f,r and wind parameter f.f. Curves 2 
and 3 represent the parameter values which give low and high 

winter/summer ratios, respectively. 
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Figure 4. Measured winter/summer radon concentration ratio as 
a function of winter concentration in 728 flats above the ground 
floor, based on two consecutive half-year measurements. The 
bar shows the mean radon concentration and the standard devi

ation of the ratios measured. 
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Figure 5. Calculated winter/summer concentration ratio of two 
half-year periods in the model house with varying diffusion 

source strengths and varying air exchange rates. 
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ings with no cellar, because these flats are in direct 
ground contact. Both the geometric and the arithmetic 
means are higher in these dwellings than in single fam
ily houses. In blocks of fiats with a cellar, the cellar 
protects the ground floor flats from direct soil air flow, 
and. therefore, the concentrations are close to those of 
the upper floors. In most houses, however, there are no 
ground floor apartments, because the ground floor 
includes storage space, sauna, technical rooms and gar
ages. This way of building decreases effectively the 
number of flats with direct ground contact, which is only 
about 59c of the total number of flats'>p. 

In the case of flats above the ground floor, it is gener
ally assumed that the radon source is diffusion from 
building materials. If diffusion were the only source, the 
winter/summer concentration ratio should not be depen
dent on iudon concentration level. Surprisingly, the 
results from the flats are similar to those from low-nse 
residential buildings. This can be explained through the 
influence of soil air flow also into block apartments. 
Other evidence for this result will be introduced below. 

Diffusion of radon from concrete used in Finnish flats 
has been studied through measurements of radium con
centration of concrete ballast material and radon exha
lation from Finnish concrete samples'1". The arithmetic 
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Figure6.Calculated winter/summer radon concentration ratio 
in the model house with varying stack parameter f„ and wind 
parameter f„r. Curve 1 represents the average parameter values 
of stack parameter f.r and wind parameter f„r. Curves 2 and 3 
represent the parameter values which give low and high 
winter/summer ratios, respectively. In all cases the diffusion 
source strength is 1500 Bq.h ' and the air exchange rate is 

O.40h"'. 

mean of exhalation rate was 15 Bq.m"2.rf\ The samples 
used in the exhalation studres were not surface treated. 
Using a surface (radon emitting) to volume ratio of 1.33. 
in the case of flats, and an average decreasing factor of 
lOft for the effect of painting, floor covers and 
wallpapers'-1"-3', the level of source strength per unit 
volume is 16 Bq.m .h1. The studies on the effect of 
wall coverings show a large variation, with the 
reduction factor of 209f being an estimate of the mini
mum reduction, based on References 21-23. The volu
metric source strength of 16 Bq.m ' .h 1 can be com
pared to source strength results based on simultaneous 
indoor radon and air infiltration measurements in Finn
ish fiats. The arithmetic and geometric means of these 
studies are clearly higher. 35 and 27 Bq.m"3.h'1"7'. a 
later more extensive study yields the same values""'. 
These studies were made in the capital area, and the 
mean values can be regarded as representative even for 
the whole country. This comparison, therefore, supports 
the view about unexpected soil air contribution to radon 
concentrations in flats. 

The analysis of the log-normal cumulative frequency 
distribution of the radon concentrations of the materia! 
of this study also demonstrate that one reason for the 
convexity of the distribution is the marked contribution 
of radon coming directly from the ground'-'". If the 

o 
= <5 
i » 

C 

.2 

ra
t 

® 
u c 
o 
u 
o 
c 
S 
<u 
E 
e 3 

(/> 

5 

4 

3 

2 

1 

0 

. , 

• . ' * ' . . . * 

- r..,' ,:'. * 

.. • . __ r f~ - * " - " - " " ' 
' - ' ; ' • , ^ ^ . ^ ^ i — ' " " " ^ 

0 001 002 003 004 0.05 0.06 0.07 

(Winter radon concentration) '(Bq ' m3) 
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ter concentration (Aw"'i. in 439 houses with slab on grade and 
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ation fitted to the points. 

A s /A„ - K, + K; A w ' 

K, = 0.75 ± 0.05. 

K-= I4.5 + 3-4 
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results for ground floor flats are omitted, the distribution 
for flats becomes much straighter although still not com
pletely so. 

Potential entry routes for radon rich soil air are 
stairwells and various shafts built for ventilation pipes, 
water pipes, sewer pipes etc. Air leakage from the shafts 
has been studied very rarely: in one block of flats stud
ied the leakage from the shafts contributed up to 309c 
of the total air infiltration into the flats on certain 
floors'25'. In those cases where the shafts are in direct 
contact with permeable sub-foundation ground, radon 
concentration of the leakage air may be high. This 
hypothesis remains to be ascertained through measure
ments, nonetheless observations of shaft leakages in 
flats with radon concentration exceeding 400 Bq.nr' 
have already been made in Finland. 

Seasonal correction factor 

Table 3 also gives a calculation of the factor by which 
the measured winter concentration should be multiplied 
in order to get the measured annual mean. This ratio of 
annual average concentration to winter concentration for 
low-rise residential buildings was on average 0.96. If 
the winter period of measurement lasts only two months 
in the coldest part of the winter, the ratio of annual to 
winter radon concentration, is somewhat smaller than 
demonstrated by the results of this study. Table 4 shows 
this factor calculated for the model house and for differ
ent average outdoor temperatures during the measure
ment. 

The results give a correction factor of about 0.8 for 
getting the annual average from the half-year winter 
concentration of 500 Bq.m"\ Figure 2 demonstrates that 

Table 4. Correction factor for the annual average indoor 
radon concentration for different outdoor temperatures 
during the measurement period and for varying winter con

centrations. 

Ouidoor Correction factor for annual average radon 
temperature concentration 
(X) 

+ 10 
+5 
0 

- 5 
- 1 0 
-15 
-20 

Measured radon concentration (Bq.m"1) 
50 

1.10 
'..02 
0.97 
0.94 
0.91 
0.88 
0.86 

100 

1.19 
1.02 
0.92 
0.85 
0.80 
0.76 
0.72 

150 

1.22 
1.02 
0.90 
0.82 
0.76 
0.71 
0.68 

200 

1 24 
1.02 
0.89 
0.81 
0.74 
0.69 
0.65 

400 

1.26 
1.02 
0.88 
0.78 
0.71 
0.66 
0.62 

800 

1.27 
1.0! 
0.87 
0.77 
0.70 
0.64 
0.60 

The facior was calculated for a typical Finnish low-rise house 
with natural ventilation and a diffusion source strength of 
6 Bq.m '.fr1, an annual average temperature of +3.8 'C and 
an air exchange rate of 0.40 h : (calculated at outdoor icmpcra-
lurc of 0 T and wind speed of 4.3 m.s '). 

using this factor. 85vr of houses exceeding the measured 
annual average of* 400 Bq.m"3 would be included. On 
the other hand. lc/c of the 107 houses chosen, exceeding 
the winter concentration of 500 Bq.m"3. did not exceed 
the measured annual average of 400 Bq.m"'. Thus, the 
predictive power of the half-year winter measurement 
is high. 

CONCLUSION 

The physical behaviour of the diffusive radon entry 
into buildings, pressure difference driven air flow from 
soil and air infiltration explain the seasonal behaviour 
of indoor radon concentration. In the cold Nordic cli
mate, the ventilation through open windows generally 
does not contribute markedly to total air infiltration. 
Therefore model predictions which do not take open 
windows into account arc, nevertheless, in good agree
ment with the measured results. Discrepancy between 
the single compartment model and occurrence of radon 
in real dwellings as well as the variation in summertime 
ventilation through windows are the factors most affect
ing the difference between measured and predicted 
results. 

The following four observations support the interpret
ation that soil gas radon makes a considerable contri
bution to radon concentrations in flats. However, the 
leakage routes and the magnitude of the contribution 
remain to be determined in further studies. The obser
vations are: 

(1) Exhalation measurements of concrete samples give 
lower source strength estimates than direct source 
strength measurements in flats. 

(2) The winter/summer ratios in ground floor flats with 
ground contact were similar to those in flats without 
ground contact. 

(3) The winter/summer ratios in flats were similar to 
those in low-rise residential houses. In low-rise 
houses, high soil gas entry rate in winter clearly 
affects the ratios. 

(4) The convexity of the cumulative distribution of the 
radon concentrations in flats can be to some degree 
explained by the radon coming directly from 
ground. 

In Finland, the range of the total diffusive radon entry 
rate from building materials and from soil is not broad, 
and the variation in radon transported by soil gas flow 
is the main reason for variations in indoor radon concen
tration. In countries with relatively higher contributions 
from building materials, the winter/summer ratios 
should be lower. 

The model is a useful tool for estimating the average 
correction factor for the annual average radon concen
tration from the two months measurements used in Fin
land. Typical correction factors vary in the range of 1.0-
0.7. depending on the outdoor temperature and on radon 
concentration level. The mean of the winter/summer 
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ratio was 1.28 in low-rise residential houses. However, winter/summer ratios for houses with varying radon lev
in winter concentration groups of < 5 0 , 50-100. 100- els. without consideration of the radon concentration 
200 and >200 B^.m 5 . the ratios were 0.97, 1.22. 1.34 due to different radon sources, causes inaccuracy in the 
and 1.55 respectively. Using a simple average of information on seasonal variation. 
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ENVIRONMENTAL AND FALL-OUT GAMMA RADIATION 
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Abstract — Instrument responses to the thorium, uranium and potassium components of the natural environmental as 
well as the fail-out radiation field were evaluated, che determination of the response involving the energy dependence of 
the detector and the spectrum of the gamma radiation to be measured. In order to improve the response accuracy above 
1.25 MeV a -aNa source was used. The responses to the '"Cs fall-out radiation field differ by less than 6°.. from the 
response at 0.662 MeV, except for that of the Nal scintillator. Differences of more than 30% were found in the responses 
of two energy compensated instruments to normal natural background radiation and to radiation from fresh fall-out. The 
best estimate of the terrestrial component of the dose rate measured was obtained by carrying out the following 
corrections of the measured readings: cosmic ray contribution and internal background subtraction with response 
correction, including : r Cs calibration correction. After the Chernobyl accident the dose rate levels due to ' '"Cs and JCs 
fall-out were comparable to the natural background gamma radiation. The responses calculated, as well as the results 
from measurements of the low level environmental exposure levels caused by the Chernobyl fall-out. confirmed the need 
to take into account the instrument response to natural as well as fall-out radiation fields. 

INTRODUCTION 

The calibration of an instrument for measurement at 
environmental dose rates requires a knowledge of 
the detectors response to the environmental 
radiation field. Accurate methods have been 
developed and international intercomparisons have 
been carried out to determine the instrument 
responses to radiation from point sources'5*'. The 
intercomparison measurements of natural 
background radiation show more deviation than 
point source calibrations, yet little attention has 
been paid to the finding of simple methods of 
evaluating the response to a true environmental 
gamma radiation field. After the Chernobvl accident 

the dose rate levels in Finland due to both natural 
gamma radiation and fall-out radiation were of the 
same order. The knowledge of instrument responses 
to both components became an important question. 
In this paper the importance of response corrections 
are studied"-1, in addition to which some results 
from a Nordic intercomparison study are 
presented'". 

DETECTORS 

The detectors under consideration were a high 
pressure ionisation chamber (HPIC). three plastic 
scintillation counters, one Nal scintillation counter 
and a Geigcr-Miiller counter, listed in Table 1. 

Table t. Detector response lo the dose rate above granite containing Th. I and K. normalised to unity at 0.662 MeV. 
Response to exponential distribution of ,J7Cs in ground. Cosmic ray and internal background component of the reading. 

Instrument 

RSS-1I1"1 

MAB-B04 ' : ' 

Szintomat'"'1 

Gammamctcr'J| 

BGS-4'5' 
MC-70"" 

Th 

1.06 
0.90 
0.96 
1.02 
1.57 
1.20 

U 

1.05 
0.94 
0.95 
1,02 
1.73 
1.15 

K 

1.01 
0.87 
0.99 
1.02 
1.09 
1.20 

12 ppm Th 
3 ppm U 

3% K 

1.03 
0.89 
0.97 
1.02 
1.38 
1.19 

Cosmic ray + internal 
background 

f^Sv.h-') 

0.037 
0.020 
0.015 
0.023 
0.1)07 

71 CPM 

"'Cs 
fall-out'*' 

1.05 
1.05 
0.96 
1.00 
1.81 
0.99 

1 High pressure ionisation chamber. Reuter Srokcs 
' Plastic scintillator. Miinchencr Apparafcbax 
' Plastic scintillator. Automcss. 
' Plastic scintillator. Studsvik/Alnor 
' Nal scintil/alor. Scintrex 
1 GM-tubc. Mini Instruments 
' 3 cm relaxation length. 
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Figure 1. Intercalibration measurements above the 
uranium pad facility. The results were measured in units of 
ftR.rr1. a conversion factor of I R = 0.01 Sv has been 
used. Terrestrial component: cosmic ray contribution and 
internal background subtracted from result measured, (a) 
Results measured (b) Terrestrial component, (c) 
Terrestrial component. '""Cs point source calibration 
corrected, (d) Terrestrial component, response corrected. 

Usually, the energy response given by the 
manufacturer is limited to less than 1.25 MeV, The 
gamma spectra of the radiation fields su: i 
however, ranged up to 2.7 MeV. Therefore some of 
the detector responses from 1.25 MeV to 2.8 MeV 
were evaluated using :4Na point source 
measurements For the various detectors, the 
energy responses used in the calculations are based 

on the following sources: specifications given by the 
manufacturers, instrument evaluation reports of the 
National Radiation Protection Board (UK) and :4Na 
point source measurements, this study12'. 

RESULTS AND DISCUSSION 

The determination of the response to 
environmental gamma radiatton involves a 
knowledge of both the energy dependence of the 
detector and the spectrum of the gamma radiation to 
be measured. The gamma ray flux evaluated by 
Lovborg' ' was used to determine the spectrum of 
the natural gamma radiation field. The radiation 
field caused by a "7Cs source with a 3 cm relaxation 
length,4) was used for the determination of the 
response to fall-out radiation. 

Table 1 gives the calculated responses to the 
radiation field above granite containing Th. U. K 
and a normal composition of these radionuclides as 
well as to the iy'Cs fall-out. The reciprocal of the 
coefficients from Table 1 may be used with a 
reasonable accuracy as calibration factors when the 
base calibration is performed using a 137Cs standard 
source, the contribution of directional dependence 
approximated as less than 10%'". The differences in 
the responses to theTh. U and K components given 
in Table 1 are greatest for the Nal scintillation 
counter, the maximum being about 60% between 
the U and K response. For the other instruments, 
which are energy compensated, the differences are 
less than 10%. It must be noted, however, that the 
responses to a normal natural radiation field of two 
energy compensated instruments may differ more 
than 30%. 

The responses k • ! ,7Cs fall-out radiation field 
differ less than 6% froir, tiic .esponse at 0.662 MeV, 
except that of the Nal v . Iatrr response. After 
the Chernobyl accident wc .-xasured caesium fall
out radiation levels, which were comparable to the 
level of natural background radiation. In such a 
situation the differences in the responses to natural 
gamma radiation more probably cause differences in 
the readings from instruments of various types than 
do the responses to ir7Cs fall-out radiation. Arve!a,:' 
demonstrates that the response of a single 
instrument can vary significantly during the first 
weeks of fall-out, differences obtained between 
some of the responses of the energy compensated 
instruments in Table 1 also being greater than 30%. 

The results obtained from measurements of the 
uranium pad are shown in Figure lm , with the 
backscattered gamma ray flux due to photons 
travelling towards the ground calculated using the 
concentrations of the surrounding area. The 
variations occurring in the results due to different 
types of instruments were clear, the ionisation 

344 



EVALLA TtOS OF DETECTOR RESPOSSES 

chambers giving the smallest distribution The range 
of response corrected results (0.25-0.30 ptSv.h-1) was 
significantly smaller than the range of results 
measured (0.24-0.38 ^Sv.h"!). with standard 
deviations of 5% and l3°o. respectively. 

In Finland the increase of the environmental dose 
rate leveJ caused by the Chernobyl ' ' Cs and L'4Cs 
fall-out was comparable with the variations in the 
natural background radiation level'"1, the mean 

value being 0.037 /tSv.rT: (range 0.003-0.35 jxSv.h '. 
1 Oct. 1986). Sensitive Geiger counters and high 
pressure ionisation chambers were utilised in the 
survey of the gamma radiation levels occurring after 
the accident. A high level of accuracy was required 
for research purposes. The experience gained in the 
amassment of these measurements confirms the 
need to take into account the instrument response to 
natural as well as fall-out radiation fields. 
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Abstract — Results from a survey of environmental gamma radiation levels in Finland after the Chernobyl accident in 
1986 are presented. The measurements were made in 1986-87 by means of sensitive Geiger counters and a gamma 
spectrometer placed in cars. The results show the level of external radiation caused by the caesium fall-out on the first of 
October 1987. The fall-out patterns of' 'Cs. as well as of ''Zr and ""Ru. are also presented In the centre of Southern 
Finland there are wide areas with exposure levels exceeding 0.03 uSv.h-'. areas exceeding 0.10 uSv.hr' being very rare. 
The surface area weighted mean dose rate for the 461 municipalities in Finland was 0.027 uSv.h"' (range 0-0.19 fiSv.rf1). 
The population weighted mean dose rate was 0.037 uSv.rf', The corresponding estimated surface activity of b7Cs was 
10.7 kBq.Ti":. The passage of the Chernobyl plume over Finland in 1986 led to various fall-out patterns for different 
radionuclides. The deposition of the non-volatile nuclides. ^Zr and 14'Ce. is closely related to the passage of the hot 
particle dust formed at the initial explosion in the reactor at 01,23 LT on 26 April. This cloud passed over Finland 
between the morning and the night of 27 April. The deposition of volatile fission products such as l3 lI. i : Te. 1MCs and 
' 'Cs in Finland was caused by releases from the burning reactor after the initial explosion. The radioactive plume spread 
over Southern and Central Finland between Sunday 27 April and Tuesday 29 April. On 30 April, and finally on 1 May, a 
cold northerly airstream spread into the whole of Finland purifying the atmosphere The volatile nuclides were mainly 
deposited by intermittent rain on 28-30 April. The deposition pattern of "l3Ru is a combination of the fall-out patterns 
due to the initial explosion and the reactor burn, as well as the wet deposition occurring on 10-12 May caused by the 
releases from the burning reactor in early May. 

INTRODUCTION 

Following the Chernobyl accident in April 1986, 
the Finnish Centre for Radiation and Nuclear Safety 
(STUK) initiated assessment of the environmental 
gamma radiation levels by means of sensitive Geiger 
counters, a high pressure ionisation chamber and a 
gamma spectrometer placed in motor vehicles. The 
measurements were started on the 28th of April and 
the results from the first weeks following the 
accident were reported in May 1986fi 2'. Later, 
STUK carried out a nationwide survey of 
environmental gamma radiation in Southern 
Finland from August to December 1986. These 
results, dose rate and caesium fall-out levels, 
including the reports from the radiation monitoring 
stations and meteorological observations, were also 
reported earlier^4'. In 1987 the spectrometric 
survey was continued in Lapland, which is to the 
north of the fall-out area measured in 1986. as well 
as in Central Finland. This study includes dose rate 
and caesium fall-out levels combined from the 
autumn 1986 measurements and the complementary 
1987 measurements'51. Detailed results from the 
shori-iived nuclides observed in 1986 and the 
deposition patterns are also reported. 

INSTRUMENTS AND METHODS 

The total exposure rate was measured using an 

efficient Geiger-Muller tube and a high pressure 
ionisation chamber (HPIC). The GM tube, 
provided with a digital counter, was located above 
the car at a height of 2,5 m from the road surface. 
The HPIC was inside the vehicle continuously 
recording the exposure rate with a strip chart 
recorder. 

A Ge spectrometer and a multichannel analyser 
connected to a tape recorder were inside the car, the 
detector being at a height of 1.5 m above the road 
surface. The relative efficiency of the pure Ge 
detector is 30%, the resolution being 2.0 keV at 1.33 
MeV. 

While driving, the instruments were continuously 
taking measurements, the results thus representing 
average radiation levels of each section of the route. 
The HPIC continuously gave information about 
changes in dose rate levels. When the dose rate level 
was even the length of the section was longer, in 
case of significant changes the dose rate and 
spectrum results were recorded and a new 
measurement was started. Typical route lengths 
were 10 - 30 km. on average 20 km. The results give 
a more representative survey of the radiation levels 
compared with single measurements made at 
various points on each route. 

The exposure levels were recorded in units of 
MRh"'. the results being presented as dose rates in 
units of uSv.h '. A conversion factor of 1 nR.h ' = 
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0.01 uSv.h was used. 

CALIBRATION 

GM tube and high pressure ionisation chamber 

The following factors affecting the calibration 
were considered: la) point source calibration, using 
l""Cs. and calculated response to both natural and 
fall-out radiation1* ': and (b) attenuation of the car. 

The HPIC is specially designed for environmental 
measurements; it is sensitive and the angular 
response is even. Comparison measurements 
between the GM counter and the HPIC were used 
for controlling the GM tube calibration 

Ge spectrometer and surface activity 

The source activity of the soil surface and the 
corresponding dose rate for the nuclides identified 
can be estimated using point source calibration and 
theoretical conversion factors'*1. The accuracy of the 
estimate depends on the knowledge of the source 
depth distribution in soil. A reasonable 
approximation is to assume an exponential 
distribution according to the relation 

S= S(0)exp[-(a/p)pz] 

where S is the activity concentration at depth z. a/p 
is the reciprocal of the relaxation length and p the 
density of soil. The prior estimate for the 
distribution parameter of caesium (a/p = 0.6 cnr.g '. 
open field geometry assumed for mobile survey 
measurements) was improved by making 
comparisons with soil samples obtained at a short 
distance from the road. At these calibration sites 
measurements were made in an immobile vehicle, 
the direct spectroscopic estimate of the surface 
activity (Bq.rn :) being compared with the surface 
activity calculated from the soil sample 
measurement. The best estimate for surface activity 
was achieved using a depth distribution parameter 
of 0.4 cnr.g"1. The median relaxation length of 
caesium was about I cnr.g"' in autumn 1986 for 
calibration site soil samples. The differences can be 
explained by washout of fall-out from the road area, 
as well as ground roughness which effectively 
decreases the relaxation length. 

On the first of October 1986 the final conversion 
factor between the ,,7Cs surface activity and the 
dose rate (due to both mCs and , rCs) was 290 
kBq.m^/uSv.h"1 corresponding to an effective 
source depth distribution of a/p = 0.4 cnr.g ' on 
an open field. One year later the factor was 410 
kBq.nr-VuSv.h"1. 

Final dose rate calibration 

For measurements made solelv with the GM 

counter the dose rate caused by the Chernobyl fall
out was calculated by subtracting the natural 
background radiation level from the dose rate 
measured. The procedure was based on a nation
wide study on natural background radiation during 
the years 1975-1980'"'. The measurements were 
performed with a high pressure ionisation chamber 
installed in a car. each measurement representing 
the mean value for a particular area 

The final dose rates, for sections of routes 
measured, were calculated from the spectrometry 
measurements of "'Cs. The calibration factor for 
dose rate was based on linear correlation between 
the ' ,4Cs deposition estimates and the dose rate 
increases calculated from the GM counter results 
(Figure 1). Using , uCs results, the influence of the 
previous caesium surface activitv originating from 
nuclear tests is avoided. This disturbing influence is 
enhanced in areas with low Chernobyl fail-out 
levels. 

The accuracy of the dose rate increments 
measured solelv with the GM tube is 0.03-0.05 
uSv.h"1 for 'levels of 0-0.3 uSv.h"1. The 
measurements with both the GM counter and the 
spectrometer gave much more accurate results for 
the dose rate increments. The minimum detectable 
surface activity of |,4Cs was lower than 100 Bq.m":. 
the related dose rate being only 0.0005 uSv.h"1 (both 
caesium nuclides). 

The results measured were first presented as 
mean levels for sections of routes. The coordinates 
of the centre-points of the sections were used for the 
production of radiation maps The SAS'"" G3GRID 

0 1 0 2 0.3 
Dose rate increase. (uSv rr'j 

04 

Figure I Correlation between measured ,14C's deposition 
and dose rate increase. The ' uCs deposition was measured 
using mobile in sttu Ge spectrometry. The dose rate 
increments arc total dose rates from which arc subtracted 

the natural background radiation levels. 
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procedure was used for interpolating values from an 
irregularly spaced set of points, generating a 
rectangular grid of values, the grid dimensions being 
8 x 8 km". TOPOS software" was used for 
calculating the mean dose rate levels for the 
municipalities and for plotting the maps. 

RESULTS AND DISCUSSION 

Dose rate levels 

A total of 19.000 kilometres were measured by 
vehicle. The results comprised 600 spectrometric 
measurements (400 and 200 in 1986 and 1987. 
respectively) and 450 measurements with only the 
GM tube (1986). The survey in 1986 was carried out 
in Southern Finland (60-65* N). The fall-out level in 
Northern Finland can be detected only with 
sensitive spectrometric measurements. The survey 
in Lapland was carried out in 19S7. 

Dose rates on routes measured in 1986 and 1987 
were compared. The effect of washout of fall-out on 
the road area and the deepening of the caesium 
depth distribution during one year was 14%. 
Including the radioactive decay of caesium nuclides, 
the total decrease in dose rate was 30% (1.10.1986-
1.10.1987). This factor was used when combining 
the results from 1987 with the 1986 results. 

The results present the level of external radiation 
caused by the Chernobyl fall-out on the first of 
October 1987 (Figure 2) The increase of dose rate 
(route sections. 1987 level) ranges from 0.002 to 
0.35 uSv.rf1. with wide areas having exposure levels 
exceeding 0.03 uSv.rT1. areas exceeding 
0.10 uSv.tr1 being very rare. The surface area 
weighted mean value for the 461 municipalities in 
Finfand was 0.027 uSv.h ' (range 0-0.19 uSv-h"1). 
The population weighted mean value was 0.037 
uSv.IT1. 

The dose rate due to natural environmental 
gamma radiation in Finland varies from 0.05 to 0.18 
uSv.h"1. the average value'1" being 0.08 uSv.rT1. The 
increase caused by the Chernobyl fall-out is thus 
comparable to the variations in the natural 
background. 

The average distance between the mid-points of 
route sections in areas exceeding 0.03 uSv.h"1 was 
20-30 km. In the northern and eastern areas below 
0.03 uSv.h"1 the distance was up to 50 km. These 
areas are the least populated. The non-measured 
areas may contain small local extremes and average 
radiation levels differing slightly from the levels 
presented on the map. The map. however, presents 
the main features of the distribution of the 
Chernobyl fall-out in southern Finland. 

Caesium and volatile nuclides 

The deposition of volatile fission products. i ' I l . 

0 

(uSv.h ) 
(kBq m : j 
0-0014 
0-6 
0014-0028 
6-11 

mnO 028-0 056 
Uu»11-23 

0.056-0 11 
23-45 
0 11-0.19 
45-78 

I 1 100 km 

Figure 1. External gamma dose rate (uSv.h~!) and 
estimated '"Cs surface activity caused by the Chernobyl 

fall-out in Finland, on 1 October 1987. 

1,:Te. IUCs and ' ' Cs. in Finland was caused by 
releases on 26 April from the burning reactor after 
the initial explosion. The radioactive plume spread 
over southern and central Finland between Sunday 
27 and Tuesday 29 April. On 30 April and finally on 
1 May a cold northerly airstream spread into the 
whole of Finland purifying the atmosphere. The 
main deposition of volatile nuclides was caused by 
intermittent rain on 28-30 April1:,). 

The estimated "'Cs surface activity is also shown 
in Figure 2. On the first of October 1987 the mean 
deposition for the 461 municipalities was 10.7 
kBq.m:. The activity of i aCs was 32% of the i rCs 
activity. Based on measurements made in May 1986, 
the activity ratio of volatile nuclides to caesium was 
calculated. Table 1 giving the results. The 
correlation between the volatile nuclides ' ' ' I . '' :Te, 
luCs. u 'Ba and , rCs is strong: therefore, the 
pattern of ' 'Cs fall-out also represents the 
distribution of the other volatile nuclides in Finland. 
The conversion coefficients are also given in Table 1. 
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Table I. Nuclide ratios calculated from the results of the 
spectrometric survey of Chernobyl fall-out in Finland anu 
comparison with hot particles in Reference 18. The ratios of 
the volatile nuclides are based on measurements made in 
May 1986. The comparison with hot particles was made 
using results from eastern Finland where the deposition of 
volatile nuclides was low and the deposition of non-volatile 
nuclides was high. The reference date is the 26th April 

1986. 

Volatile nuclides Nuclide ratio 

134Cs/ ,37Cs 
111, / 1 3 7 C s 

l3;Te/,57Cs 
L 4 0 B a / I J 7 C s 

0.6 
4.2 
5.9 
0.7 

Non-volatile nuclide.. This studv Hot 
particles"*' 

n7Cs/ 95Zr 
,J4Cs/ «Zr 
l44Ce/*Zr 
,03Ru/ 95Zr 
'*Ru/ 95Zr 
, 0 6 R u / . 0 3 R u 

0.6 
0.3 
0.7 
1.3 
0.3 
0.2 

0.6 
1.2 
0.4 
0.2 

r-'v 

Figure 3. In situ spectrometric measurements on "Zr 
surface activity in Finland, decay corrected to 26 April 

1986. 

0 1 2 3 4 5 6 
Measured MZr 

Figure 4. Correlation between measured 95Zr surface 
activities and the values calculated from measured 9?Nb 
surface activities. The values are calculated with a 

disintegration equation of radioactive series: 

AZr = ANh x 

exp(->.Zrt) 

'•Zr) 
[exp{-XZrt)-exp(->.N„t)] 

where (ANt/A2t),, is the initial ratio of wNb and "5Zr. The 
measured value pairs (^Zr and ^Nb) were fitted to the above 
equation with the SAS""1 NLIN procedure resulting in the 
value 1.035 for the initial ratio when 26 April 1986 was 

chosen for t=0. 

Non-volatile nuclide» 
The fall-out pattern of 9?Zr is shown in Figure 3 

The map is based on 400 spectrometric 
measurements to the south of 65° N. The level given 
is based on both 95Zr and v,Nb observations. A 
calculated '"Zr/^Nb fit based on observed nuclide 
ratios from May to October 1986 has been used 
(Figure 4). in order to calculate the ^Zi activity 
from the 95Nb observations. wNb was more easily 
and accurately detectable, 9lZr being detected only 
in the areas of high fall-out. 

Figure 5 shows the occurence of precipitation over 
southern and central Finland on 27 April 1986, in 
mm over a 24 hour period from 08.00 LT. Generally 
the deposition was highest in the precipitation area. 
However, the area of highest precipitation is north 
of the area of highest deposition. Comparison of 
precipitation timing and intensities'12' and the 
deposition levels supports the opinion that the 
deposition pattern is closely related to the trajectory 
of the Chernobyl cloud. 

Precipitation strongly affected the deposition in 
the eastern and northern central parts of the fall-out 
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i igure 5. Amount of precipitation (mm) in southern and 
central Finland over the 24 hour period from 27 April 1986 

08.00 LT. 

Figure 6 TRADOS trajectories from Chernobyl. 26 April 
1986. 

pattern, with precipitation occurring in the 
afternoon and evening being most important. This is 
in agreement with the dose rate observations on the 
south-western coast at Olkiluoto nuclear power 
station (61.2° N, 21.4° E) which showed a steady rise 
beginning at about 12.00 LT on 27 April'1". The 
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Figure 7. In situ spectrometric measurements on ;3Ru 
surface activity in Finland, decav corrected to 26 April 

1986. 
high 95Zr levels in eastern Finland were connected 
with precipitation occurring in the evening and in 
the night. On this basis the cloud from the initial 
explosion seems to have passed over Finland 
between the morning and the night of 27 April. 
There is no correlation between precipitation 
occurring on 28 April and the deposition of non
volatile nuclides, litis shows that the cloud moved 
beyond Finland to the east. 

Figure 6 shows TRADOS'14) trajectories from 
Chernobyl started on 26 April. The trajectory 
started at 00 UTC (Universal Time Coordinated, 
synonymous with Greenwich Mean Time), 
representing the initial explosion, is in good 
agreement with the 95Zr deposition pattern of this 
study. 

On the basis of the weak correlation between 
precipitation intensities and the deposition levels the 
role of dry deposition has been most important in 
the most south-westerly parts of the fall-out area. 
Southern Finland is not mountainous and the effect 
of topography is not significant. 

A similar general distribution of non-voiatile 
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nuclides was observed in studies of activity in peat11: 

and lichen''*'. The number of samples in these 
studies was small and hence the distribution patterns 
reported are not detailed. In this study some surface 
activity results"5' from peat production areas were 
utilised, particularly in central Finland where the 
distance between spectroscopic measurements was 
large. 

Ruthenium 

Factors affecting the '"Ru deposition were 
studied using regression analysis. Both '"Cs and 
9>Zr depositions were significant. Thus the origin of 
the ruthenium deposition in Finland is both the 
particulate material of the initial release and the 
volatile material of the later releases. As a result. 
UbRu deposition can be given by the following linear 
relationship 

DEPRuH1, = 4.4 + 0.8 DEP ( v , r + 1.1 DEPZrt, 

(1) 

where DEP values have been given in kBq.m : . 
decay corrected to 26 April 1986. 

The continuous releases lasting for seven to ten 
days after the accident resulted in the escape of a 
significant fraction of oxidised, volatile ruthenium. 
During this release, after the first day of the 
accident, the direction of the wind was towards 
Finland only on 7-8 May'4', These releases reached 
Finland on 10-12 May. The wet and dry deposition 
collector Tesulls in southern Finland in May 1986 
showed an average ruthenium deposition level of 3 
kBq.nT:. The deposition was rich in ruthenium and 
quite even in southern Finland. This is in agreement 
with the first factor. 4.4 kBq.m"2. on the right-hand 
side of Equation 1. 

The deposition pattern of m?Ru in Figure 7 is a 
combination of the fall-out patterns due to the initial 
explosion and the reactor burn on 26 May. as well as 
the wet deposition occurring on 10-13 May caused 
by the releases from the burning reactor in early 
May. 

Reference 17 reports studies on separated hot 
particles found in air filters in Finland. In the 
graphite U02 was oxidised to L\OK . Similarly 

ruthenium was oxidised to RuO^ or possibly 
ruthenium carbonate was formed The volatile 
ruthenium compounds escaped from the uranium 
matrix and condensed later on other tiny fragments 
of the reactor fuel. This behaviour is consistent with 
the observations that some of the hot particles had 
lost variable amounts of ruthenium Similarly some 
uranium particles contained only ruthenium and the 
activity of other fission products was below the 
detection limit. This can be explained by the 
condensation of volatile ruthenium 

Hot particles 

The dust from the initial explosion contained core 
fragments of the reactor fuel. In Finland hot 
particles could be readily found in the environment. 
Air dust and other environmental samples analysed 
in STUK and other laboratories often contained hot 
particles. Hot particle characteristics and health 
implications have been reported elsewhere" : " . A 
comparison between the activity ratio 
measurements of separated hot particles in Finland 
and the results from this study is given in Table 1. 
This comparison was made using results from 
eastern Finland where the deposition of volatile 
nuclides was low and the deposition of non-volatile 
nuclides was high. The agreement between the 
results in the present study and Reference 18 is 
good. Thus the deposition pattern of non-volatile 
nuclides also presents the distribution of hot 
particles in Finland. 

SUMMARY 

The passage of the Chernobyl plume over Finland 
in 1986 led to various fall-out patterns for different 
radionuclides. In 1987 the dose rate from caesium 
was comparable with the level of natural 
background gamma radiation over wide areas in 
Finland, the population weighted average value 
being about one third of it. The pattern of non
volatile nuclides is related to the distribution of hot 
particles from Chernobyl fall-out This may be 
important in epidemiological research of possible 
health implications. 
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Abstract — This study measured the dose rate in air in the dwellings of 350 persons, selected randomly from the central popu
lation register of Finland. TLD dose meters were employed for half-year measurements in 1991. Additionally, the results were 
compared with outdoor gamma radiation calculations based on dau from a previous survey conducted in 1978-80. The absorbed 
dose rate in air in low-rise residential buildings and in blocks of flats had ranges of 24-144 nGy.h-1 and 45-184 nGyir', 
respectively, the population weighted mean values being 58 and 100 nGy.h"'. The weighted mean for the total population was 
73 nGy.h-1. In the figures given, the dose rate due to cosmic radiation. 32 nGy.h'1. was subtracted The population weighted 
mean terrestrial dose rate outdoors was 71 nGy.h"1. In houses and in flats the mean indoor/outdoor dose rate ratios were 0.84 
and 1.33 respectively. This gave a population weighted mean for this ratio of 1.00. A statistically significant increase caused by 
the Chernobyl fallout was observed, these results being in agreement with shielding factor studies. This increment due to the 
Chernobyl fallout, which was subtracted, was 0.3-19nGy.h"1. on average 3 nGy.h"'. The national annual average effective dose 
due to natural terrestrial radiation was 0.45 mSv and owing, in 1991. to the Chernobyl fallout 0.03 mSv 

H. Arvela, H. Hyvönen. H. Lemmelä and O. Castren 
Finnish Centre for Radiation and Nuclear Safety 
PO Box 14. 00881 Helsinki, Finland 

INTRODUCTION 

The Finnish Centre for Radiation and Nuclear Safety 
(STUK) carried out a survey of indoor radon concen
trations in 3074 dwellings in 1990-91'". The residences 
were randomly selected from the central population 
register. That study provided an excellent opportunity 
for measurements of external gamma radiation of the 
dwellings. Previous studies in Finland were based on 
small numbers of measurements or on calculations of 
natural radioactivity concentrations in the building 
materials used in fiats'2'. As Finnish people spend more 
than 80% of their time indoors'3', it is important to mea
sure the gamma radiation inside dwellings. 

A survey of outdoor gamma radiation, also utilised 
in the present study, was previously made in 1978-
1980*4'. The aim of this study is to present the results 
of indoor gamma radiation measurements and to make 
a comparison with the outdoor gamma radiation results 
as well as to estimate the dose due to natural gamma 
radiation for Finns. 

MATERIAL AND METHODS 

Indoor gamma radiation 

Indoor radon measurements were carried out in the 
homes of 3074 randomly chosen persons. About 5000 
persons selected from the central population register of 
Finland were contacted. The radon measurements were 
made during two successive periods of about 6 months, 
the first from December to April and the second from 
May to November. For the current study 400 dwellings 
were again randomly chosen from the original sample. 
The gamma measurements were executed during the 
latest period simultaneously with the radon measure

ments. A questionnaire issued in conjunction with the 
indoor radon study provided data on the house and foun
dation construction. 

The measurements were carried out using a LiF TLD 
chip (diameter 5.5 mm, thickness 0.9 mm). Each chip 
was coupled to a radon dosemeter (diameter 40 mm, 
thickness 17 mm). The TLD chip was enclosed in a 
small (6 x 6 x 1.5 mm3) plastic foil bubble and was sim
ply affixed to the radon cap with a piece of plastic tape. 

Before affixing to the radon cap, the chips were 
annealed for 45 min in an oven at 400 °C and the zero 
readings of the chips were checked. Heating of the pel-
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Figure I. Calibration of TLD chips used for half-year measure
ment in dwellings. 
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lets was done in an automatic TLD reader with a nitro
gen heating system, reading temperature was 300 "C. 
Pre-heating time was 1.5 s and the heating time 11 s 
The TL signal used for the calculations was read only 
during the heating period. The individual sensitivity of 
each pellet was taJcen into account when calculating 
the doses. 

Calculated detection threshold''' of the TLD chips 
was 17 u.Gy, which is 3** of the average dose measured 
in this study. When using individual sensitivity correc
tion and background subtraction, the LiF pellets are suit
able for environmental measurements when the measur
ing time is long enough and when environmental factors 
(temperature, humidity and UV light) are under control. 
The average temperature in Finnish residences is 22CC. 
the range being quite narrow 18-27 :C,f>\ According to 
the same study made in 250 dwellings in the capital 
area, the mean relative humidities van from 21% to 
70%. There are no remarkable UV sources in Finnish (a) 
dwellings. Under these conditions, the effect of environ
mental factors is negliaible. 

Indoor dose rate calibration 

The calibration was based on reference TLD chips 
exposed during the period of measurement at five differ
ent dose rate levels The exposures used in the cali
bration were 382-1856 u.Gy (Figure 1). The lowest cali
bration level was achieved in a house with a wooden 
frame and wooden facing. The other calibration levels 
were supplied in a laboratory room with concrete struc
tures and an additional ""Ra source. The dose rate 

I 
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levels in the rooms were measured wich a high pressure 
lonisatior. chamber iHPICt calibrated using a dose rate 
calibrated r ' Cs source, the calibration of the source 
being traceable to the National Physical Laboratory 
<NPL> primary standard. In addition the calibration of 
the HPIC has been compared with a NPL calibrated sec
ondary standard ionisation chamber at STUK. The 
instrument responses to radiation fields measured were 
also allowed for'7'. The levels due to the additional 
:-"Ra irradiation were calculated using the dose rate 
constant of the source ( : : rRa + 0.5 mm Ptlr capsule. 
f.96x 10 " Gy.nr.MBq h '). and. furthermore, the 
contribution of scattered radiation was taken into 
account. Figure I shows the calibration results. The final 
calibration factor for the absorbed dose rate in air was 
0.0155 u.Gy count '. 

Figure 2. Distribution of the measured absorbed dose rates in 
air (nGy.h ') in houses and flats The contribution from Cher
nobyl fallout, on an average 3 nGy.h"1. has been subtracted 

from (he results measured indoors 

Figure 3. Absorbed dose rate in air indoors, in flats (a), in 
houses (bt and outdoors fci in the Finnish provinces. The two 
most southern provinces are divided into three regions The 
indoor measurements were made in 1991 and the contribution 
from Chernobyl fallout has been subtracted from the results 

measured indoors. 
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Outdoor gamma radiation surveys 

The outdoor gamma radiation results presented in this 
study are based on two previous studies. In the first 
study, environmental gamma radiation in Finland was 
suneyed in 1978-1982 using a high pressure ionisation 
chamber continuously measuring in a mobile vehicle"*'. 
In the survey, 15.000 km were measured altogether. The 
dose rates were the averages of strip chart recordings 
for more than 600 sections of routes. The coordinates 
of the midpoints of the 410 representative, evenly dis
tributed, sections were used as the coordinates for the 
measurement. The first radiation map produced from the 
data measured was calculated using a topographical 
model. 

In order to achieve comparable population weighted 
data for this study, the dose rate in air was recalculated 
using the same observations and a new map production 
procedure The coordinates of the midpoints of the sec
tions were used for production of radiation maps The 
SAS G3GRID procedure was used for interpolating 
values from an irregularly spaced set of points, thus gen-

Fisurc 3. Continued. 

NATION IN FINLAND 

eratmg a rectangular grid of values, the grid dimensions 
being 8x8km' : ' . Using these grid points, the mean 
levels for the 458 municipalities in Finland, and. further, 
the population weighted dose rates for the provinces 
were calculated. 

The second study utilised in the present study, was 
carried out after the Chernobyl accident in 1986-1987; 
the environmental gamma radiation was surveyed using 
mobile in situ spectrometric instrumentation'*". In the 
survey, a GM counter and a spectrometer continuously 
measured the radiation field during driving. Some 
19,000 km were measured. 10.000 km with the spec
trometer. On this basis, maps for dose rate as well as 
13 Cs. "sZr and IU,Ru deposition in Finland were pro
duced. In the study reported here, the results of the post-
Chemoby! survey were used for checking the dose rate 
increment in the dwellings caused by the Chernobyl fall
out as well as for estimating the dose from Chernobyl 
fallout to Finns. 

In 1991, the time of the present study, the dose rate 
resulting from Chernobyl fallout was calculated using 

Figure 3. Continued. 
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Table 1. Average absorbed dose rate in air (nGy.h ') from indoor and outdoor terrestrial gamma radiation for provinces 
in Finland. The contribution from Chernobyl fallout has been subtacted from the results measured indoors. Dose rate 

outdoors due to Chernobyl fallout in September 1991. Number of observations is indicated as N. 

Province 

Aland 
Uudenmaan VV 
Uudenmaan E + Kymen VV 
Turku-Pori 
Kymen E 
Hämeeen 
Mikkelin 
Kcski-Suomen 
Kuopion 
Pohjots-Karjalan 
Vaasan 
Oulun 
Lapin 

Whole country 

Indoor low 

N 

31 
13 
36 
10 
32 
20 
14 
14 
13 
20 
24 

8 

235 

-rise buildings 

(nGy.h"') 

76 
68 
59 
69 
67 
54 
52 
46 
48 
45 
43 
62 

58 

Indoor flats 

N 

28 
9 

21 
7 

22 
2 
4 
3 
4 
3 
6. 
2 

111 

(nGy.h"') 

108 
153 
95 

105 
102 
75 
88 
60 
78 
89 
77 
79 

100 

Indoor all 
dwellings 
(nGyh-'i 

95 
89 
69 
79 
81 
66 
62 
50 
54 
52 
51 
66 

73 

Outdoor natural 
(nGy.Jr') 

85 
79 
98 
70 
85 
72 
65 
57 
54 
58 
62 
61 
59 

71 

Outdoor due to 
Chernobvl fallout 

(nGy.h-1) 

2.1 
2.8 

11.4 
12.0 
2.8 

24.5 
12.8 
15.7 
7.5 
1.5 

13.0 
1.8 
1.2 

12.2 

Table 2. Absorbed dose rate in air (nGy.h ') indoors and indoor/outdoor dose rate ratio for various housing categories. 
The contribution from Chernobyl fallout has been subtracted from the results measured indoors. 

Housing category Number Indoor 
(nGy.h-1) 

Indoor/outdoor ratio 

Low-rise houses 
Walt material* 
(hillside houses excluded) 
Wood frame, wood facing 
Wood frame, brick facing 
Concrete frame 

Type of foundation* 
Slab on grade 
Crawl space 
Hillside houses 
Basement 

59 
43 
30 

93 
13 
17 
48 

49 
59 
83 

54 
47 
87 
49 

0.72 
0.86 
1.17 

0.79 
0.69 
1.25 
0.69 

All houses 235 58 0.84 

Flats 
Building material* 

Concrete 
Brick 

All flats 

All dwellings 

84 
9 

111 

346 

99 
110 

101 

72 

1.32 
1.34 

1.33 

1.00 

*Not known for all dwellings: questionnaire information missing. 
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the dose rate conversion factor'1" for an exponential 
depth distribution with a mass relaxation depth of 
10 g.cm :, The nuclides used were ' ,7Cs and i :uCs with 
an luCs/ , l7Cs activity ratio (I Sept. 1991) of 0.112. The 
conversion factors used provide an approximation of the 
effective dose rate in the housing environment. For 
undisturbed clay and humus soil the conversion factor 
used underestimates the dose rate, nevertheless, the fac
tor takes into account the more effective washout occur
ring in the sand areas of the vards. 
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Figure 4 Correlation between provincial average dose rate in 
air indoors and outdoors, for low-rise buildings with wood 
frame and wood facing (a) and flats (b). The line represents 

the linear regress*~ - equation fitted to the points. 

RESULTS 

Indoor gamma radiation 

Of the 400 dosemeters sent to the dwellings. 346 were 
returned. The total housing stock in Finland is around 
2.000.000 units. Of these 1.150.000 are in low-rise resi
dential buildings and 900.000 in blocks of fiats. Some 
65% of Finns live in low-rise buildings. Therefore, 
about two houses in 10.000 were measured. 

Figure 2 shows the distribution of measured dose 
rates in both the houses and flats. The dose rate in 235 
low-rise residential houses (170 single family houses, 
65 terraced houses) and 111 flats was measured. The 
average length of measurement was 201 days (minimum 
182d. maximum 258 d. median 189d, 257c and 75% 
percentiles of 186 d and 199 d respectively). The dose 
rates in air are given with the cosmic ray contribution 
of 32 nGy.h"' subtracted. The range of dose rates in 
low-rise residential buildings was 22-144 nGy.h"1, and 
in blocks of fiats 45-184 nGy.rr1. The corresponding 
mean values were 58 nGy.h"1 and 101 nGy.h"' which 
gives 72 nGy.h"' for all measurements. 

In order to achieve the best national average values, 
the results were weighted using population statistics 
from 1989. The weighting affected very little, compared 
to the above, the averages of persons living in low-rise 
houses or blocks of flats, which were 58 and 
100 nGy.h"1. The weighted national mean was 
73nGy.h":. Table 1 and Figure 3 show the dose rate 
levels for the Finnish provinces. 

The gamma radiation results for various categories of 
housing structure are given in Table 2. In houses with 
a wooden frame, the dose rates are higher in the case 
of brick facing than in the case of wooden facing 
materials. The average dose rate in houses with concrete 
wall constructions is 34 nGy.h"', higher than in houses 
with wooden frame and wooden facing. 

Outdoor gamma radiation 

Table I and Figure 3(c) demonstrate the result of the 
outdoor gamma radiation calculations. The range of 
municipal average dose rates was 45-139 nGy.h"1. The 
population weighted mean recalculated in this study was 
71 nGy.fr', which is very close to the value of the orig
inal (1978-1980) study. 72 nGy.h"4 '. The slight dis
similarities found in Figure 3(c). compared to those pub
lished from Finland in the European Radiation Atlas"0' 
which are based on the 1978-1980 study described 
above'"*', are due to population weighting. 

The correlation between the provincial dose rates in 
air indoors and outdoors for houses and flats is given in 
Figure 4. The indoor dose rates compared in Figure 4 
are the mean values of all observations in the provinces. 
The outdoor dose rate is the population weighted pro
vincial (altogether 15) mean values calculated from the 
municipal (altogether 458) average dose rates. 
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Table 2 shows the mean indoor/outdoor dose rate 
ratio, e.g. 0.72 for low-rise buildings with wood frame 
and wood facing and 0.84 for a!l low-rise houses. For 
flats the ratio is 1.33. The population weighted mean of 
the ratio is 1.00. 

Effect of Chernobyl fallout 

Chernobyl fallout increased the environmental 
gamma radiation level especially in Southern Finland. 
Based on the 1986-87 study"" descnbed above, the 
measured municipal average dose rate increments 
ranged on t October 1987 from 2.5 to 188 nGy.h-1. 
Based on the deposition levels given in that study and 
on the dose rate conversion factor given above, the 
calculated municipal dose rate levels in September 
1991, for all the 458 Finnish municipalities were 1-
61 nGy.h"1. For the municipalities, involved in the pre
sent study (altogether 65) with indoor TL dosemeters. 
the range was 1-45 nGy.h"'. The typical soil surround
ing houses is humus, clay and sand, with sand on paths. 
Differences in behaviour of deposition due to different 
soil types were not considered. 

Before application was made of the results of the 
indoor gamma radiation survey, it was necessary that 
the possible contribution of Chernobyl fallout be 
brought to light. Figure 5 shows the correlation of the 
results with the dose rate due to the ,37Cs and l34Cs 
deposition. In order to achieve a reliable comparison, 
the correlation is shown for low-rise residential houses 
with wooden frame and wooden facing, in those munici
palities where the outdoor gamma radiation level was 
70-100 nGy.h*1. Both the outdoor dose rate due to natu
ral gamma radiation (DiJut) and the dose rate due to 
Chernobyl fallout (DCh) affect the dose rates indoors 
(D,„). A regression analysis of D,n with DCh and Dnul as 
variables gave a positive correlation with a statistically 
significant effect for both variables fp = 0.0015 for DCf)). 

The dose rate indoors can be expressed by the follow
ing equation: 

Din = 4.1+0.42 DCh+0.62 D lw 

For bouses with brick facing or for flats the correlation 
was not statistically significant. The observed increase 
in dose rates in low-rise houses with wood frame and 
wood facing caused by the Chernobyl fallout was 429c 
(±15%, In- standard error) of the dose rate increment 
outdoors. The observed increment is in close agreement 
with the shielding factor. 0.47. calculated for similar 
Swedish low-rise residential buildings (Table 3""). 
Based on similar building construction, the data is quite 
applicable to the Finnish housing stock. The shielding 
factors of Table 3 were used for subtracting the contri
bution of Chernobyl fallout from the results measured 
in the dwellings. The range of subtracted level was 0 .1 -
l9nGy.h"'. the average being 3 nGy.h"1. The results of 
dose rate indoors in this study. Tables I and 2, are Cher-
nobvl corrected. 

Table 4. Annual effective dose due to natural and Cherno
byl fallout terrestrial gamma radiation in Finland (mSv). 

Indoors 
Outdoors 

All 

Natural 

036 
0.09 

0.45 

Dose ImSvi 

Chernobyl 

1991 

0.016 
0.015 

0.031 

1994 

0.013 
0.012 

0.025 

Table 3. Population and time average shielding factors for external gamma radiation from the ground in Finnish 
dwellings"-'". 80% indoor occupancy expected for time average shielding factors. 

Type of dwelling Population 
percentage 

33 
19 
13 

65 

35 

100 

Average 

0 47 
0.29 
0.24 

0.37 

0.04 

0.26 

Shielding factoi 

Time average 

0.58 
0.43 
039 

0.50 

0.23 

0.41 

Low-rise buildings 
Wood frame, wood facing 
Wood frame, brick facing 
Concrete or brick frame 

All low-rise buildings 

Flats 

All dwellings 
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DISCUSSION 

The dose rate in air both indoors and outdoors is high
est in South-eastern Finland, where uranium rich 
granites (e.g. rapakivi) prevail. Concentrations in both 
moraine and bedrock of uranium, thorium and potass
ium are highest in just this area,i:'. On the other hand 
the dose rates are lowest in eastern and northern areas 
where granitic gneisses and greenstones (metabasaJt) 
prevail. 

The outdoor measurements were made on roads. In a 
scenario where the same sand material would be used 
for the road construction and for the slab of the house, 
the dose rates above the road and slab would be approxi
mately the same. In fact, however, two factors decrease 
the dose rates indoors in wood frame houses compared 
with dose rates outdoors. First, the shielding effect of 
the house inner wails as well as the ceiling and roof 
construction decreases the dose rate due to the environ
ment. Secondly, the use of humus soils near the houses 
decreases dose rates as compared with pure sandy soils. 
The dose rate indoors is lowest in crawl space houses 
which have wooden frames and primarily also wooden 
floor construction. New, crawl space houses with con
crete floors are relatively few in number. The walls of 
the ground floor of hillside houses are always concrete. 
Furthermore, the soil backing partly the ground floor 
walls and the intermediate floor, normally of concrete, 
increase the dose rate. In hillside houses, the measure
ments were normally made on the ground floor, and the 
dose rates were comparable with slab on grade houses 
with concrete frames. Houses with concrete frames 
often have either some of the walls or ceiling built of 
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Figure 5. Correlation between municipal average indoor dose 
rate in houses with wood frame and wood facing and dose rate 
outdoors due to Chernobyl falloui. The line represents ihc lin

ear regression equation fitted to the points 

wood. This decreases the dose rates and the 
indoor/outdoor ratio compared to fiats. 

The average dose rate indoors in low-rise houses 
(Figure 3(b)) is affected also by the prevalence of 
houses with concrete frames or with bnck facing. As an 
example, in the capital area (Uusimaa W. Table 1) the 
use of concrete structures is more common than else
where. Consequently, the average dose rate indoors was 
relatively high. 

The calculated absorbed dose rate in air in the centre 
of a room with concrete walls, using the mean concen
trations of Finnish building materials of -:f>Ra. :?;:Th and 
4"K was found to be 120 nGy.h-' : ' . which is 20 nGy.h ' 
higher than the average measured in flats in this study. 
In these calculations, the shielding effect of the inner 
walls on the dose rate, was not taken into consideration, 
which accounts for the difference. 

With the values for the conversion coefficients to 
effective dose (07Sv.Gy ') and the occupancy factor 
10.8). it is possible to combine outdoor (71 nGy.rT1) and 
indoor (73 nGy.h"1) exposures to terrestrial gamma radi
ation in order to estimate the annual average effective 
dose, which is 0.45 mSv. A similar calculation for the 
dose rate due to Chernobyl fallout in 1991 gives an 
annual dose of 0.03 mSv Table 4 presents the results. 
According to this study, the percentage of the Finnish 
population exceeding the annual effective dose equival
ent, due to natural gamma radiation, of 0.5, 0.8 and 
1.0 mSv was 32%, 2% and 0.3%. 

The most recent report by the United Nations Scien
tific Committee on the Effects of Atomic Radiation'"' 
lists the results of outdoor and indoor radiation surveys 
in various countries. The average indoor absorbed dose 
rates in air that are reported show a range of 23-
120 nGy.h ' with most failing in the 
95 nGy.h"1. The worldwide average 
70 nGy.h"1. The average of this study. 73 nGy.h 
thus quite close to the worldwide average. 

In Sweden a survey of 1298 dwellings showed an 
average of 110 nGy.h"' (range 20-460 nGy.fr1 )"4 ' . Use 
of alum shale based aerated concrete with high radium 
concentrations has increased the dose rates in Sweden. 
Alum shale houses also affect the ratio indoors to out
doors, which was 1.96 on an average. The measured 
mean dose rates in Norway. 73 nGy.h"' indoors and 
95 nGy.h"1 outdoors, are close to the Finnish results"5'. 

In Finland the average effective dose equivalent. 
0.45 mSv. is the same as the population weighted value 
of 13 countries given in the UNSCEAR 1993 report"-'. 

CONCLUSIONS 

The results of this study provide an estimate of aver
age indoor absorbed dose rate in air of 58 and 
100 nGy.h"1 in low-rise residential houses and fiats and 
73 nGy.h"1 for the total population. The population 
weighted dose rate outdoors was 71 nGy.h"1. The corre
lation between outdoor gamma radiation measured on 

range of 60-
is given as 

. is 
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roads and indoor gamma radiation in flats was strong. The highest dose rates indoors «ere measured in fiats 
This supports the view that the various sands used in in the southern rapakivi granite area, with an average 
the concrete production, for road construction and in value of 153 nGy.fr1. In this area the average effective 
residential yards have natural radioactivity concen- dose equivalent due to natural gamma radiation, for 
trations close to each other. The comparison of outdoor people living in flats, exceeds 0.8 mSv. The number of 
and indoor results demonstrates that the dose rates mea- fiats measured was less than 10. and further measure -
sured on roads provide a reasonable measure for dose ments are needed in order to produce accurate estimates 
rates outside of houses. of the highest doses received. 
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