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PREFACE
The present work consists of nine papers listed below,
preceded by a section in which a literature survey and some
general comments and conclusions are given. The work was
carried out at the State Institute of Radiation Hygiene in the
period 1975-1979.
The main purpose with this work was to study the radiological
consequences of the introduction of building materials with
high concentrations of radioactivity. Furthermore, to analyse
the impact of a reduction of the ventilation rates in houses
upon the population dose from inhalation of natural airborne
radioactivity.
Paper I deals with the general problems of radioactivity of
building materials. Exemption levels are discussed from
measurements of the radioactivity of the main building
materials in the Oslo area and the corresponding y-radiation
inside houses. In paper VI these problems are discussed more
in detail. Here, measurements of radioactivity of building
materials from different parts of the country sre reported,
together with theoretical calculations of the y-doses in
houses. These calculations are compared to the experimental
results in paper I and to earlier measurements of the indoor
y-radiation in Norway.
Paper II presents measurements of the outdoor y-radiation in
different parts of Norway. These results are used together with
earlier measurements of the y-radiation inside houses to
calculate the average and the variations of the population dose
from this radiation.
Paper III is an experimental study on the radon concentrations
inside different types of dwellings, and a discussion of the
respiratory dose received by inhalation of radon daughters.
Some factors that may have influence upon the radon concen
trations are also discussed. These problems have also been
studied in paper IV and paper IX.
In paper VII a method for measurements of radon and thoron
daughters in air is presented, and in paper VIII the contri
bution to the respiratory dose from thoron daughters is
discussed.
In paper V the possible radiological effects o£
radon concentration in houses are discussed.
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INTRODUCTION
Studies on the naturally occuring radiation began early this
century. Penetrating radiation in the atmosphere was demon
strated experimentally by Rutherford and Cooke (1903), and
Cooke (1903) made quantitative determinations of the radio
activity of brick. Wright (1909) performed measurements of the
ionization indoors and found values about twice that of free
air.
After the liberation of atomic energy there was a rapidly
growing interest in the naturally occuring radiation. Several
authors reported studies on the health hazards associated with
the mining and milling of uranium (Tsivoglou et a l . , 1953J
Coleman et a l . , 1956J Kusnetz, 1 9 5 6 ) , and there were made
investigations on the background radiation in several countries.
One aim with the latter investigations was to establish the
levels of the natural background radiation be fore the anti
cipated rise in the general radiation levels accompanying the
atomic age. In these years the rapid increase in the use of all
kinds of ionizing radiation stimulated the research on the
hazards to man of small exposures, and in this connection/ the
radioactivity of building materials and the radiation inside
dwellings became of interest (Gabrysh and Davis, 195 5 J
Hultqvist, 1956).
The population, doses from naturally occuring radiation has
increased in recent years. Several human activities, such as
air travels in large altitudes, use of well water with high
radon concentrations, introduction of building materials with
high activity concentrations and reduction of the mean
ventilation rates, have all contributed to this change. Inter
national organizations, i.e. the UN and OECD, and national
authorities have taken great concern in these problems, and
large efforts have been made to stop this trend towards larger
population doses.
The most severe problems in this field seem to be the radio
activity of building materials and the increased radon concen
tration in dwellings, and our work deals mainly with these
problems. For the completeness of the report we have also summarized
the contribution to the population dose from the other sources
of naturally occuring radiation, i.e., cosmic radiation and
internally deposited radioactivity.
1
1.1

EXTERNAL GAMMA RADIATION
Sources

The natural radionuclides in the environment are of two general
classes, the primordial and the cosmogenic.
Among the primordial radionuclides, the main contributors to
external exposure are 4 0 K and the radioactive series headed by
238u and 2 3 2 h .
T

The cosmogenic radionuclides are mainly produced through
interaction of the cosmic rays with target atoms in the
atmosphere and, to a much lesser extent, in the earth. The

- 2 three main cosmogenic contributors to external exposure at
ground level are B e , N a and ^ N a . The cosmogenic radio
nuclides contribute very little to the total external
radiation from naturally occuring sources (about 0.2 .urad/h
^_
total of 5-10,urad/h, UNSCHAR 1 9 7 7 ) , and this
Jomparod,, to
contribution is therefore neglected in this discussion.
7
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The radionuclides of the radium and thorium series and
potassium-40 are on the average of equal importance. The radium
and thorium series produce
several y-lines through their
decay. These are summarized in table 1.1.
The concentrations of radioactivity in rocks and building
materials vary considerably, Measurements of the radioactivity
of some main Norwegian building materials have been performed
by us (paper I and paper V I ) . Some of the results are
summarized in table 1.2. The division of the country into
districts is indicated in fig. 1.1.
Some building materials with unusually high radium concen
trations have been introduced in recent years: O'Riordan et a l .
(1972) reported radium concentrations of about 25 pCi/g in
by-product gypsum produced as a waste in the phospha te industry.
The excess in gonad and bone marrow dose to people living in
dwellings with this gypsum as building material was calculated
to 30 mrad/year by these authors.

Fig. 1.1

A map of Southern Norway where the different
districts are indicated.

- 3 Tabic 1.1

Energy distribution of gamma rays emitted as a
result of the decay of " 8 a d ^ T h and
daughters .
2

2

0

a

Energy Interval

Number of Photons Eaitted per Primary
Disintegration
2 38
232
U Series

Th Series

key
50-150

0.139

0.062

150-250

0.104

0.555

250-350

0.196

0.277

350-450

0.361

0.021

450-550

0.022

0.156

550-650

0.436

0.313

650-750

0.027

0.081

750-850

0.084

0.139

850-950

0.032

0.351

950-1050

0.014

0.240

1050-1350

0.252

0.023

1350-1650

0.137

0.148

1650-1950

0.218

0.007

1950-2550

0.081

0.001

2550

0.002

0.360

Total

2.1

2.7

0.81 MeV

0.88 MeV

average series
gamma energy

From Beck

Potassium-40 emits
disintegration.

(1972)

0.11 photons of 1.46 MeV per primary

- 4 Table 1.2

Specific activity of some building
in different districts of Norway

materials

Specific activity
Material

Concrete

District

No of Samples

4

226„
Ra

°K

(pCi/g)
2 3 2

.
Th

m l

I

II

20.1

1.0

II

12

16.5

0.72

0.96
0.90

III

12

16.8

0.67

1.04

IV

13

17.9

0.75

0.88

V

19

17.7

0.91

1.23

VI

16

14.4

0.77

0.76

VII

12

9.6

0.29

0.56

VIII

10

12.1

0.46

0.62

IX

9

15.9

0.37

0.59

X

13

23.6

0.88

1.2

XI

10

23.9

0.95

1.45

All
districts

137

17.6

0.75

0.96

Ail
districts

18

30.7

1.7

2.0

All
districts

12

21.9

1.4

1.5

A light weight concrete containing alum shale has been used
until recently as building material
in Sweden. This building
material may have a radium concentration of more than 50 pci/g,
and there have been reported large -y-exposure rates and radon
concentrations inside houses built of this material (Hultqvist
1956; Swedjemark and Håkansson, 1 9 7 8 ) .
Most rocks have activity concentrations about those found for
concrete (UNSCEAR, 1 9 7 7 ) , but there are great variations. The
alum shale commonly found in the Oslo area may have relatively
high radium-concentrati'.ns, and in the Fens field in Telemark,
we measured thorium-concentrations of more than 50 pCi/g in
seveial rock samples (unpublished).
1.2

Outdoor exposure
ra

n

f

r

e

e

The exposure from external Y ~ d i a t i o n *
air is dependent
on several factors, such as the activity concentrations of
rock and soil, distribution of the radioactivity, moisture and
density of the ground.

beleggsøkning fra opprensningsarbeidet, og hotellene var fulle hele sommeren av
«oljearbeidere». I tillegg var det stor omsetning i Valdez.
(Betydelige negative konsenkvenser ble påvist i andre samfunnskomponenter i
Alaska (jf. bla. Anon., 1993; Moe, 1993; Kleiven, 1993). Under sølet og
opprensningsaksjonen ble dagliglivet i samtlige småsamfunn i det berørte
området betydelige endret. Undersøkelser i ettertid påviste også en økning i vold,
alkoholforbruk og depresjoner. Flere samfunn ga uttrykk for at de følte seg
overkjørt av myndigheter / utenforstående. I samfunn som var basert på
«subsistence-økonomi», dvs. mataukbaserte samfunn, oppsto det en velbegrunnet
uro om det var skadelig å spise marine ressurser.)
Resultatene fra tidligere spillsituasjoner er selvfølgelig xkke direkte overførbare til
norske forhold. Sektorer som reiseliv, med hotell og overnattingsgjester er langt på vei
sesong-, område- og befolkningsspesifikk. Også annen rekreasjonsmessig utnyttelsen
av kysten vil være lokalspesifikk, hvor dærlig fiske lokalt kan utgjøre en betydelig
andel. Forskjellene : utnyttelse er sannsynligvis så store mellom de respektive
landsdeler, at de betinger lokaltilpassede vurderinger (J. Kleiven, NINA, pers. medd.).
Det synes imidlertid gjennomgående klart at betydningen av marin forurensing kan
være stor, da mange rekreasjonsaktiviteter vil endres eller flyttes til andre lokaliteter
når vannkvaliteten eller andre deler av naturgrunnlaget ødelegges.
Omfanget av de negative, eventuelt også positive virkninger av et oljesøl for friluftslivet
kan meget grovt forenklet relateres til utnyttelsen av kysten i rekreasjonsøyemed og
varigheten av forurensningssituasjonen. I forhold til betydningen av bestemte
geografiske områder, kan myndighetens etablering av sikrete eller vernede områder,
betraktes som et uttrykk for områdets bruksverdi eller prioritering. En antagelse om
begrenset bruksverdi i et gitt antall dager som et resultat av oljeforurensing, gir
imidlertid bare en helt begrenset tilnærmelse til problemstillingene.
En presis - og åpenbart faglig mer forsvarlig angivelse av virkningene vil utvilsomt
stille strenge krav til dokumentasjon av sosialøkonomiske forhold in situ. Slike
a r b e i d e r er underveis både for S k a g e r r a k og Midt-Norge u n d e r NOEs
utredningsprogrammer for de respektive områdene (Kleiven et al., in prep). Ved
ferdigstil lei se av disse arbeidene medio mars 1993, vil SFT bli underrettet.
Systematisert informasjon, både mhp. lokalisering (posisjon) og myndighetens
vurdering av de enkelte friluft- og rekreasjonsområder er forøvrig inkorporert i MRDB,
og er således tilgjengelig for SFT. I en eventuell beredskapssituasjon kan denne
informasjon knyttes opp mot oljens faktiske drift for feks. identifikasjon av lokaliteter
med høy strandingsrisiko - høy bruksverdi.
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In fig. 1.2 the spectral distributions for flux density and
exposure rate given by Beck (1972) are shown. These spectra
are calculated on the assumption that the relative contri
butions to the total exposure rate are 40,40 and 20% for the
232fh series, 4 0 R and the 238[j i e s , respectively.
s o r
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Fig. 1-2

Relative contributions to total photon flux density and
exposure rate at one meter above ground level for
photons of various energies for a uniform dirtribution of naturally-occuring sources in the ground
(from Beck, 1972}.

7 From fig. 1.2
significantly
enorgy of the
energy of the

wo see that the mean pr.oton onorgy of the flux density is
lowor than that of the exposure rate. The moan
photons is about 0.4 - 0.5 Mev while the mean
exposure spectrum is ar-out 1 MeV.

In paper II results of measurements of the outdoor
y-cay
exposure in Norway are reported. These measurements were
performed with an ionization chamber placed in a car. The
exposure was integrated while driving the car, so that each
measurement represented an average value for an area. The
ionization chamber was a Reuter Stokes Environmental Monitor,
developed at the Health and Safety Laboratory of the United
States Atomic Energy Commissio-i. The theory and construction
of this instrument is described by De Cainpo et al. (1972).
Each measurement lasted for about 20 ziin. and 234 measurements
were performed over a distance of about 500 km of roads. This
method has earlier been used for measurements around the Oslo
fiord (Bryhn - Ingebrigtsen, 1 9 7 6 ) .
Some of the main results of our measurements are listed in
table 1.4. The districts indicated are those in fig. 1.1.
A contribution of 3.6.uR/h from cosmic radiation is subtracted.

Table 1.4

Exposure rates from outdoor Y~radiation
Percent of

•, • .. • ,.

District

total

, ^.
population
5

y-ray exposure rate

in Norway
( ,uR/h)

„

Towns

.

Open areas

Averaged

c

v

7.8

8.7

8.2

II

8

10.5

8.6

9.7

III

5

8.9

8.6

IV

11

10.3

V

15

10.9

7.1

9.8

VI

9

7.2

6.4

6.8

I

8.7
10.3

VII

6

5.5

4.1

4.9

VIII

10

5.5

6.3

6.1

IX

6

6.7

5.8

6.3

X

12

8.6

8,. 3

8.4

XI

7

9.8

8.9

9.5

94

8.6

7.2

8.4

1 districts
(Weighted average)

The values obtained in towns are on average higher than those
in open areas. This is due to the radiation from brick and
concrete buildings in the towns. We also found high values in
places with paved streets. In the city of Trondheim (district
V I I ) , the y-ray intensity varied from about 2,uR/h in streets

- a without paving to more than 18,uR/)i in p.ivod stroots. Tho ratio
of the values found in towns to those in open areas ciose to
the towns showed variations between 0.9 and 1.7 with a mean
value of 1.20.
The urbanisation thus may cause an increase
in tho me.jn outdoor exposure rates.
The lowest value found in this series of measurements was in
Orkdalen in Trøndelag (district V I I ) . Here the y-ray exposure
rate was 3.3.uR/h on average. The lowest local
value here was
less than 2,uR/h. The highest average value for an area was
found at Kråkerøy (district V ) . Here the y-ray exposure rate
was 14.7.uR/h. At a local spot in Søgne (district I) we found
an exposure rate of U O . u R / h , while the average for the area
was 13.0,uR/h. Later measurements at the Fens field in Telemark indicated that the average outdoor exposure rate in this
area was about lOO.uR/h. Measurements on rock samples from this
area indicated thorium concentrations of more than 50 pCi/g
(unpublished).
Values of the y-ray exposure in several countries have been
reported. The methods of measurements an values of the exposure
rates are summarized in the UNSCEAR report (1977). In table 1.5,
some of the estimated average y-ray exposure rates in different
countries are listed together with our results.

Table 1.5

Estimates of the average y-ray exposure rate 1 m
above ground in different countries
Average exposure rate

Country
Austria

5.8

a)

10.5

Germ.Dem.Rep. b)
Fed.Rep. of Germ, c)

6.8

India

4.1

d)

Italy e)

8.3

Japan f)

4.7
6.7

Poland g)
Switzerland

8.5

h)

5.2

USA i)
Taiwan j)

6.9

Norway k)

8.4

a)

Tschirf et a l . , 1975

b)

Ohlsen, 1971

c)

Kolb, 1974

d)

Mishra and Sadasivan, 1971

e)

Cardinale et a l . , 1972

f)

Yaraagata and Iwashima, 1967

g)

Pensko, 1967

h)
i)

Herbst, 1964
Oakley, 1972

j) Weng et al.

1972,

k) Paper II

(,uR/h)

- 9 The most common method used in these investigations is ground
surveys with ionization chambers or scintillation instruments.
In recent years several in situ measurements with Y ~ P
~
meters have been performed. The methods for such measurements
are discussed by Beck et al. (1972). From y-spectrometry on
areas, one can gain information on the radioactive concentrations of the ground and of the exposure rate.
s

e c t r o

ra

TLD measurements of environmental y ~ d i a t i o n is also
frequently used (Løvborg et a l . , 1978; Winter, 1971J Mjønes,
1976) Løvborg et al. (1978 ) reported measurements by TLD;
Y-spectrometry
anda high pressure ionization chamber. The
results from these measurements were in very good agreement.
b

In several countries there are areas with high levels of background radiation. The best known from a dosimetric point of
view are those located in Brazil and India.
The average outdoor exposure rate in the Kerala coast of India
has been estimated to about 150 ,uR/h (Gopal Ayengar et al. ,
1 9 7 7 ) . This high exposure rate is due to the high thorium
concentrations of the monazite sand in this region.
In Brazil there is a monazite sand region along the Atlantic
coast. The radiation levels in three towns built over monazite
sand in this area was surveyed by Roser and Cullen (1964). The
exposure rates was found to range from
100 ,uR/h to 200.uR/h in
the streets and up to more than 2000 ,uR/h on selected spots on
the beach.

1.3

Indoor

exposure

A simple way to relate the activity concentrations of building
materials to the indoor exposure rate is proposed by Krisiuk
et al. (1971). For the purpose of defining exemption limits for
the radioactivity of building materials,they considered the
room as a cavity in an infinite medium. The conversion factors
from the activity concentrations of building materials to
exposure rate are thus obtained by multiplying the outdoor
specific exposure rate factors (equation 1.1) by 2. This relationship is based on a number approximations. The approach will give
an overestimation of the indoor dose rate. Hultqvist (1956)
proposed a correction factor of about 0.7 for non saturation
thickness
of the walls, and an equal factor for windows and
doors, so that the total correction factor was about 0.5. In
paper I we investigated this experimentally and found a correction
factor of 0.34 for brick buildings and 0.61 for concrete buildings.
For realistic evaluations of building materials with high
concentrations of radioactivity, more exact methods of
calculation are needed.
Koblinger (19 7 8 ) , performed Monte Carlo calculations for the
"y-ray exposure from walls of different densities and thicknesses. He also calculated the energy distribution of the
photons and the exposure rate inside model rooms. In the
figures 1.3 a ) , b) , and c) his results are shown for a
4 x 5 x 2.8 m^ model room with 20 cm thick walls of SiO,,. If we
use the average activity concentrations found for Norwegian
concrete (Table 1.1} we find the spectral distribution shown in

- 10 r

fig. 1.4 for the y~ adiation inside concrete buildings- The
average energy of the exposure is here about 1 MeV. As an
average for Norwegian concrete, the contributions to the
indoor exposure from 4 0K, the uranium and thorium series are
about 58, 20 and 22% respectively.

1 1 ra
il .

li

Source: <°K

-1—t10

H~i

/~r-

ii
0

200

1000
Energy (keV)

VS60

Source: IKRaJ-cbain

r n
1
1

!
1

1

10

>200

Fig. 1.3

1000
2000 2435
Energy (keV}

1000
2000
Energy (keV)

Energy distribution of photons and exposure rate
inside a room. (After Koblinger, 1978)

-

Energy
Fig. 1.4

11

-

interval (keV)

Spectral distribution of photons and exposure rate
inside a concrete building with activity concen
trations like the mean values for Norway.

- 12 In paper VI some results of numerical calculation; of the
y-ray exposure from walls of different densities and thicknesses are shown.
In these calculations we have not taken attenuation and build
up in air into account. This will however bo of very little
importance for indoor exposure. For infinite sources (outdoor
e x p o s u r e ) , sky-shine photons may however give 10 to 20*
increase in the exposure rates (Løvbory
et al. 19?» a ) .
Our method was checked against the calculations of Koblinger
(1978) and with experimental results. In table 1.6 the results
of Koblinger (1978) for the centre of the model room are shown
together with our calculations for the same room.

Table 1.6

Specific exposure rate inside model room of
Koblinger (1978)
Specific exposure rate

„ c
Reference
Koblinger

4 0

(1978)

Paper VII

„
K

2 2

( .uR/h) / (pci/g)

6„

232
Ra

m u

Th

0.331

3.91

4.35

0.33

3.9

4.7

As seen from table 1.6 there is a good agreement between
two results.

these

In paper VI we have also calculated the mean specific exposure
rates inside a room representative of a Norwegian dwelling in
a block of flats. The result'; are shown in table 1.7.

Table 1.7

Specific exposui
flats
Sp

Material

Density
(g/cm )

CONCRETE

2.35

3

dte inside a typical block
fie exposure rate
10

2 2 5
R

Ra

of

( .uR/h)/(pCi/g)
2 3 2

Th

Floor

0.114

1.33

1.59

Walls

0.069

0.85

0.99

Ceiling

0.097

1.07

1.27

Total

0.2H0

3.25

3.85

BRICK

2.0

Walls

0.065

0.80

0.94

LECA

0.7

Walls

0.036

0.41

0.50

- 13 The exposure rate inside dwelling s is strongly dependent on
the thickness and density of the building material. This is
discussed in paper VI and in the study of Koblingor (1978).
Malmqvist (1974) reported experimental values of the influence
of the thickness and density of building materials upon the
exposure rate. These results are in fairly good agreement with
calculated values.
Measurements inside a dwelling in a block of flats indicated
that our calculated values are in good agreement with the
experimental results (Paper VI ) .
In the early sixties, Storruste et al. (1965) performed country
wide measurements of the ionization inside 2026 houses in
Norway. Three types of measuring equipments were used, i.e. a
scintillation instrument, a Geiger counter and a an ionization
chamber. The values found in this investigation are shown in
table l.R.

Table 1.8

Average value of the y-ray
exposure rate inside
Norwegian houses (After Storruste et al. , 1965)

Building
material

Mean
rate

Number of
house s

y-exposure
( .uR/h)

Wood

823

7.8

Concrete

594

11.4

Brick

245

13.3

Brick or concrete

364

13.1

2026

10.4

All types

The values in table 1.8 are obtained by using the values of
total ionization given by Storruste et al. (1965) and
subtracting a value of 3.6,uR/h for cosmic rays.
Our measurements in the Oslo area (paper I) indicated that the
ratio of the indoor to outdoor Y ~ P
rate was 0.89 for
buildings with outer walIs of wood. This is in good agreement
with values found by Storruste (1976) and the values found by
us for the whole country (paper I I ) .
e x

o s u r e

If we use the value of 0.9
for the ratio of indoor to outdoor
exposure rate for wooden dwellings and use the model rooms
described in paper VI for calculations of the Y ~ ^ y exposure
inside concrete and brick buildings, we find the exposure
rates listed in table 1.9.
a

Table 1.9

Calculated mean indoor Y-ray exposure rates in
Norway
.

Building material
Wood

Exposure rate
7 .6

Concrete

li. 2

Brick

12.3

( ,uR/h)

- 14 The values found by measurements on samples of building
materials and calculations of tho y-ray exposure seem to be in
good agreement with the experimental results listed in table
1.8.
In paper VI the district variations of the calculated y-ray
exposure rates in concrete buildings are discussed. The lowest
value found was in district VII where the calculated y-ray
exposure rate was 5.9,uR/h. The highest calculated value was
found in district XI. Here the exposure rate was 15.5 .uR/h.
Storiuste eh al. (1965) also found the extreme values in tnese
areas. The values measured by them were 8.3 and 15.7.uR/h
respec tivoly.
In paper II we have used the values found by Storruste et al.
£1965) for estimation of the population average indoor y-ray
exposure in the various districts of Norway. The values are
obtained by using tho basic material of Storruste and data on
the percentage of the population living in the different kinds
of buildings. In table 1.10 the values found by using the
values of Storruste are shown.

Table 1.10

Population average indoor y-ray exposure

% f

Exposure rate

0

District

population

I

5

II

8

9.3

III

5

9.5

IV

11

V

15

VI

9

12 .9
9.1
8. 3

VII

6

7.1

10

8.4

e

7.6

X

12

8.5

XI

7

8.9

94

9.1

All districts
(Weighted average)

1.4

Organ doses from external

L

8.5

VIII
IX

( ,uR/h)

Paper II

y-radiation

Calculations of organ doses from external y-radiation must
take into account the shielding effect of the body. Several
authors have reported values of conversion factors from air
absorbed doses to organ doses, and some of the results are
listed in table 1.11.
Spiers and Overton (1962) measured attenuation factors in a
water filled phantom. The attenuation factor was defined as

the ratio of the dose at a given point in the water filled
phantom to that in air at the same point with the phantom
removed. The measurements were performed with a small copper
cathode Goiger tube and scaler. The distribution of radiation
sources was arranged to simulate the not quite omni directional
radiation which might bo expected in any kind of "fall out"
emergency. The factors found by these authors indicate the
ratios of air exposure estimates at the two locations, assuming
no complications in Geiger tube response due to changes in the
energy spectrum in air and at depths within the phantom. The
ratio of organ absorbed dose rate to free air absorbed dose
rate is obtained by multiplying the phantom results by an average
value of 0.96 to obtain the tissue absorbed dose and multi
plying the free air exposure by 0.8G9 to obtain the free air
absorbed dose. The values listed in table 1.11 are modified
according to this.
Bennet (1970) has used analytical transport theory to calculate
conversion factors from free air absorbed dose to gonadal
absorbed dose for environmental •y-radiation . The v?lues calcu
lated were based on 16 incident flux directions, which «ere
assumed to represent the irradiation directions from environ
mental y ~ 3 i a tion.
ra(

O'Brien and Sanna (1976) have used 3-dimensional Monte Carlo
calculations to evaluate organ absorbed doses to free air
exposure ratios. The calculations were based on the mathematical
model of Snyder et al. (1969), the so-called MIRD phantom, a:id
values for the rad/R factor for several organs were reported
for a isotropical radiation field. The convertion factors
from free air absorbed dose to organ absorbed dose ar^ obtained
from the rad/R factor by dividing these values by 0.&69. In a
later paper the same authors have made corrections for the
effects of the male - female body size difference on the
absorbed dose rate distributions (O'Brien and Sanna 1978). The
values found for the females tend to be higher than for males.
The over all effect was found to be about 104. For most organs
this means that the use of a hermaphrodite model results in a
5% underestimate in population dose values. For the uterus and
ovaries the underestimate is, of course, the full 10%. The
values listed in table 1.11 are modofied according to this.

Table 1.11

Organ dose to free air dose ratios for environ
mental y-radiation
Irradiation geometry
311 (
!
•>
211(2)

Organ

Mean for
indoor and outdoor

Testes

0.76

0.86

0.82

Ovaries

0.63

0.77

0.58

Red b o m

marrow

0.69

Lungs

0.64

Whole body

' 0.68

(1)

Spiers and Overton

(2)

Bennet

(3)

O'Brien and Sanna

(1962)

(1970)
(1976 and 1978)

(3)

- 16 The UNSCEAR (1977} has recommended the annual gonad
dose to be calculated after the following formula,

absorbed

D = (cq D ) outdoors + (cqD ) indoors

(1-2)

where c is the conversion factor from free air dose rate (0 J .in.
urad/h to gonad absorbed dose rate in mrad/year and q is the
'occupancy factor which is estimated to be 0.8 for indoor
exposure and the 0-2 outdoors. *j:;5CEAR has used the values of
Bennet (1970) for the calculations of outdoor exposure and the
values of Spiers and Overton (1552) for indoor exposure. The
values recommended for c are 7 . 2 rr.rad/year per ,urad/h for outdoor exposure and 6.0 mrad/year per ,urad/h for indoor exposure.
d

/

If we use the values recommended by UNSCEAR we may now compute
the population doses from environmental Y-radiation in Norway.
The values for the Y ~ y exposure given in table 1.4 and table
1.11 must be multiplied by a factor 0.37 to get the proper
values for the absorbed dose ra:os in air.
r a

In table 1.12 the results of these calculations are shown
(from paper I I ) .
Table

1.12

Doses from external

/-radiation in Norway

Y-dose rate in air

Percent:
of total
, ,_ .
population
"

( urad/h)
7

Z

f

J

Indoor
averscred

n

,_ ^
Outdoor
averaged

Averaged
gonad dose
(mrad/yr)

46

I

5

7. 4

7. 1

11

8

8. 1

8.4

50

III

5

8. 3

7.6

51

IV

11

11.2

9.0

67

V

15

7.9

8.5

50

VI

9

7.2

5.9

43

VII

6

6. 2

4.3

36

VIII

10

7.3

5.3

43

IX

6

6. 6

5.5

40

X

12

7.4

7.3

46

XI

7

7. 7

8.3

49

7.9

7.3

48

94
1 districts
(Weighted average)

The mean gonad dose to the Norwegian population is 43 mrad/year.
This may also be representative for the whole body dose taking
the small differences in organ dose to free air dose ratios
(table 1.11) into account.
An individual living in an average wooden dwelling in Trøndelag
(district VII) will receive a whole body dose of about

- 17 30 mrad/year while a person living in a brick building in Oslo
(district IV) will receive 75 mrad/year. These represent the
extreme values found in paper II.
Some later measurements performed by us (UnpublishedJ indicated
that the mean value of the exposure rate in free air in the
Fens field of Telemark was about 100-uR/h. The indoor rate was
however less than 20 ,uR/h. This is probably due to the fact
that the concrete slab under the houses were made of concrete
from elsewhere. This concrete slab will thus act as a shield for
the radiation from the ground. People spending most of their time
near their homes in this area will receive an annual dose of more
than 200 mrad/year.

2
2.1

INHALED RADIOACTIVITY
Rn-222 and its daughters in indoor air

The concentration of radon and its decay products in indoor air
is discussed in the papers I, III, IV and IX, and we will here
briefly summarize the main results and discussions of these
papers.
There may be several sources of radon to indoor air:
1)

Radium in the building materials and in the ground will
produce radon through its decay. The radon gas will
diffuse through the building materials and ground and
thus be released to the indoor air.

2)

Another source of radon in homes is the use of radon
rich water * There are many countries where well water
is used in large scale, and in areas with relatively
high radium concentrations in the ground, the radon
concentrations of the well water may be far higher than
1 nci/l. When such water is used in the household,
radon will be released to the indoor air and large ?.ir
concentrations of radon have been measured in such areas
(Annamåki, 1 9 7 8 ) .

3)

Natural gas for kitchen ranges and space heaters is a
source of radon to indoor air. The radon which is
produced in the ground diffuses through the geological
formations into the natural gas wells. Storage of gas
in reservoirs prior to consumption reduces the radon
concentration by decay, and this may lead to seasonal
variations depending on the consumption rate. The contribution to the respiratory dose from radon realeased from
natural gas used in the household is small compared to
the contribution from building materials, ground and
well water (UNSCEAR 1 9 7 7 ) .

In this report we have only discussed the radioactivity of
building materials and the ground as a source of radon to
indoor air. The models used for the discussions in the radon
papers will thus only apply to this source. The reason for this
is that well water and natural gas is seldom used in Norway, so
that these sources do not represent any large problem-

- 18 The diffusion
of radon inside a wall or in the ground may be
represented by the diffusion equation:

å£S*L = »
k

where:

«cixj. .

A c ( x )

e

&t

C(x)

=

6x

+

f

,

(2.1)

J

activity concentration of radon per unit air
volume of interstitial space of the material
(pCi c m " ) at a depth, x,and time, t.
3

x
k

=

effective diffusion coefficient of radon in
the material ( c m s ) .
2

_ 1

A

=

decay constant of radon

(2.1*10

f

=

production rate of activity per unit volume
of interstitial .-'pace (pCis c m " ) .
-

s" )
3

The full time dependent solution to this equation has been
given by Krisiuk et al. (1971). In the present work, we will
only consider the steady state situations were .. , .
6c(x)
=

0

St
Equation

(2.1) can then be written:
k

X

e

d C(x)

XC(x) + f = 0

(2.2)

T~2

The exhalation rate E, i.e., the activity of radon released
from the surface pr. unit surface area and time, , „. - 1 - 2 . ,
(pCis cm )
is given by:

E =<Sk

-f-^-)x = 0 ,

e dx
where 6 is the fractional pore space.

(2.3)

The solution of the equations (2.2) and (2.3) for walls with
finite thickness, d, has been discussed in detail by Jonassen
and McLaughlin (1978). For a situation where the air volume
outside the material is much larger than the interstitial air
volume, (this is the case for a house which is not completely
sealed) the exhalation rate will be:
E

= S-f-R-tgh

(d/2R)

( 2 . ',)

-VZ,
X

where R =V k /A (cm) is the relaxation length, or diffusion
lenght, in the material.
e

The exhalation rate from the ground or from a infinitely thicJc
wal1 will be:
6'f R

(2.5)
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For the purpose of measuring the diffusion coefficient, we
approximated the expression for the exhalation rate to:
E

* 6-f-R

fl-exp(-d/2R)]

<2.6)

By making measurements of the exhalation rate from walls with
different thicknesses we will now find the diffusion coefficient,
k

, by:
2

d X
4

(2.7)

Cln(E /(E -E ))l'
ro

oo

d

The experimental set up for the exhalation rate measurements is
discussed in paper IX and in a previous note (Stranden, 1 9 7 9 ) .
In paper IX we also oerformed measurements of the exhalation
rate from walls made of a few different materials. The main
results of this investigation are listed in table 2.1.

Table 2.1

Material

Concrete

Radon diffusion properties of some building
materials
Density

Diffusion coefficient

(g/cra^)

k (cm s"- )

2.35

Brick

2.0

Leca

0.7

x

2

L

3.6-10~

Relaxation
length R(cm)

4

13

4

4.7-lcT
-4

15

8.4-10

20

The results of these measurements are in fairly good agreement
with results reported by others (Culot et a l . , 1976J Krisiuk
et a l . , 1971.)
The terra "effective diffusion coefficient" is used in different
ways in the literature. Culot et al. (1976) pointed out that
some values given for the effective diffusion coefficient are
values of k , and some are values k = 8 k . This is one reason
why we find reported values of the diffusion coefficient varying
by at least an order of magnitude.
x

In paper IX values of the radon exhalation rates frora typical
walls are reported. In table 2.2 the exhalation rate pr. unit
activity concentration of radium for a few typical walls are
listed The value
for concrete is in good agreement with measurements
performed by Mustonen (1979). Jonassen and McLaughlir (1978)
made exhalation measurements by enclosing samples of building
materials in a container and if.easuring the radon concentration
in the container. The values found by these authors are
significantly smaller than those found by us and Mustonen (1978).
One reason for this may be that the thickness of the sample will
be small compared to the area when this method is used. In order
to find a practicle method for evaluation of building materials
with high radium concentrations we made a few measurements on

- 20 10x10x10 cm cubes of concrete (Såranden 1979 ) by a similar
method as that of Jonassen and :-:cLa>igh 1 in (1978) . The results
of seven surh measurements are sr.own in table 2.3.

Table 2.2

Radon exhalation rate ?t--r unit activity
concentration of radiun from different walls.
Wall
thickness

Material

Exhalation rate
(pCim
h~l pr. pCig" j

(cm)

Concrete

20

500 + 100

Leca

20

260 + 50

Brick

20

200 + 40

Table 2.3

Some measurements of the exhalation rate from
10x10x10 cm^ concrete blocks.
-2 -1
E = exhalation rate p-".-r unit area (pCim
h
) ,
C

= activity concentration of radium in the
concrete (pCi/g),

E(spec)= exhalation rate for C

Sample no.

=1

Ra

pCi/g.

E

E(spec)

1

0.43

32.4

75.4

2

0.37

14.9

40.3

3

0.20

12.2

61.0

0.42

25 . 7

61.1

5

0 . 35

27.0

77.1

6

0.19

18.1

95.3

7

0.37

15.7

42.4

The mean value of the exhalation rate pr. unit activity
concentratior of radium is 64.6 pCim h"-- pr. pCi/g- The
standard error of the mean is 7.4 p c i m h ~ l p . pci/g.
This
indicates that the exhalation rate pr. unit area is on average
a factor 7-8 higher when measured from a concrete wall of
thickness 20 cm than from a 10x10x10 c m cube.
1

_ 2

r

3

In paper I we used the following expression for the exhalation
rate in order to discuss exemption limits for the activity
concentration in building materials:
Q
where C

- 1

o

4

( p C l m ^ s ) = 10 C -r|-f-A-p,
Ra

= the activity concentration of radium in the
material (pCi/g)

(2.8)
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ri = the emanation
factor, i.e., the fraction of
radon produced that enters the interstitial
volume
d_ = half the thickness of the wall
?
X = decay constant of radon

(s

6 = density of the material

(g/cm )

(cm)

)

Q may be identified as 6* f"d/2 when using the same nomenclature as in the equations
2.1 to 2.6. This expression will give
the maximum possible exhalation rate from a wall, and may be
used to discuss exemption limits for the activity concentration
of radium in building materials after measurements of C
and n.
In paper I we have used values of the emanation factor given by
Krisiuk. et al. (1971) in our discussion. Later measurements have
however indicated that the emanation factor, especially for
concrete, may be more than 20%. The predicted values for the
radon concentrations in indoor air given in paper I are therefore probably far too small, because these calculations are made for n
If the only source of radon to indoor air is the building
materials and the ground, the radon concentration in indoor
air may be expressed as:
C(t) = | ^ -

Xv t

U - e " ^ " * ) + Cio) ~ '
B

,

(2.9)

V

where:

- 1

C(t) and C(o) = radon concentration in indoor air(pCi I )
at the time, t, and , 0 , respectively
E = exhalation rate per unit area and time
A = area of the radon source
V = volume of the room
A = ventilation rate
v

(h

(pCih

-1 -2
m )

2
(m )

(1)
)

In this expression we have neglected the contribution from radon
in outdoor air. For the discussion of houses where the indoor
radon concentrations may be high, the error in doing this is
negligible.
When the exhalation rate is very small or the
ventilation rate is very high, the indoor radon concentration
will however approach the outdoor concentration and not zero.
Steinhåusler (1975) investigated the dependence of the radon
concentrations on meteorological parameters such as the
atmospheric pressure, the soil temperature, the daily mean
temperature in the open atmosphere , the daily mean wind speed,
relative humidity and the daily range of temperature in open
atmosphere and the absolute value of the vertical temperature
gradient outdoors, and found that the radon concentration
indoorswas strongly dependent on several of these factors. This
study was performed in closed rooms.

- 22 Some factors that may have influence upon the» indoor radon
concentrations are discussed in the papers ill, IV and IX.
The factor that seems to have the largest influence upon the
indoor radon concentration is the ventilation rate. The
ventilation rate, in its turn, will be influenced by meteoro
logical parameters such as wind speed, wind direction and
temperature. Human activities such as opening and closing of
windows and doors will also strongly influence the ventilation
rates.
The exhalation rate will be influenced
atmospheric pressure. This is discussed
study we found that a decrease of 1 mm
pressure would give an increase in the
about 6% above the mean value. This is
the values found by Jonassen (1975).

by variations in the
in paper III. In our
Hg of atmospheric
radr.n concentration of
in good agreement with

In paper III measurements of the radon concentration inside 120
Norwegian houses are reported. The results of these measurements
are shown in table 2.4.

Table 2.4

Radon concentration in some Norwegian

Type of dwelling

Radon concentration
Min.
Mean -t 2 SEM

Wood

0.2

1.3+0.2

Concrete

0.2

2.0 + C.4

Brick

0.3

1.0+0.3

dwellings
(pCi/1)
Max.
3.7
..

6.7
5.8

The uncertainty of the mean value is given as + 2 standard
errors of the mean.
As seen from this table there are large variations in the radon
concentrations in the same group of dwellings. This is probably
due to variations in the ventilation at the time of measurement,
but the mean values are probably representative for the groups.
The radon concentration in concrete buildings seems to be
significantly higher than in the two other groups. The difference
between wood and brick buildings is not significant. This is a
bit surprising, but there may be at least two plausible
explanations for this:
a)

Most wooden houses have only one or two floors. The
radon from the ground will therefore contribute more
to the indoor concentrations in wooden houses than in
concrete and brd c>". houses.

b)

Most of the wooden and concrete houses were relatively
new and well insulated. The brick buildings were on
average older, so that the ventilation rates in these
houses were probably higher than for the two other
groups.

- 23 To be able to evaluate the dose to different organs, knowledge
of the concentration of radon daughters is needed. Furthermore,
one must distinguish free and attached decay products.(Jacobi
1972J porstendSrfer et a l . , 1 9 7 8 ) . Radon daughters attach
quickl-' to any particles or surfaces such as aerosols, walls or
furniture. The radioactive aerosol itself deposits by sedi
mentation and diffusion, therefore, in a living room no
radioactive equilibrium exists in the decay chains.
The rate of deposition in a room may be expressed by the
deposition rates q ( ) and q ' f , where (f) and (a) indicate the
free and attached daughters respectively.
a

In the calculations, the recoil factor must be taken into
account. This factor is defined as the probability whether an
attached radioactive atom desorbs from its host as the conce?• ence of an a- or 0-decay.
The concentration of the i'th daughter may now be expressed
as (Porstendorfer et al., 1978) :

(f)

=

( f )

X
i

C
1-1

1

+ X.

X

(a>

c

+

( 1
=

r

" i-l'

X

+ x+q

C

i i-1 +
+ X.

( a )

r
X
1-1 i

C
i-1

(2.10 a)

( f >

X C

i
(a)

(2.10 b)

q

Where:
C.

and C.

1

1

= concentration of daughter no. i
-1
in air (pcil
) , free and attached
respectively.

X.
r.

= decay constant of daughter no. i.
= recoil factor of daughter no. (i-1) .

1

X

= ventilation rate.

X

= attachment rate

q

and q

(s

).

= deposition rate for attached and
free daughters respectively.

The recoil factor will vary by the activity median aerosol
diameter (ShAD). Measurements of Porstendorfer et al. (1978)
have indicated that the RMAD in ordinary indoor air will be
about 0.2 ,um. This will be different in factories and rooms
with smokers. For 3-decay the recoil factor may be neglected.
For the tx-decay of RaA (Po-218) a recoil factor of 0.5 was
used by Jacobi (1972). Mercer (1976) studied the recoil
process and he determined a recoil factor of 0.83 for the

- 24 a-decay of RaA and an AMAD of 0.2.um.
In our calculations in the papers IV and VIII we adopted this
value, although there may be great variations in different
atmospheres.
Porstendorfer t=c al. (1978) have suggested that a value of the
attachment rate X = 2.4•10 2s~l may berepresentative for
particle concentrations in the range 2-20-10' pr. c m . The
particle concentrations in dwellings may however be as low as
l C p r . c m , and thus the attachment rate will be smaller. In
paper IV and paper VIII we have used three differera values of
X in our calculations 1. • illustrate the influence of attachment
rate on the daughter concentrations.
-

3

3

The values of the deposition constants may be derived from the
following expression (Jacobi 1972}:
q

U

)

= V^'F/V,

f

q

< >

= v^>

P/V,

(2.11)

where:
air velocity

(era s

) .

area of the room.
V

= volume of the room.

In our calculations we used the following values:
F/V = 1.8m
v<
q

( a )

v

( f )

(Krisiuk et al. 1 9 7 9 ) ,

=

lovera s"

=

0.4 cm s "

(Clough, 1973) and
1

(Jacobi, 1 9 7 2 ) .

q
From the concentration of radon daughters the concentration of
potential a-energy in ttirms of working levels (WL) may be
calculated. The relevant numerical parameters for these
calculations are shown in paper IV and paper VIII, From these
definitions and from equation 2.10, we calculated the
equilibrium factors for radon and thoron daughters in different
atmospheres. (The equilibrium factor is defined as the number
of WL for a concentration of 100 pci/l of radon and 7.5 pCi/1
of thoron).
The experimental results of paper III, indicate
that an equilibrium factor of about 0.5 may be representative
for Norwegian dwellings. The measurements in paper IX indicated
that the ventilation rate in Norwegian houses could be as low as
0.3 h ^-, especially in newer houses, when we use the values of
the attachment rate in paper IV and paper VIII we find an
equilibrium factor between about 0.3 and 0.6 for this ventilation
rate.
-

Another parameter that is of importance for dose calculations
is the free atom fraction, f , of potential a-energy. This
fraction is defined as the ratio of the potensial a-energy of
free daughters to the total potential a-energy. From equation
2.10 and the numerical parameters in the paper IV and V I I I , f
may be calculated. Values of such calculations are shown in
these papers.

p
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From the experimental results of paper III we may now compute
the equilibrium equivalent radon concentrations (EER) in
Norwegian houses. (EER is defined as the equilibrium factor
multiplied by the radon concentration). The EER is often called
the radon daughter concentration. In table 2.5 these results
are calculated for an equilibrium factor of 0.5.

Table 2.5

Concentration of radon daughters in Norwegian
EER

Building material

Min

(pCi/1)
Mean

Wood

0.1

0. 7

Concrete

0.1

1.0

3.4

Brick

0.2

0.5

2.9

2.2

Rn-220

houses

1.9

(thoron) and its daughters in indoor air

In paper VIII we have discussed the possible thoron daughter
concentrations in Norwegian dwellings.
Due to the much shorter half-life of thoron, the relaxation length
for the diffusion of thoron through a building material or the
ground will be much shorter than for radon. A few mm of lining
materials will thus cause a significant reduction in the thoron
exhalation.
For a wall of a few cm thickness and with no lining, the ratio
of the exhalation rate of thoron to that of radon may be
expressed as:

E

d

(

T

n

>

E

d

(

R

n

)

C

_ Th
C

Ra

(2.12)
X

R n

tgh(d/2 R)

E.(Tn) and E.(Rn) ~ exhalation rate from a wall with
d
thickness, d , of thoron and radon
respectively.
C„, and C
Th
Ra

activity concentration in the
material of thorium and radium
respectively.

LTn and A Rn

decay constants of thoron and radon
respectively.

R

= relaxation length of radon.

For an infinitely thick wall the expression will be:

•yrn)
E

(Rn)

"Th

-V£-

(2.13)

- 26 In paper VII a two count filter nethod for determination of
the thoron- and radon-daughter concentrations expressed in WL
is described. In paper VIII this method is used in a few measure
ments in dwellings and basements. In dwellings the thoron
daughter concentration in terms of WL was between 10 and 80*
of that of radon daughters. Using the radon daughter concen
trations discussed earlier in this report, the thoron daughter
concentrations in Norwegian dwellings may be about 3-10~3 W L
and 5'10~3 WL for wooden and concrete buildings respectively.
The thoron daughter concentrations expressed in pCi/1 will
be obtained by multiplying the XL-values by 7.5. This indicates
that the mean value of the thorcn daughter concentration in
Norwegian dwellings may be 2~3*iG~ pCi/1.
2

In paper VIII we also discussed the equilibrium factor and free
atom fraction for different ventilation rates. For ventilation
rates commonly found in Norwegian dwellings ( 0 . 3 - 0 . 5 h ) , the
equilibrium factor would theoretically be between 0.1 and 0.3.
This indicates that the thoron concentration may be 0.05 and
0.3 pCi/1. This is of course a very rough estimate but will
give a fairly good idea of the levels of thoron in indocr air.
_ 1

2.3

Organ doses

Several investigations have been carried out for the exposure
dose relationship for radon and thoron and their daughter
products (Altschuler et a l . , 19&4; Harley and Pasternack, 1972;
Jacobi, 1964', Pohl, 1964; Pohl a n : Pohl - Ruling,1967 and 1977;
Hofmann et al. 1 9 7 8 and 1 9 7 8 ) .
These investigations show that
many factors affect the dose frcn inhalation of these nuclides:
a

b

(a)

the concentration of radon and thoron,

(b)

the daughter

(c)

the fraction of unattached daughters,

(d)

the type of breathing - i.e. nose breathing or mouth
breathing - and the rate and depth of respiration,

(e)

geometrical parameters of different regions in the
respiratory system and translocation and clearance of the
deposited activity.

equilibrium,

Hofmann et al. (1978 ) have reported calculations of the age -,
stx- and weight-dependent dose distribution for human organs and
tissues due to inhalation of natural radioactive nuclides.
222
Inhaled
Rn itself and those daughters produced by its decay
in the body result in a more or less uniformly distributed dose
with the exception of fat, adrenal glands and bones. Inhalation
of 2 2 0 ^ however, causes a non-uniform dose distribution due
to its much shorter half-life (Pohl, 1 9 6 5 ) . The dose rates at
continous inhalation depend only on the radon or thoron concen
tration of the air, but not on the respiratory minute volume
(column A in table 2 . 6 ) .
R n

For continous inhalation of airborne decay products the dose
rate to an organ depends not only on their concentrations, but
is also proportional to the respiratory minute volume (column
B in table 2 . 6 ) . The values listed in table 2.6 for the dose
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rate in some organs have been presented by Hofmann et al. (197B* ).
The results are based on extensive experiments with different
kinds of animals and additional 3 vestigations on man {Pohl,
1965; pohl and Pohl-RQling,1967, 1968; Plattner, 1967, 1 9 6 8 ) ,
The factor A in table 2.6 is independent on age, sex and weight.
Factor B, however, is dependent on age sex and weight because
of different organ mass ratios of a child compared to those of
an adult. In addition, the dose rate to the organs from
inhalated daughter products is dependent on the respiratory
minute volume. The minute volume is not only dependent on the
person's physical activity but of course also on age, sex and
weight.
b

The calculations of Hofmann et al. (1978 ) indicate that the
dose rate to most organs and tissues reaches a maximum at an
age between 5 and 10 years, and that the dose rate at that age
may be about twice that of an adult.
For an aerosol class D the ICRP-model assumes a half life of
0.5 days for the transport from the pulmonary region to blood.
This value is in contradiction to experimental result on guineapigs with natural aerosol at continuous inhalation ( Pohl et al.
1965, 1967, 1 9 6 8 ) . Calculations with a half life of 1 h instead
of 0.5 days, show that the mean dose to the pulmonary region is
reduced by 30% for radon daughters and 75% for thoron daughters.
(Hofmann et a l , 1 9 7 8 ) .
b

As seen from table 2.6, the doses to the bronchial epithelium
and the whole lung from the daughter products are much larger
than for the other organs, so that,from a radiological pro
tection point of view,these doses are the most significant.
There are large discrepancies in the dose estimates to the
bronchial epithelium. In table 2.6 three different values are
given. There is a factor of almost 8 between the highest and
lowest of these values.
1

UNSCEAR (1977) has recommended a value of 45/urad pr. pCihl""
of radon daughter exposure in houses for the bronchial
epithelium. For the whole lung the recommended value was 9 .urad
pr. pCihl -'-. These values have been adopted in our calculations
in paper
III. The population average dose from inhalation of
radon daughters was calculated to about 220 mrad/yr and
4 5 mrad/yr for the bronchial epithelium and the whole lung
respectively.
-

By using the factors in table 2.6 for thoron daughters we find
an annual dose to the bronchial epithelium of about 90 mrad
and about 4 mrad to the lung.
These calculations are all based on an average breathing
of 19 lmin~l and an indoor occupancy factor of 0.8.

rate

-

Table

2.6

Dose r a t e

in

continuous
n = 13.8

28

.urad/h

-

in

inhalation

1/min

some o r g a n s

ot

the

and

respir.

tissues

minute

for

vol.

.

A i r c o n t a i n i n g 1 p C i / 1 of:
Organ o r t i s s u e

222„En

„ _ - RaC',
RaA

(a)

<b)

Rn - ThA

ThB - ThC

(A)

(B)

unknown

470

0.057

22.8

(a

60.5 >

Basal cells! Of
bronchioepith.

220

-

(b

34.3 >

( d )

C

8.0< >

(4th - 9th gen.)
Lungs (Alv. tiss.)

0.23

3.77

E_LOO<3

0.015

0.157

0.0078

4.00

Liver

0.013

0.090

0.0015

2.51

Kidneys

0.015

0.380

0.0029

6.06

Adrenal glands

0.034

0.040

0.0013

0.61

0.013

0.00014

0.11

(e)

Muscles

0.013

Bones

0.0034

0.034

0.00089

0.75

Bone marrow

0.015

0.035

0.0013

1.75

Gonads

0.021

0.008

0.00023

0.10

a)
b)

Altschuler. et a l . ,
J a c o b i , 1964

c)
d)

Barley and Pasternack, 1972
Harley and Pasternack, 1973

e)

Jacobi, 1964, modified to investigations of Pohl,
and Pohl-Ruling (1968), considering that about 1/3
of the deposited activity is resorbed into the
blood stream.

After H o f m a n n e t a l .

1964

b

(1978 )

- 29 The lung cancer in uranium miners predominantly appearing in
the area of the large bronchi (Lundin et al. 1 9 7 1 ) , presumably
originates in the basal cells of the basement membrane of the
upper bronchial epithelium. From the discussion above, we see
that the population average dose rate to this tissue from
inhalation of thoron and radon daughters may be about 300 mrad/yr.
Taking a quality factor of 20 into account, a dose equivalent
of about 6 rem/yr is obtained. In several countries larger
values have been
found for different kinds of buildings
(Swedjemark and Håkansson, 1978, 1979J Annamåki, 1978',
Toth, 1 9 7 2 ) . This indicates that especially radon in dwellings
is a severe problem in radiation protection/ and that there is
a large need for investigations in this field.

3.

COSMIC RADIATION

The UNSCEAR (1972, 1977) and the National Counsil on Radiation
Protection and Measurements {1975, 1976) have reported
extensive literature surveys containing good reference lists in
the field of natural occuring radiation. In the case of cosmic
radiation, we will only briefly outline some dose estimates,
and refer the reader to these reports for a more complete discussion .
The term "cosmic radiation" refers both to the primary
energetic particles of extraterrestrial origin that strike the
earth's atmosphere and to the secondary particles generated by
their interaction with the atmosphere.
The primary radiation itself consists of two components,
"galactic" particles externally incident on the solar system and
"solar" particles emitted by the sun.
The cosmic radiation field at ground altitude (0-3 km) consists
almost entirely of secondary particles whose origin can be
traced to incident primaries with energies of at least j.0 GeV.
These are almost exclusively galactic particles. The primary
galactic or solar particles are nearly totally attenuated within
the first few hundred g/cra^ of atmospheric thickness. However,
at mid-latituded, where the low energy (1 GeV) galactic primary
particles do not reach the atmosphere, there is an observable
net build up in total particle flux density in the first hundred
g / c m because of the generation of a multiplicity of secondary
particles by nuclear interactions. The first generation of these
secondary particles consists predominantly of neutrons, protons
and pions. Pion decay, inturn, results in the production of
electrons, photons, and muons. At greater depths, a net
attenuation takes place in the particle flux densities because
the energy degradation reduce both the numbers and the initial
energies of the additional secondary particles produced. At
atmospheric depths greater than 800 g/cm (6 km altitude), the
highly penetrating muons and their associated decay and
collision electrons are the dominant components of the cosmic
ray particle flux density. The galactic radiation field is
approximately constant with time beyond the solar system, imt its
intensity within the solar system is modified in a time-varying
manner by the disordered magnetic fields trapped in the solar
wind (an extension of the solar corona into interplanetary
s p a c e ) , and by the strong magnetic disturbances generated in
interplanatery space by solar flares. This modulation of the
galactic radiation by solar activity is superimposed on a
2

2
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local distortion of the radiation field. Both effects are signi
ficant only for particles with energies below about 20 GeV. The
solar activity modulation, which takes place with a cycle of 11
years, producers a maximum variation in total galactic particle
flux density of about a factor of three at the earth's orbit for
particles with energies greater than 1 GeV. The geomagnetic
field prevents particles below a certain energy from reaching
the atmosphere, the cutoff being a function of direction of
incidence and geomagnetic latitude. It ranges frora zero at the
geomagnetic poles to 16 GeV at the geomagnetic equator in the
vertical direction.
O'Brien and McLaughlin (1972) made calculations of the dose and
doseequivalent rates in the earth's atmosphere for geomagnetic
latitudes of 4 3° and 5 5 ° , at solar minimum and maximum as a
function of elevation in the earth atmosphere. These theoretical
calculations show good agreement with experimental values.
The problems of estimating the neutron dose to man have been
discussed by O'Brien and McLaughlin (1972) and UNSCEAR (1977).
Many of the discrepancies between various dose estimates have
had their origin in the use of different physical models of the
human body.The most extencive calculations are those of O'Brien
and McLaughlin (1972) based on an assumed bilateral incidence on
a semi-infinitive tissue slab 30 cm thick. The calculations of
absorbed dose rate and dose equivalent rate at 5 cm depth are
representative for the gonads and bloodforming organs.

Table 3.1
shows the results found by O'Brien and McLaughlin
(1972) for the dose rate due to the ionizing component of cosmic
radiation at sea level, together with the experimental values
given by UNSCEAR (1977).
Table 3.1

The dose rate due to the ionizing component of cosmic
rays at sea level and middle latitudes.

Geomagnet ic
latitude

Solar a)
minimum
(rarad/year)

Solar a)
maximum
(mrad/year)

Experimental b)
(mrad/year]1

43°

27

26

28

55°

29

26

28

a) From O'Brien and McLaughlin
b) From UNSCEAR

(1972)

(1977)

The contributions to the absorbed dose and dose equivalent rates
from neutrons are shown in table 3.2.
Table 3.2

The dose and dose equivalent rates from cosmic ray
neutrons
Calculated

Dose equivalent rate
(mrem/year)

2.2

Dose rate
(mrad/year)

0.31

a) O'Brien and McLaughlin

(1972)

Calculated
3.3- 1
0.50*

0.15

b) Hajnal et a l . (1971)

- 31 In table 3.3 the galactic ray dosimetric profile calculated by
O'Brien and McLaughlin (1972) is shown.

Table 3.3

Galactic cosmic ray dosimetric profile
(O'Brien and McLaughlin, 1972)
Dose rate
(mrad/year)

Altitude
(km)

Solar min.

Dose equivalent rate
(mrem/year)

Solar max.

Solar min.

Solar max.

55°

43°

55°

43°

55°

43°

55°

43°

0

29 .1

27 .5

26 .3

26 .0

30 .3

28 .6

27 .5

27 .0

0.. 1

29 .5

2

26,.7

26,.3

30 .9

29 .1

28 .0

27 .5

0..5

31,.9

30,. 0

28..8

28..2

32,.8

31 .8

30,.6

30..0

1.. 0

36..1

33,.8

32.,5

31.,8

39..4

36..8

35..6

34..6

1. 5

42..4

39..4

39..1

37. 0

47..8

44..4

43.,1

41.,7

2..0

51. 5

47..6

46. 2

44. 5.

60. 4

55.,9

54. 4

52..3

These values are given for free air exposure of man. The dose
to people living in heavy structure buildings will be reduced
by the shielding effect of the structure, but since most
Norwegians live in relatively small houses this effect may be
neglected.
The major part of the Norwegian population is situated only a
few hundred meters above see level! and at geomagnetic latitudes
of about 6 0 ° . An annual dose of 30-35 mrad and a dose equivalent
of 32-40 mretn therefore seem to be representative for the
Norwegian population, even though some people may receive
doses of more than 40 mrad/year.

4.

INTERNALLY DEPOSITED RADIONUCLIDES

Radioactive nuclides occuring in the biosphere enter the human
body through ingestion and inhalation. In this section we will
briefly outline the doses to various organs from naturally
occuring radionuclides in the human body. The contribution from
inhaled Rn-222 and Rn-220 and their short lived daughter
products are discussed earlier in this study, and will not be
considered here. In this discussion most of the data are taken
from the UNSCEAR-(1972, 1977) and NCRP-(1975, 1976) reports, and
for more detailed studies the reader is refered thereto.
The estimation of dose to man from internally deposited natural
radionuclides is largely based on measurements of the activity
concentrations of the various organs. These concentrations
depend on the diet, age and sex of the individual.

- 32 In the UNSCEAR report (1977)dosimetric factors are given for a
number of source and target organs as a function of energy
for photons, 0- and a- particles. (The dosimetric factor is
defined as the contribution to the dose rate is an organ or
tissue from a unit activity concentration in another organ
or tissue).
By using measured values of activity concen
trations in different organs, the dose rates may thus be
calculated by using the dosimetric factors.
The main contributor to the dose from internally deposited
radionuclides is K-40. Potassium enters the body mainly in
food stuffs at the rate of about 2.5 g/d (Davidson ans Passmore,
1 9 6 3 ) . However, because it is an essential element and under
close metabolic control, variations in dietary composition
have little effect on the body contents or on the radiation dose
received. The average potassium concentration of the whole body
as percentage of body weight, depends on body build and is
smaller in obese persons. The potassium concentration in the
male body increases with age to about 18 years and then
decreases. The concentration in men at a given age is higher
than that in women of the same age (UNSCEAR 1 9 7 2 ) . Factors
converting from concentration of K-40 in pCi/g to organ dose in
mrad/year have been given by UNSCEAR (1977), and values of the
annua] dose to various organs have been reported. The annual
dose to the red bone marrow is calculated to be 27 mrad while
the doses to the testes, ovaries, lungs and bone lining cells
are 17 mrad, 12 mrad, 17 mrad and 15 mrad respectively. The
concentrations in man of the members of the uranium and thorium
series depend strongly on the dietary habits. Since all the long
lived radionuclides of the U-238 and Th-232 series are bone
seekers, an important parameter for dose assessments is the
average activity concentration of those nuclides in human bone.
The comparison of the reported concentrations in the skeleton
is complicated since results are given per unit of various
quantities such as wet, fresh, dry fat-free, ash or calcium
mass and the relationship between these quantities cannot
always be readily assessed. In the reports of UNSCEAR (1972 ,
1977) and NCRP (1975, 1976) the conversion factors that have
been adopted are derived from data published by several authors.
Organ activity concentrations of U-238, Th-232, Ra-226 and Ra-228
short lived decay products and the long lived decay products
of Rn-222 are reported by UNSCEAR (1977) together with dose
rates to different organs from these radionuclides. Values are
given both for so called normal areas and areas with high
dietary intake.
A well documented case of elevated intakes is that of the rein
deer or caribou eaters in the arctic and subarctic regions of
the northern hemisphere. The people living ii these areas may
have an elevated intake of Ra-226 and Ra-228 through their food,
which is mainly meat from these animals.
The only cosmogenic radionuclide that contributes significantly
to the internal radiation dose to man is C-14. In the UNSCEAR
report, (1977) the whole body dose from this radionuclide is
estimated to 1.3 mrad/year. The tissue receiving the largest
dose from C-14 in the body is the red bone marrow, and this dose
is assessed to 2.2 rarad/year by UNSCEAR.
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In table 4.1, 4.2 and 4.3 the dose estimates given by UNSCEAR
for some organs are shown for u-238, Th-232, Th-230, Ra-226,
Ra-228, Pb-210, Bi-210 and Po-210.

Table 4.1

238
2 3?
230
Annual absorbed dose due to
U,
Th and
Th
in the human body (UNSCEAR, 1977).

Annual absorbed dose
2 3 8

a

(mrad)

(a)

„ >
u
(8+Y)

Lungs

0.04

0.003

0.08

Gonads

0.04

0.003

0.008

Red marrow

0.05

0.02

0.009

Bone lining cells

0.3

0.04

1.5

Organ or tissue

m l

m l

7

238
a)

232 . + 230 .
Th
Th
(a)

u in equilibrium with

Table 4.2

24
234
234
~ Th,
Pa and
U.

2 26
2 28
Annual absorbed dose due to
Ra and
Ra and
short lived decay products in the human body
(UNSCEAR, 1977)
Annual absorbed dose

Organ or tissue

(a)

(B+T)

(mrad)

(a)

(g+Y)

Lungs

0,.03

0.001

0.06

0.004

Gonads

0..03

0.001

0.06

0.004

Red marrow

0..09

0.01

0.18

0.03

Bone lining cells

0..7

0.03

1.08

0.04
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„
^,
. - • •Annual, ,absorbed
.
^ J J
J,
.. 210_.
Table
4.3
dose duo
to
Pb, 210„.
Bi and. 210„
Po
in the human body (UNSCEAR 1977)
Annual tissue absorbed dose
Area and
radionuclide

Gonads

Red
bone
marrow

Lung

(mrad)
Bonn
lining
cells

Areas of normal
dietary intake

Non smokers
210

210

210

Pb

(3)

-4
6-10

-4
6-10

2

Bi (B>

4-10

4-10

Po (a)

6-10"

1

-4
5-10

4

2-10

3-10"

1

-4
8-10

- 1

4-10

7-10"

1

- 1

3

Smokers
210

210

Pb

(6)

-4
8-10

Bi (0)

6-10

Po

8-10

(a)

-4
8-10

2

7-10

*

-4
6-10

- 2

9-10

- 1

3-10

-T
1-10

X

9-10

6-10

- 1

- 1

4

Areas of high
dietary intake
Lapps
210
210

210

Pb (B)

1.4-10

Bi (B)

l'lO

Po

(a)

- 1

1.4-10

l'lO

3

1.3-10

- 3

1.0-10

6-10

10

- 3

- 35 ICRP publication 26 (1977) recommends that the person dose
equivalent shall be calculated by adding the dose equivalent
to various organs multiplied by a weighting factor for each
organ according to its sensitivity as shown in table 4.4.

Table 4.4

Weighting factor recommended by ICRP
Weighting

Tissue

(197 7)

factor

0.25

Gonads
Breast

0.15

Red bone marrow

0.12

Lung

0.12

Thyreoid

0.03

Bone surfaces

0.03

Remainder

0.30

For
the remainder ICRP recommends that a weighting factor of
0.06 is applicable to each of five organs or tissues of the
remainder receiving the highest dose equivalent, and that the
exposure of all other remainding tissues can be neglected.
Using this definition we may now calculate the "effective whole
body dose equivalent" from different radionuclides deposited in
the body.
For radiation protection purposes, ICRP (1977) recommends a
quality factor of 20 for a-radiation/ and 1 for B~ and Y~
radiation. The "real" quality factors may of course be different,
but for the purpose of comparing the dose equivalent frora the
different nuclides, we have adopted these values in our calcu
lations. Furthermore, we have assumed that the doses to the
gonads are representative for cill soft tissue.
In table 4.5, the results of these calculations are

shown.

Table 4.5

Effective whole body dose equivalent for radio
nuclides deposited in the body (mrem/year)

„
.
Nuclide

40^ 14„
K
C

mja

17

1.3

238„
U

232 . ^ 230 ,
Th +
Th

1.0

1.2

m

m

226^
Ra

228„
Ra

210„
Po

Rounded
„ .,
total

2.1

13

37

The contribution to effective whole body dose equivalent from
Po-210 is calculated from the values in table 4.3 for nonsmokers in normal areas. For smokers, the corresponding whole
body dose equivalent is about 20 mrem/year which will give a
total of 44 mrem/year. For the Lapp people the total whole body
dose equivalent from the nuclides in table 4.5 may be about 150
mrem/year, with a contribution from 2 l 0 p f about 130 mrem/year.
o

0
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SUMMARY AND DISCUSSION

Studies of lung cancer among miners who received relatively
large lung doses from inhalation of radon and its daughter
products have shown that there is a significant larger lung
cancer risk among these workers than in control groups (Archer
et al. 1973, Saccomanno, 1964; Sévc et a l . , 1976J de Villiers
and Windisb, 1964J Snihs, 1974J Boyd et a l - , 1 9 7 0 ) . Investigation
on other radiation workers,atomic bomb survivors and patients
have also shown increased incidence of other kinds of cancer
due to high radiation doses from external radiation.
It is difficult to find evidence of radiation induced cancer
among groups exposed to low levels of radiation, and all
estimates of radiation induced cancer in such groups are made
under the assumption of a linear dose effect. The linear dose
effect relation does not necessarily reflect the "true"
relation between absorbed dose and cancer risk. For radiation
protection purposes this hypothesis is however considered
practicle and is commonly used.
In paper V we discussed the possible radiation induced lung
cancer from inhalation of radon daughters in Norwegian
dwellings. Some of the difficulties in predicting the effects
of low levels of radiation to the population are listed below:
a)

Possibly, at low doses of radiation, the latent period
for cancer induction could exceed the normal life span
of the individual. One could then have an "effective"
or "practical" threshold dose. Bair's work on dogs that
inhaled
P u supports this possibility (Bair 1 9 7 0 ) .
The BEIR committee (1972) states that an inverse relation
ship between cumulative exposure and the latent period
for cancer after initial exposure is observable among
Colorado uranium miners.
2 3 9

b)

The relationship between cigarette smoking and the lung
cancer induction by exposure to radon daughters is still
not clear. Evidence that smoking may act synergetically
with radon
seems to be accumulating and could be supported
by the observation that the latent period for cancer
induction appears to be 6 to 7 years less fur smokers
than for non smokers (Fry, 1977).

c)

The differences in atmosphere in mines and dwellings
may result in a different relation between air concen
tration of radon daughters and the respiratory dose in
mines and dwellings.

d)

The respiratory dose is age and sex dependent and the
radiation sensitivity may not be the same at all ages.

The discussion in paper V is not intended to be complete. The
main purpose with this discussion was to point out that radon
in dwellings could be a serious radiation problem, and we tried
to discuss some of the difficulties in predicting the cancer
induction from inhalation of radon daughters. This is a very
large and complex problem and at the present time the knowledge
of the biological effects of low doses of radiation is very
lacking.

- 37 The commonly used terra "doubling exposure rate" is used in
paper v.
if there is no synergetic effect between radon,
smoking and air polution, there would be an absolute risk
factor for radon regardless of the other sources of lung cancer.
If so, the concept "doubling exposure rate" would not be
meaningful because this would change with changing general
incidence of lung cancer in the population.
If, on the other
hand, there is a such synergetic effect, the effect of inhaled
radon will increase with an increase in other sources of lung
cancer, and the concept could have a meaning.
The effective whole body dose equivalent as defined by the ICRP
(see chapter 4) i s a useful concept for comparing the risk to
man from different kinds of radiation exposure.
The effective whole body dose equivalent from internally
deposited radioniclides is summarized in table 4.5. Por exter
nal Y a d i a t i o n and cosmic radiation the effective whole body
dose equivalents are nearly equivalent to the gonad dose
equivalent.
-r

There are large discrepancies in the dose estimates to the
bronchial epithelium from inhaled radon daughters (see table
2 . 6 ) , and the effective whole body dose equivalent is not
easily assessed.
One way to calculate the effective dose
equivalent in accordance with the recommendations of the ICRP
is to use a weighting factor of 0.12 for the lung and define
the bronchial epithelium as one reraainding organ with weighting
factor 0.06.
.The effective whole body dose equivalent may thus be expressed
as:
+ 0.12
H
(5.1)
B
L
where: H and H is the dose equivalent in the bronchial
epithelium and the whole lung respectively.
If we adopt a
quality factor of 20, a mean radon daughter concentration of
0.7 pCil -; the indoor occupancy factor 0.8 and a respiratory
minute of 19 1 min"^, we find that the effective whole body dose
equivalent from inhalation of radon daughters in Norwegian
dwellings may be between 100 and 550 mrem/year if the dose
factors in table 2.6 are used.
H = 0.06-H

-

1

For a thorondaughter concentration of 0.02 p C i l " we find an
effective whole body dose equivalent of about 100 mrem/year
by the same approach.
One other way to evaluate the effective whole body dose equivalent
frora inhaled natural radioactivity is to use the cancer risks
associated with this radiation. The total cancer risk from
an effective whole body dose equivalent of 1 rem may be about
10"^.
If we use the risk assessments for miners without modi
fications, we find that the annual lung cancer risk from radon
daughters in Norwegian dwellings is between 0.2 and 0.9-10-4.
This would then correspond to an effective dose equivalent of
between 200 and 900 mrem/year.
In paper V, we concluded that
about 30 cases per year and million persons could be due to
inhaled radioactivity in Norwegian dwellings. This corresponds
to 300 mrem/year in effective whole body dose equivalent.

- 38 There seems to be a reasonable good agreement between these two
methods in evaluating the risk from inhaled radioactivity.
It
is not very likely that the lung cancer risk in the Norwegian
population from inhaled natural radioactivity is much larger
than 0.3-10" , but it could be lower due to the many uncertainties mentioned in paper V. ft value of the effective whole body
dose equivalent of between 200 and 400 mrem/year from inhaled
radon and thoron daughters should therefore be relatively
realistic.
4

In table 5.1 the effective whole body dose equivalent from the
naturally occuring radiation in Norway are shown.
Table 5.1

Effective whole body dose equivalent per individual
from natural sources of radiation in Norway and
possible biological effects
Dose equivalent
(mrem/year)
•

Total cancer induction
in the population
(cancer per million and year)

External
Cosmic

35

3-4

Terrestrial

48

4-5

37

3-4

Internal
All exept inhaled
222
220„
Rn and
Rn and
daughters
222
220
Inhaleå " ' g n and
Rn
and daughters

200-400

20-40

The relative importance of the different sources of irradiation
of man may be discussed by using the concept of collective dose
equivalent.
The collective dose equivalent may be defined a s :
„ _ E H

. N.

,

(5.2)

Where M. is the number of people exposed to the dose equivalent
H.. The unit is manrem.
In table 5.2 we have listed values of the collective dose
equivalent to the Norwegian population from some main sources
of radiation. The occupational doses from industrial radiography and medical diagnostics are derived by using the filmbadge exposure and a conversion factor from filmbadge exposure
to effective whole body dose equivalent. These factors have
been found by irradiating a phantom in several geometries by

- 39 radiation qualities commonly used in radiography in industry
and medicine (Stranden and Wøhni, 1978J Wøhni and Stranden,
1979).
The mean bone marrow dose per individual for dental radiography
was assessed to 1 mrad/year by Wøhni (1977). This value may
also be representative for the effective whole body dose equivalent at least within a factor 2.
The State Institute of Radiation Hygiene is planning a large
investigation on the population dose from medical use of
radiation. Due to the lack of recent data from Norway in this
field we have assumed that the population average dose is
between 50 and 100 mrad/year, which is the range found in
several other countries (UNSCEAR, 1 9 7 7 ) .
From table 5.2 it is evident that the main contributions to the
population dose is the natural sources and medical X-ray. The
main contributor among the natural sources is the inhalation
of radon and its daughter products in houses. The population
dose from radon daughters may increase in the future due to
reduced ventilation or introduction of building materials with
high radium concentrations. From table 5.2 we see that even a
few percent increase in the radon concentration will cause an
increase in the population dose comparable to the population
dose from diagnostic X-ray. This shows that the research on the
radon problem should be given high priority among those concerned with radiation protection of the population.
To be able to foresee the consequences of an increased
irradiation of the population, there is a need for further
research on the biological effects of long time exposure to
low levels of radiation. There is also a need for knowledge of
the levels today together with experimental and theoretical
studies on the factors that may have influence upon the radiation levels in houses, and we hope that the results and discussions given in this study should be of value for the understanding of these problems.

T a b l e 5.2

P o p u l a t i o n d o s e s from d i f f e r e n t
i n Norway
Collective effective
whole body dose
equivalent
(manrem/year)

Radiation source

1-2-10

All natural cources

radiation

sources

Effective whole body
dose equivalent per
individual
(mrem/year)
300-500

Occupational
Industrial radiography'b)
c)

110
40

Medical X-ray

0.02£
0. 01

Medical
d

Diagnostic X-ray
Dental e)

)

0.2-0.4-10
4-10

3

50-100
1

a)

The c o n t r i b u t i o n from r a d o n and t h o r o n i s t a k e n
2-400 m r e m / y e a r .

b)

S o u r c e : S t r a n d e n and Wøhni

c)

Filmbadge d o s e m o d i f i e d

d)

Source: UNSCEAR

e)

Source: Wøhni

(1977).

(1977).

as

(1978).

^ccorfling t o wøhni and s t r a n d e n (1979)
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Stranden, E. Some aspects on radioactiwty of building materials.
Physica Norvegica, Vol. 8, No. 3, 1976.
The environmental radiation in open air and inside some modern houses in
the Oslo region of Norway, and the specific activities of some main building
materials used in this district, have been measured. The increase of the gortade
dose due to building materials has been calculated to be 20 mrad/year for brick
buildings, 14 mrad/ycar for concrete buildings, and - 3 mrad/year for wooden
buildings. This is in very good agreement with countrywide measurements
carried out by Storruste et al. in the early sixties. From the measurements,
the correspondence between the radioactive contents of the building material
and the gonade dose has been calculated. It has been estimated that concentrations of 7 pCi/g of *Th. 10 pCi/E of ""Ra or 120 pCi/g of "K will give an
increase of 50 mrad/ycar in gonade dose if only one of the elements is present.
,J

E. Stranden, State Institute of Radiation Hygiene, Osterndaien 25,
1345 Østerås, Norway

INTRODUCTION
Man has always been exposed to ionising radiation. The main sources of environment radiation
are: a) cosmic rays, b) terrestrial radiation, and
c) internal radiation.
The cosmic ray ii.tensity varies with the geomagnetic latitude and height above sea level,
while the internal radiation is dependent on the
age of the individual, diet etc. Terrestrial radiation is the main contributor to the environmental
radiation dose. This radiation is due to the radioactive elements in the earth, mainly the members
of the radium and thorium series and the radioactive nuclide K . There are great variations in
this radiation because of the variations in the
radioactive contents of the ground.
40

In addition to the radiation from the ground,
there is radiation from radioactive elements in
building materials. Radiation from building materials varies considerably, and there may be exposures to the public from this radiation which

are even greater than the exposures from medical
use of ionising radiation.
The dose which the public is exposed to has
changed over time. Urbanisation will cause the
population dose to increase because an increasing part of the population will be living in brick
and concrete buildings in cities. In recent years
there has been a trend to use by-products of industry as building materials. These materials are
cheaper than the traditional materials, but they
may contain more radioactivity. Since there may
be economic and social benefits in using such
materials, it is of great value to be able to foresee
the contribution to the gonade dose from materials with known contents of radioactivity.
Storruste et al. (1965) measured the environmental doses in various types of buildings in the
early sixties. We have measured the radiation inside some modern houses in the region east of
Oslo. This, together with measurements of the
radioactivity of building materials used in this
region, will give an estimate of the dose contribu-
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tion from materials with known contents of
radioactivity.
EXTERNAL GAMMA RAY EXPOSURE
Krisiuk et al. (I971) considered a house as a
cavity with infinite thick walls to obtain a formula
which combines the indoor dose rate with the
contents of radioactivity in the building materials.
Assuming that the dwelling is occupied a frac
tion of time equalling 0.7, and that there is a
shielding factor of the gonades of 0.75 (includ
ing the ratio of the air dose to the tissue dose),
the formula is:
An(mrad/year) = 18.5 C ,
R

+ 26.7C +iA7C
Jh

Kl

(I)

where C , Cm, and C are the contents measured
in pCi/g of " R a , T h , and K , respectively.
If it is assumed that the walls are complete
shields for the outer terrestrial radiation, the in
crement of the gonade dose from building muterials may be found by subtracting the outdoor
dose in the appropriate fraction of time. For con
crete and brick buildings, shielding from the
outer y-radiation is very good, but for wooden
dwellings, the shielding effect is small.
Ra

K

6

23z

W

In a realistic case, no dwellings will have walls
of saturation thickness. This will cause a reduc
tion of the indoor dose rate compared with for
mula (1). The magnitude of this correction is
strongly dependent on the construction of the
building and the properties of the building mate
rials. Hultqvist (1956) has proposed a correction
factor for non-saturation thickness of the walls
of between 0.7 and 1.0. The correction for win
dows is assumed to be about 0.7 (Krisiuk et al.
1971), so that the total correction factor is about
0.6 from these calculations.
Measurements of the y-dose rate inside houses
built of materials of known content of radioac
tivity, may give realistic values for the correction
factor for the material in question. From our
measurements we find a correction factor of 0.34
for typical Norwegian brick buildings and 0.61
for typical concrete buildings. The mean value
for both types of buildings is then 0.48.

Assuming a correction factor a and an outdoor
dose rate D in the indoor fraction of time, the
increase of the gonade dose due to radioactivity
of building materials will be:
out

£(mrad/year) = a(!8.5 C + 26.7 Cm
Ra

+ 1.47C )-A, .
K

ul

(2)

Formula (2) may be applied for materials with
high shielding effect. For thin-walled buildings,
formula (2) underestimates the increase of the
gonade dose.
If Z) , and a arc known, it is possible to evalu
ate the increment of the gonadc dose from a
building material if it is used as a main building
material like bricks and concrete. From this
knowledge the use of the material may be dis
cussed.
" R n in the air will also contribute to the en
vironmental /-dose rate. For reasonable radon
contents this contribution is not significant. This
is easily seen by assuming the room as a sphere
of air with radius R and calculating the exposure
rate at the sphere centre,
ou

J

X=l?-'^<,

r

=

4 7

, rR.
C m

(3)

0

where C is the content of *"Rn measured m Ci
m~ and r is the y-constant. For R = 1.5 m,
and C = 1 pCi/1. The y-exposure from radon
in the air will be about 1.6* 10~* ;/R/h. This is
only about 0.2 per cent of the total /-exposure.
Ka

3

Rn

LUNG DOSES
Radioactive elements in building materials wilt,
in addition to the external y-exposure, result in
a higher concentration of radioactivity in the air
inside a house than outside. Innhalation of this
air will result in lung doses from " R n and "°Rn
and their respective daughter nuclides.
In areas where there are no extreme concentra
tions of thorium, the air activity of " ' R n is the
main contributor to the lung doses.
One may express the lung exposure in WLM/
year (Working Level Months/year). 1 WLM is
defined as the exposure of a " R n or R n
daughter concentration of J WL in one working
2

2

ai0

Radioactivity of building materials
month (170 h). 1 WL is defined as a combination
of " R n or "°Rn daughters in one litre of air
resulting in an emission of 1.3 x IO MeV a-particle energy by decay of the respective daughters.
If the mother and daughter nuclides are in equilibrium, 1 WL is equivalent to a "°Rn-concentration of 7.5 pCi/1 or a Rn-concentration of 100

169

ing materials. Q is the specific radon emanation
measured in pCi m " s . S is the surface oF the
room in m and V is the volume in m . The value
1.8 n i " is representative for the ratio SjV. k is
the number of air changes per hour. This formula
is valid for /;!>A when ^ is the decay constant
of radon. A "Ra-concentration of C (pCi/s>
in the building materials will give the following
maximum value of'<?:

2

1

5

- 1

1

3

1

Rn

m

Ro

:

Ra

pay i.
The dose limit for miners is 4 WLM/year for
"*Rn daughters. The lung exposure of individuals
of the population due to radioactivity of building materials should not be much more than one
per cent of this limit.
The number of WL a certain concentration of
"-Rn will give is dependent on the degree of
equilibrium between " R n and the daughter nuclides. This is strongly dependent on the ventilation rate. Considering only the radon which has
its origin in the building materials, there is the
following relationship between the concentration
of the daughter products,

4

GofpCim-^s-') = 1 0 G u - y -d-

G

• ;.„,

(6)

where // is the emanation factor, d is the half thickness of the wall measured in cm, Q is the density
of the material in g/cm , and ,A = 2.1 x I 0 ~ s ~ ' .
Krisiuk el al. (I97I) have measured // for a
great number oF materials. They found // < 0.02
for 60% of the materials. If the radon diffusion
length in the material is greater than d, Q in formula (5) equals Q . This is the case for most of the
building materials.
3

6

Rn

2

Q

If k <g J. we have
Hn

C,

QoS

(4)

'{•&)«-

where C is the concentration in pCi/1 of daughter
no. i (/ = 1,2,3), and C is the radon concentration. Åi is the decay constant and k is the air
change rate. When there is equilibrium between
the radon concentration inside and outside the
house, we have the following formula:

(7)

From the formulae (4), (5), and (7) it is possible
to calculate the radon concentrations and the
lung doses for different values of A.
In Table I the values are calculated for Q =
2.5 x I 0 " pCi m " s " ' . This isa relatively typical
value which is obtained for C = 2.0 pCi/g,
tj = 0.02, d = 15 cm and Q = 2 g/cm . The
radon daughter concentrations in WL are calculated from the definition of WL and from data
of energy released from the different daughters.
From Table I it is obvious that the exposure

t

0

0

1

!

R j

3

= 3.6

Q

(5)

where C - C i is the part of the radon concentration in pCi/1 originating from the builde q u

0 U

Table I
The lung exposure from " R n calculated from the formutai. (4), (5) and (7) for
Q = 2.5x 10" pCi m - ' s "
^
Concentration of
Exposure
Radon concentration
rate k
radon daughters
in one year
C.„-C.„
(pCi m - ' s - )
(pCi/1)
(WL)
(WLM/year)
2.5x10-'
0.21
7.5
21
0.3
2.1xl0->
7.5x10" =
0.15
S x 10"
2.9x10"'
0.08
2.Ex 10"'
1.0x10-'
0.05
1.4x10"'
0.5x10"'
0.9x10"*
0.3x10"'
0.04
0.015
2.1x10"'
0.8x10-»
J

2

a

Air change
(h-)
0
0.5
1
2
3
4
10

e»
_

1

1
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is strongly dependent on the ventilation rate, so
that even minor "*Ra concentrations in the build
ing materials may result in relatively high radon
daughter concentrations when the ventilation is
poor. It is therefore very important that espe
cially the " R a concentrations of building mate
rials should be as low as possible.
6

CALIBRATIONS AND DISCUSSION
OF ERRORS
The equipment used for measurements of the
radioactivity in building materials were cali
brated with 3 samples with known contents of
radioactivity. The peaks of " T1 (2.62 MeV),
B i (1.76 MeV) and K (1.46 MeV) were used.
During the measurements, the samples will act
as an extra shielding of the detector. This effect
was investigated by placing a can filled with NaCl
p.a. on top of the detector. The results of the
measurements with and without the KaCI-filled
can arc shown in Table II. NaCI has a linear at
tenuation coefficient which lies in the middle of
the values for most building materials.
H

2U

EQUIPMENT
The measurements of radioactivity in the build
ing materials were performed by a 3 " x 3 " Nal
(TI) detector and a Canberra Model 8100 multi
channel analyser. The detector was shielded by
7 cm or lead. The lead shield was stationed in con
nection with the low background laboratory of
the institute. The walls of this room are made of
iron, low active sand, and lead. The material
samples were crushed and packed in 400 ml
cylindrical plastic cans with outer diameter 11.5
cm and height 4.5 cm. During the recording time,
the cans were placed on the top of the detector.
The measurements of the y-exposure were per
formed by two different instruments:
a) A Renter Stokes Environmental MonitorThis is a high pressure ionisation chamber with
an electrometer especially constructed for envi
ronmental measurements. The instrument is
equipped with both a digital display in //R/h and
a plotter. It is possible to integrate the exposure.
When this instrument was used, we integrated
the exposure for a certain time. Each measure
ment lasted 10 to 15 minutes.
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The values in Table II indicate that there is a
maximum difference between the background
with and without NaCl of about 5%. Using the
values obtained with NaCl as a dummy source,
the maximum error due to variations in the
shielding effect will be 1 to 2 per cent of the back
ground. This will result in an error in the mea
surements of less than 1 per cent in most cases.
A sample giving a net counting rate Nt (cpm)
per gram in interval no. / will have the following
concentrations in pCi/g of the radioactive mate
rials:
C

Th

= A-.,V, ,

C

Ba

= k N' = A r t M - r , * , ) ,
2

2

where kuk^ki, and r r r
are constants. These
constants were found by standard samples with
known contents of radioactivity:
ly

b) A Studsvik Gammameter which is a plastic
scintillator with a rate meter. The exposure is
displayed on the rate meter in ;jR/h. The range
of measurements is from I uRfh to I R/h. The
instrument is placed in a suitcase and is suitable
for large surveys.

k =138
A-j = 1 3 3
k = 310
l

3

it

3

r, = 0.61
r = 0.74
r = 0.71 .
2

3

Table II
The shielding effect of the sample
Energy interval
(MeV)
1
2
3

2.49-2.76
1.67-1.88
1.40-1.57

Background (cpm)
Without NaCl With NaCl
1.48
1.41
2.43
2.35
6.63
6.63

Radioactivity of building materials
I l 4

The B i peak was used for the ' " R a measure
ments. T o get the correct value f o r C , it is
necessary that there should be the same degree
of equilibrium between r * J i u m and radon both
i n the samples and in the standard. The emana
tion f r o m the cans was investigated by placing
the cans into an ionisation chamber constructed
for "Rn-measurements in air. We f o u n d that
o n l y about 1 % of the radon in the material
leaked out of the cans. By storing the samples in
the cans f o r about 14 days before counting, the
degree o f equilibrium was assumed t o be the
same for the samples and the standard.
R a

t : f t

I

The samples were coarsely crushed so that all
the samples were a mixture of large and smaller
grains. The smallest grains have a tendency to
get to the bottom of the can. This will cause better
counting geometry. By shaking the cans before
counting, this effect was eliminated. Each sample
was packed in more than one can. Using the mean
of the countings, effects of different crushings
and packings were minimised.
4 0

Raade (1972) has shown that the apparent K
concentration varies w i t h the sample weight.
This was corrected for by curves given by Raade.
The stability of the analyser was investigated
by checking the peaks' positions. After a warm-up
period, the drift was about 0.1 per cent per day.
The gain was adjusted so that the peaks always
had the same positions.
The counting rates of the standards were i n 
vestigated now and then. The ariations in ap
parent concentrations in the samples varied less
than I per cent.
C o u n t i n g times of 100 m i n were used f o r most
of the samples. This counting time gave statistical
uncertainties of less than 1 0 % f o r most of the
samples.
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The Reuter Stokes monitor for environmental
measurements was calibrated f r o m the producer
f o r a mixture of t h o r i u m , r a d i u m , and potassium.
The calibrations were checked by us with a source
of 10//Ci R a a n d I fid " T h . The calibrations
given by the producer showed good agreement
w i t h our measurements. The Studsvik instrument
was adjusted to give the same readings as the
Reuter Stokes instrument.
2

T o get the terrestrial exposure, an exposure
rate of 3.6 / / R / h was subtracted for cosmic rays.
The readings obtained in a house will vary both
because the exposure rate varies f r o m place to
place within the same r o o m , and because w i t h
the low exposure rates the rate-meter reading
fluctuates with time. The errors due t o these
variations may be about 10 per cent of the total
y-cxposure.
I n addition, the value of the cosmic ray ex
posure is somewhat uncertain.
RESULTS
The exposure rates in different houses were mea
sured in the district cast of Oslo. In this district
there is a mixture of r u r a l and typical suburban
surroundings. The measuremen' ; of the open air
radiation were made in open places, so that these
measurements would not be affected significantly
by radiation f r o m building materials. Relatively
new buildings were chosen, since Storruste et al.
(1965) made very profound measurements in the
years 1958-1963.
Table H I shows the results of these measure
ments. The exposure rate of 3.6 ;<R/h for cosmic
rays is subtracted f r o m the total exposure rate.
The increases in the gonade doses f r o m building
materials are calculated for an occupation factor
of 0.7 and a shielding effect of the gonades of 0.75.

Table I I I
y-exposure in some modern buildings

Type of
building

Number of
measurements

Brick
Concrete
Wood
Open air

39
47
33
49

-exposure (^R/h)
Min.
Mean.
Max.
;•

6.7
7.1
3.9
4.4

11.8
10.4
6.7
7.1

16.4
14.4
8.4
8.9

Increase of gonade dose
(mrad/year)
Min.
Mean.
Max.
4
4
-12

20
14
-3

-

-

32
28
4
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Storruste (1976) made, in addition to the in Table IV these results are shown. The increases
door measurements, some open air measurements of gonade doses are calculated assuming an oc
in the years 1960-1964. These results were not cupation fraction of 0.7 and a shielding effect of
the gonades of 0.75 (including the ratio between
published because the readings varied too much
with the weather conditions. These variations dose in air and tissue dose), and a ratio of 0.9
were especially great in 1962 due to the strong between the exposure in wooden dwellings and
radioactive fall out. In the rural countryside Slor- in open air. Tables Til and IV show that there
ruste found that the ratio of the j'-exposure in is a very good agreement between Storruste's and
side wooden houses to the open air exposure our measurements. From these calculations a
varied between 0.7 and 1.1, with a mean value mean value of Z> , in formula (2) of 36 mrad/year
* of 0.90 for 108 houses. In our measurements we is chosen.
found a minimum of 0.60, maximum of 1.22 and
The measured concentrations or radioactivity
a mean value of 0.S9.
in some main building materials from the Oslo
In the cities the ratio in Storruste's measure region are shown in Table V. The values are mean
ments varied between 0.6 and 1.0 with a mean values.
value of 0.83 for 68 wooden buildings. The reason
that this ratio is smaller is that the open-air ex CONCLUSIONS
posure in cities is greater than at the countryside, The increase of the gonade dose for individuals
because of radiation from concrete and brick due to building materials with unusually high
buildings in the cities. The ratio betwe n mea concentrations of radioactivity should not ex
surements in the first floor and the ground floor ceed one per cent of the occupational dose limit
is approximately 0.91.
of 5 rad/ycar.
Most of the wooden buildings in Norway are
Using the values a = 0.4S and Z> = 36
situated in rural surroundings. By using the factor mrad/year in formula (2), the values of C , C ,
0.9 between the exposure in wooden houses and and C in pCi/g which will cause an increase of
in open air, the increase in gonade doses may be 50 mrad/year in gonade dose are found. Rounded
calculated also from Storruste's measurements. In values are listed in Table VI.
ou

DU|

Rj

K

Table IV
y-doses in various buildings according to Siorruste's measurements
Type of
building

Numbers of
measurements

Brick
Concrete
Wood

609
594
823

Increase in gonade dose
(mrad.'year).
(Or.r calculations)

j'-dose in air (mrad/year)
Min.
Mean.
Max.
76
56
41

133
127
93

104
92
62

IS.4
12.1
-3.6

Table V
Specific activity of some main building materials
Material
Brick
Concrete
Light weight
concrete
Clincer
Natural gypsum
Cement

Number of
measurements

Specific activity (pCi/g)
" Th
i!
<«
!

S R a

K

6
4

1.7
1.0

2.8
0.7

28
20

5
6
2
4

0.7
1.6
0.1
0.5

0,9
2.6
0.3
0.8

6
22
0.3
7

Th

Radioactivity of buildini; materials
Table VI
Specific activity in pCi/g which will cause an in
crease of 30 mrad/ycar in gonade doses
*»Th

»»Ra

7

10

<0

K

120

T h e values in Table VI are in very good agree
ment with the Soviet limits which are found
under other conditions ( K r i s i u k e t a l . 1971). These
' values a r e 7, 10, a n d 130 pCi/g of Th,
Ra,
and K , respectively. T h e values of Table VI
are valid if only o n e of t h e nuclides is present.
If all t h e nuclides are present the following con
dition must be Fullfilled:
232
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When the materials are to be discussed, the
main rule will always be that the concentration
shall be as low as possible. For materials with
unusually high concentrations of naturally oc
curring radioactivity, calculations of economic
costs and benefits must be regarded. For mate
rials used as only a minor part of the construc
tions, more realistic calculations of the dose con
tributions may be necessary if the materials have
economic and social advantages.

I 2 6

4 0
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Abstract—Results of open-air measurements of the environmental radiation in Norway are
reported. The measurements were performed with an ionisation chamber placed in a car. The
exposure was integrated while driving the car, so that each measurement represents an
average value for an area. The population-weighted average outdoor -y-dose rate in air was
found to be 7.3 fixad/hr. From values of the indoor dose rates given by Storruste et at. (St65)
and from our measurements, the population-weighted average gonad dose was found to be
48 mrad/yr. The ratio of the indoor to the outdoor y-dose rates was found to be 0.95,1.17 and
1.60 for wood, concrete and brick buildings respectively. The ratio of the indoor to the
outdoor population y-dose rates including all types of dwellings was found to be 1.12.

INTRODUCTION

IN THE early sixties Storruste et at. (St65)
performed country-wide measurements of the
radiation levels inside Norwegian houses. We
have previously done such measurements in
some modern buildings (Str76). The present
report is therefore concentrated on open air
measurements.
From the Central Bureau of Statistics
(Sta75) we have data on occupied private
dwellings by type of building. These together
with data on the resident population in the
various districts of Norway make it possible
to calculate the average population dose rates
to the inhabitants of Norway.
In our measurements the cosmic ray contribution is subtracted, so that the variation in
the terrestrial radiation is shown.
METHOD

The measurements were performed by a
Reuter Stokes Environmental Monitor, which
is a high pressure ionisation chamber with an
electrometer especially constructed for environmental measurements. The results are
displayed in three ways:
(a) A digital display of the instant values in
/xR/hr.

HP Vol. 31. No. 4-C

(b) The values are plotted on a paper strip.
(c) The integrated exposure is given in fiR.
During the measurements, the equipment
was placed in a car and the exposure was
integrated while driving the car. In.this way
every measurement represents a mean value
of an area. Åt the same time, the digital
display and the plotter make it possible to
find spots where the values are especially low
or high, so that these spots may be investigated further. In the towns, the car was
driven up and down streets in closed areas to
get the mean values, while in more rural
surrounding the values were recorded on
open roads.
Each measurement lasted for about 20 min
and 234 measurements were performed over
a distance of about 5000 km of roads.
This method has been used earlier for
measurements around the Oslo fjord (Br76).
The results of these measurements are in
good agreement with our results.
CALIBRATIONS AND DISCUSSION
OF ERRORS

The equipment is calibrated by the
producer for a mixture of thorium, radium
and '"K. The calibration was checked by us
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with a 33.1 mCi Co source. The chamber
efficiency for '"Co is not the same as for the
naturally occurring radionuclides. The conversion factors from current produced in the
chamber to exposure rate was given by the
producer for a number of y-energies.
After making allowance for the difference
in chamber efficiencies, we found that the
results displayed on the monitor had to be
multiplied by a factor 1.03 to get the proper
values for the exposure.
The car will act as a shield for the radiation
from outside. This shielding effect was investigated by measurements with the chamber inside the car compared with measurements with the chamber in open air. It was
found that the measured vah'js with the
chamber inside the car had to be multiplied
with a factor of 1.22, after subtracting
3.6/tR/hr for the cosmic rays, to get the
proper value for the y-radiatton. The value
3.6 ^LtR/hr for cosmic radiation is given by the
producer of the monitor as the proper value
for the continental USA at normal atmospheric pressure.
A constant value for the cosmic ray intensity was chosen because most of the
measurements were performed relatively
near the sea level where most of the people
are living. The differences are therefore not
likely to be very large. Measurements performed on board ferries on the fjords gave
results from 3.3 to 4.1/xR/hr. On the fjords,
most of the exposure is due to the cosmic
radiation, and these measurements thus indicate that the adopted value of 3.6 jtR/hr for
the cosmic ray intensity should be realistic.
The measurements were performed on
relatively small roads without paving in rural
areas, while in towns and cities Che roads
were picked randomly. The measurements
thus should be representative for areas where
people are living and working.
All our measurements were performed
during the summer. The 7-ray intensity will
vary with the seasons due to variations of the
meteorological conditions. A snow cover will
reduce the exposure considerably (Na74). We
have chosen not to correct the values for
seasonal variations. Such estimates would be
very uncertain because the snow cover varies

from district to district and from year to year.
However, the population dose rates do not
vary so much with the seasons. The people
spend most of the time indoors where the
seasonal variations are small, and in the
towns the snow is taken away from the
streets.
RESULTS

All our results are given in air absorbed
dose rates in /trad/hr in agreement with the
UNSCEAR report (UN75).
In Table 1 the results from the districts of
Norway are given. Figure 1 shows a map
over Norway as far north as Bodø, where
the districts are indicated. Our division of the
country into districts is not completely equal
to that done by Storruste (St65). We have
divided the country more according to the
administrative division so that the population
data available should be easier to apply in

FIG. I. A map of Southern Norway where the
different districts are indicated. (The districts are
not exactly the same as in the work of Storruste
(St65).)
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District

Percent
of tola!
population

districts
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r-doseraieinau-OiradJht)
Averaged
Indoor
Outdoor
gonad dose
averaged Town» Open areas Avenged (mrad/yr)

7.»

7J

6.3

7J

T h e population weighted average indoor do w n t e i are calculated from
measurements of Slorrusle ft at. <Sl65) and from statistical data on occupied
private tfwcitinr: by type of cutWtrtg (Sla7i). The populated weighted average
outdoor dose rates are calculated from data on the reiidem population in the
districts and of population pattern (St»7J). The mean gonad doses arc calculated
from formula (I).

calculations of average population doses. In
The values obtained in towns are on
districts where the difference of division is average higher than those obtained in open
significant, the basic material of Storruste areas. This is due to the radiation from the
was used to compute the indoor dose rate of brick and concrete buildings in the towns.
our districts. The values in Table 1 represent There were also found high values in the
the air absorbed dose rates from y-radiation places where the streets were paved. The
because the contribution from the cosmic stones used are made of granite from Østfold
rays is subtracted.
(district V), and this granite has a relatively
The values for the gonad doses are cal- high content of radioactive materials. In the
culated from the following formula (UN75): city of Trondheim (district VII) the y-ray
intensity varied from about 2/*rad/hr in
D = (cqD ) outdoor + {cqi> ) indoor (1) streets without paving to more than
where c, the conversion from the air ab- 16/trad/hr in places with paving.
sorbed dose rate to gonad absorbed dose, is
In Norway there are very few paved
taken as 7.2 mrad/yr per prad/hr for outdoor streets left. There is paving only at local
exposure and 6.0 mrad/yr per /irad/hr for spots in some of the towns and cities, and
indoor exposure. 4, the occupancy factor, is nowhere in the rural areas. Thus the paved
estimated to be 0.8 indoor and thus 0.2 out- streets have little influence on the outdoor
door.
doses.
The measurements showed relatively large
Figure 2 shows the variations in the y-dose
local variations. The lowest values were rate in air for measurements in towns and in
found in district VII (Trøndelag). The y-dose open areas. The mean value for the town
rate in air in this district showed values of measurements is about 17% higher than the
less than 2 jirad/hr in local spots. The highest mean value for the open area measuremenEs.
value was found at a local spot in Søgne The ratio between doses measured in towns
(district I). The -y-dose rate in air at this spot to those measured in the areas close to the
was 113/xrad/hr. The average value for the towns showed a variation between 0.9 and 1.7
Søgne area was however 11.3 jirad/hr. There with a mean value of 1.20. The urbanisation
were also found spots in Oslo (district IV), thus causes an increase in the population
Fredrikstad and Halden (district V) where the dose.
y-dose rates were high (20-40 jirad/hr).
The rocks in district VII (Trøndelag) conThe extreme average values of areas were sist mostly of sediments and in district IX
2.9/xrad/hr (Orkdalen, district VII) and (Møre) of Olivin. Here the lowest values for
12.8/irad/hr (Kråkerøy, district V).
the outdoor y-radiation were found. In the
t

a

a

322

E. STRANDEN
so

Open oir

le -

::
s

1

1

1—'

i1

2t

3i

I
JIT

an a

6i

Ti Bi
fired /ft

1 1 , 1 1 1 1
9 10 II 12 13 14 13

WiWt.n doors

SO
40

.E

°

I

30

-

Wood
Brick and
concrete

20
IC

!

S

I

6

I

7

I

B

r

l

S K> II

l

! — i —

IS J3 (4 13

/irad/h
0 -

Gonod dose

3 6 7 8 9
fi rad/h

FlG. 2. The number, N of measurements vs the
•y-dose rate in air in all districts.

c-

t

districts with relatively high 7-ray intensities
granites and shales are dominant.

r0-0-

1 1 1 1 1

» SO 30 &Q 50 i

CONCLUSIONS

As shown in Table 1, no district shows
extremely high or low values for the y-dose
.ates in air. An individual living in a wooden
dwelling in district VII wiU receive an annual
terrestrial gonad dose of about 30 mrad/yr,
while the dose to a person living in a brick
building in Oslo (district IV) will be about
75 mrad/yr. These are the two extreme values
measured in Norway. The population weigh
ted average gonad dose is 48 mrad/yr. Figure
3 shows the percentage of the population in
each dose rate interval, both for indoor ex
posure (St65), outdoor exposure and for the
gonad dose.
Most of the indoor measurements were
performed in towns and villages. The fol
lowing values for the indoor to outdoor ydose rate ratios were found: Wooden build
ings: min 0.75, max 1.43, population averaged
0.95. Concrete buildings: min 1.17, max 2.20,
population averaged 1.42. Brick buildings:

fnrad/yr

FlG. 3. Per cent of the population vs 7-dose rate in
air indoor and outdoor vs the annua) gonad dose.
min 1.33, max 2.01, population averaged 1.60.
When using mean \ ..es from the districts
the ratio of indoor to outdoor -y-dose rate has
a minimum value of 0.93, maximum of 1.44
and population weighted average of 1.12.
The indoor to the outdoor dose rates found .
by other authors vary considerably. Kolb
(Ko74) reports a population-weighted value
of 1.31, while Ohlsen (Oh71) has found a
value of 0.78. These variations are perhaps
due to the fact that the building materials
used are not always of local origin. The fact
that the buildings are not constructed in the
same manner in all counties may also be a
explanation to these variations.
in Norway, most of the wooden dwellings
have basements made from concrete. The
concrete often has a higher concentration of
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A STUDY ON RADON IN DWELLINGS
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Abstract—Values of the radon and radon daughter concentration in different types of
Norwegian dwellings are reported. The mean radon concentrations found were 1.3pCi/l..
2.0pCi/l. and 1.0pCi/t. for buildings with outer walls of wood, concrete and brick,
respectively. An equilibrium factor of 0.5 was found to be representative for the
dwellings. The variations of the radon concentration due to ventilation and atmospheric
pressure were investigated by continuous measurements with an ionization chamber
inside a room with very poor ventilation and a room with strong artificial ventilation. A
daily decrease of 1 mmHg was found to give an increase in the radon concentration of
about 6% of the mean value. The population average dose to the bronchial epithelium
from inhalation of radon's short-lived daughters was found to be about 220 mrad/yr in
Norway.
INTRODUCTION

RADON and its daughters are present every
where in the atmosphere, not only in mines
but in our everyday environment. Considera
tion of these radionuclides, especially in
rooms, is necessary when determining the
background radiation level to the population.
Investigations of mortality from lung
cancer in uranium miners have shown a
higher probability of lung cancer in uranium
miners than in control groups (Se76; Ar76;
Lu71). In a review of the problem, Auxier
(Au76) concludes that a "lifetime doubling
dose" may be about 85-170 rad to the bron
chi, and that it is of great interest to have
more knowledge of the radon concentrations
in different kinds of dwellings.
The radon concentration inside a room is
dependent on the radium concentration and
the porosity of the building materials. The
emanation from the ground may also be of
importance.
It seems that ventilation and atmospheric
pressure have even more influence on the
radon concentration. It will be of special in
terest to evaluate the influence of ventilation
on radon concentration during cold winters.
HP Vol, 36. No. 3—N

when some dwellings are maintained at rela
tively low ventilation rates to conserve
energy.
In this work, therefore, we measured the
radon and radon daughter concentration in
different types of dwellings. We investigated
the variations in radon concentration due to
variations in atmospheric pressure and
ventilation. We also made some evaluations
of the doses to the respiratory tract from
inhalation of these radionuclides.
EXPERIMENTAL PROCEDURES

The radon measurements were performed
by sampling air in 9-1. evacuated containers.
These samples were analysed in a 12.6-1. ion
ization chamber, utilized earlier for radon
measurements in Norwegian mines. This
equipment was calibrated against standard
radon samples. There were also comparison
runs against the Swedish equipment used for
radon measurements in mines.
Methods for measuring radon daughters by
Alter sampling have been reported by several
authors (Ts53; Ku56; Ha69; Ho74).
The method of Harley and Pasternak
(Ha69) was used in this work. We used a
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sampling time of 20 min and measured the a
activity on the filters expressed in disin
tegrations per min per I., 30 min after the end
of the sampling. The radon daughter concen
trations were found by dividing this a
activity by 143, the factor recommended by
these authors for a daughter equilibrium
range from 1/1/1 to 1/0.1/0.01.
The filter activity was measured by a ZnS a
probe connected to a single-channel analyser.
The equipment was calibrated against a
standard a source from the Radiochemical
Centre of Amersham, U.K.
To measure the variations in the radon
concentration during the day, we constructed
a 15-1. cylindrical ionization chamber in which
air is pumped through with a membrane
pump. The air-.low rate is l.2I./min. The
chamber is connected to a Victoreen 666
electrometer and an x-y plotter. To avoid the
statistical fluctuations of ionization, we con
structed a clock that starts a 5-min in
tegration. The electrometer is shorted for
1 min, and a 5-min integration is started again.
Thus we obtain 10 radon measurements per
hr. The clock provides better statistics than
direct measurement.

houses were also made of various types of
prefabricated lightweight concrete. Red brick
buildings, the third group, often had floors
and some inner walls of wood, especially the
older houses.
Table 1 lists the values found for the radon
concentration inside these three types of
dwellings. In Fig. 1 the number of measure
ments is plotted against In CR„. From this
figure the distribution seems to be fairly log
normal, an observation also made by Toth
<To72).
It is rather surprising that the values found
inside wooden nouses are higher than the
values found inside brick buildings. This may .
Table I. Radon

Type of dwelling

Min.

Wood

Concrete
Brick

THE RADON CONCENTRATION IN
SOME DWELLINGS

During the winter of 1977-1978 v/e
measured the radon concentration inside 120
dwellings in the area around Oslo. Some
authors have reported radon concentration
values in rooms that have been closed for a
period of 8 hr before sampling (To72; Sw77).
Our samples were taken in dwellings that
were in use; hence, our values for the radon
concentration in these dwellings may be more
realistic.
The dwellings were divided into three main
groups, (1) houses with outer walls of wood,
(2) houses with outer walls of concrete, and
(3) houses with outer walls of clay brick. In
the first group there were mainly two types of
houses: old houses with timber walls only
and modern houses with different kinds of
insulating materials. No attempt was made to
separate these two types of houses.
In the second group, the building material
was mostly ordinary concrete, but a few

Natutal logarithm of Iho radon conetntiation

FIG. I. Number of measurements vs ln CR».
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be explained by the fact that most wooden
houses in Norway have only one or two
floors. Toth (To72) has shown that the radon
concentration is significantly higher in rooms
nearer to the ground than in rooms on higher
floors because radon emanates from the
ground.
Preliminary measurements have shown a
higher radium concentration in the clay
bricks used in this area than in the concrete
(St76), and one would expect the radon
concentration to be higher inside the brick
buildings than inside concrete buildings. We
have therefore made a preliminary investiga
tion of the emanation factor in these materi
als. (The emanation factor is the ratio of the
radon entering the inner pores of the material
to the radon produced in the material.)
These measurements were performed by
enclosing the crushed material in a container
for a period of 14 days. Before sampling, the
container was blown through with nitrogen.
After storing, the gas was circulated through
another container for 20 min, and the radon
concentration inside this container was
measured. The measurements showed that
the emanation factor was about \% for 10
samples of clay brick and between 5 and 2S%
for 15 samples of concrete. This may explain
why the radon concentrations found inside
concrete buildings are higher than those
found inside brick buildings.
RADON DAUGHTER CONCENTRATIONS

To evaluate the dose to the respiratory
organs, one must known the degree of equilib
rium between radon and its short-lived
daughters. The equilibrium factor for radon
daughters is expressed as
f -100{a> /<Rn),
Rn

Bn

0)

where (a)^ is the potential alpha energy
concentration in working levels (WL) of
radon daughters, and (Rn) is the activity
concentration of radon in pCi/K (UN77).
We measured the equilibrium factor in 25
dwellings. The values found are shown in Fig.
2. The mean value found in these measure
ments is about 0.5. For high radon concen
trations the value seems to be a little larger
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Equilibrium

factor

FIG. 2. Number of measurements of the equilib
rium factor in each interval.

than for low radon concentrations. This is
probably because the radon concentration is
greater where the ventilation is poor, and
thus FR,, also is greater. For radon concen
trations near the mean values found in the
three types of dwellings, there are small
variations around the mean value of 0.5; this
value for FR„ has been used in our cal
culations of the mean doses to the respiratory
tract.
VARIATIONS

DUE
TO
VENTILATION
BAROMETMC PRESSURE

AND

Measurements performed in eight dwel
lings from October 1977 to March 1978 show
that there may be large variations in radon
concentrations within the same dwelling. All
measurements were performed at the same
place in the dwelling and at the same time of
day (early morning). The results are shown in
Fig. 3. The radon concentrations in some of
the dwellings show large variations, but some
show more
constant
values. These
measurements indicated a need for more in
formation about the processes leading to the
variations.
It is well known that ventilation and
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tion, respectively, a A is the equilibrium
value of the radon concentration, and a is the
supply of radon from the walls per unit time.
The equilibrium value of the radon concen
tration, a/A, is founJ as the lowest value
measured over a long lime.
Now we transform equation (2) to
(A,- al\)l(A,-

- a/A) = e x p ( - A),

(3)

where Ai-i and A are the activities in two
subsequent days (or hours if the value of A is
large).
Equation (3) makes it possible to evaluate A
and a if «/A is taken as the lowest value of
the radon concentration found over a long
time.
During periods of falling atmospheric
pressure, the activity at time t, is given by
t

A-, - Aj_»exp(-AAn
£

+ y^(I-exp(-AA<)],

(4)

where Z is the amount of radon supplied to
the air in unit time from the sucking effect of
the atmospheric pressure. Measurements of
the activity in two subsequent days then
give the following relation:
t

FIG. 3. Results of radon measurements in eight
dwellings during the period from October 1977 to
March 1978.
variations in atmospheric pressure affect the
radon concentration in the air inside houses
and mines (Kr7l: Po69; Wi74; Jo75).
Pohl-Riiling and PohJ (Po69) have
developed a model dividing the time into two
groups: (a) periods of constant or rising at
mospheric pressure and (b) periods of falling
atmospheric pressure. During periods of con
stant or rising atmospheric pressure, the radon
concentration will fall because of ventilation
and decay until it reaches an equilibrium state.
This may be expressed as

A\ - AI-I exp ( - A) = (a + Z,) -

-exp(-A)
(5)

We measured barometric pressure with a
barograph and the radon concentration with
the method described earlier in this paper.
Two very different rooms were used. Room
A is a small closed room in a cellar with very
poor ventilation. Room B is the living room
of a dwelling with outer walls of concrete.
This room was used in a normal way during
A, = A,- exp (-A At) + o/A [1 - exp(- A At)]. the period of the measurements. In the dwel
(2) ling where room B is situated there is an
artificial ventilation system that is turned on
where At is the radon concentration present in the morning and in the late afternoon. The
at time U and AVJ, is the concentration at an results of these measurements are shown in
earlier time f,-i. A will be built up by A = Fig. 4.
AR„ + A ,, + A „ where Aa, is the decay
It is easily seen from this figure that there
constant of radon and A,„ and A», are the air is a good correlation between the radon
change rates for natural and artificial ventila concentration and the atmospheric pressure
k

V

V
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FIG. 4. The radon concentration in two rooms, together with the atmospheric pressure.
in room A. In room B, however, the varia
tions in radon concentration seem to be
totally dominated by the variations in the
ventilation rate.
Using the model of Pohl-Riiling and Pohl
(Po69), we find that for room A, the value
of a/A is about 32 pCi/1. From the measure
ments in periods with constant or rising at
mospheric pressure, we find a mean value of
A of 1.1 day" ; this corresponds to an air
change rate of about 0.04 hr' .
The daily supply Z of activity h room A
from the sucking effect during a period of
falling atmospheric pressure is found to be
about 2.7pCi7L per mmHg of daily decrease
in atmospheric pressure.
If the air change rate in room A was in
creased to a constant value of one air change
per hr, the variations in the radon concen
tration during the period of measurement
would be (equations 2 and 4) in the range
1.46 pCil'1.-2.5 pCi/J. instead of the actually
measured values of 32pCi/l. and 50pCi/l.
This shows that the ventilation is of great
importance.
In room B the air change rate varies
considerably. During periods of rising or
constant atmospheric pressure» it is possible
1

1

to evaluate the radon supply, a, per unit time
and the effective decay constant A by taking
into account the variations in the radon
concentration during the day. From these
calculations we find that A varies from
0.2 hr~ during periods with no artificial
ventilations to 0.9 hr" during periods with
artificial ventilation, and that there is a radon
supply of about 0.4pC)/l. per hr, i.e. about
IOpCi/1. per day.
The ventilation rale during periods without
artificial ventilation will vary considerably
because of variations in natural ventilation.
During periods of strong artificial ventilation,
artificial ventilation controls the ventilation
rate, and we may assume that the ventilation
rate during these periods has a constant value
of about 0,9 air changes per hr. The lowest
daily values for the radon concentration
(plotted in Fig. 5, together with atmospheric
pressure) are found in these periods. If we
suppose an air change rate of 0.9 hr~' during
these periods and make a crude estimate that
the daily supply of radon to the room from
the sucking effects is about 2.5 pCi/l. per
mmHg of decreasing atmospheric pressure,
we find the theoretical curve plotted in Fig. 5,
together with the curve of the lowest daily
l
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Flo. 5. The lowest daily values of the radon concentration in room B, together with
theoretical concentration, when the ventilation rate is 0.9 air changes per hr.
values. There seems to be relatively good
The dose to the tracheobronchial region
agreement between these curves.
increases by an increasing fraction of un
Jonassen (Jo75) found that in an un- attached daughters while the dose to the
. ventilated room a decrease in atmospheric pulmonary region decreases. The fraction of
pressure of 1 mmHg will result in an increase unattached daughters increases markedly
of about 8% of the mean value of the radon with decreasing aerosol concentration and
concentration. In our investigations, by tak decreasing residence time of the air (Ja72).
ing the mean value of radon concentration in This indicates a larger fraction of unattached
room A as 40pCi/l. and in room B as daughters in indoor air than in mine air
1.5 pCi/]., we found that a daily drop in at because of better ventilation.
mospheric pressure of 1 mmHg will result in
Lung cancer in uranium miners, appearing
an increase in the concentration of about 5% predominantly in the area of the large bronchi
in room A and about 1% in room B.
(Lu71), presumably originates in the basal
cells of the upper bronchial epithelium.
DOSE CALCULATIONS
UNSCEAR (UN77) has estimated the dose
Many investigations have been carried out to the basal cell layer of the critical bronchial
on the exposure dose relationship for radon region to be about I rad per working level
and its daughter products (A164; Ha72; Ja64; month (WLM) for occupational exposure in
Po77). These investigations show that many mines. This corresponds to 60firad per
factors affect the dose to the respiratory tract pCi - hr/1.
from radon's short-lived daughters: (a) The
In cases of exposure inside houses this
radon concentration, <b) the equilibrium dose will be less because we take into ac
factor FR„, (c) the fraction nf the un count the lower mean breathing rate. Fohl
attached daughters, (d) the type of breath and Pohl-Ruling (Po77) have used the in
ing—i.e. nose breathing or mouth breathing— halation rates listed in Table 2 for their cal
and the rate and depth of respiration, (e) culations of the dose from inhaling radon and
geometrical parameters of different regions in its daughters. If we assume that a person's
the respiratory system and translocation and indoor activity is divided into 8hr of sleep
clearance of the deposited activity.
and 11 hr of light activity, a mean inhalation
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Woman

Steeping

Light activity

Walking

Heavy work

7.2
4.B

28
17

41
20

39
23

419

of 45 /xrad to the basal cells of the bronchial
epithelium and a mean lung dose of 8 jirad.
(3) The equilibrium factor F „ is 0.5 for all
houses.
(4) In the Oslo region 20% of the people
live in wooden buildings, 5% in brick build
ings and 75% in concrete buildings. In the
country as a whole, the corresponding values
are 75, 3 and 22% [from Statistical Yearbook
1975, (St75) and some assumptions of our
own].
If the equilibrium-equivalent radon daugh
ter concentration in free air is assumed to be
equal to the mean value of 0.06pCi/l. given
by UNSCEAR (UN77), the total mean dose
to the population in Oslo from radon's short
lived daughters is 285 mrad/yr to the bron
chial epithelium and 57 mrad/yr to the lung.
Under the assumptions listed earlier, the
corresponding values for the whole country
are 223 mrad/yr and 45 mrad/yr.

Tabh 2 77» inhalation rait in l./mio for difftrtnt ocd'iififl (PoTT)

R

rale for the time spent inside houses for both
sexes is about 161./min.
Using the model of PoW and Pohl-Riiling
for calculations of the dose to the basal cells
of the bronchial epithelium and an inhalation
rate of !6l./imn we find a dose rate of
40 /xrad per pCi • hr/l, for the time spent in
side houses.
UNSCEAR (UN77) concludes that a con
version factor would be about 45 jtrad per
pCi • hr/l. for the exposure inside houses.
Taking into account the many uncertainties in
the estimates, we have adopted the UN
SCEAR value for our calculations.
For the calculation of the mean dose to the
lung, we used the conversion factor of 9 jxrad
per pCi • hr/l. in accordance with UNSCEAR
(UN77).
Our measurements were performed in
houses located in the area around Oslo;
hence, we have little knowledge of the radon
concentrations in houses outside this area.
Our earlier measurements of the environ
mental gamma radiation in Norway (St77)
show that the dose from gamma radiation in
this area is relatively large compared to the
mean value for Norway. By using the values
for the radon concentrations in this area, we
may have made a slight overestimation of the
population dose from radon and its daugh
ters; but we believe thai these values are
fairly representative.
To emulate the doses listed in Table 3, we
have made the following assumptions:
(1) People spend 19 hr a day in houses.
(2) An exposure of 1 pCi • hr/l. gives a dose

CONCLUSIONS

It is evident from our measurements that
the radon concentration in houses varies
considerably. Ventilation rate plays a major
part in varying radon concentration: radon
concentration may vary by a factor of 5 in
one day because of variations in ventilation
rate. Variations in atmospheric pressure also
seem to cause variations in radon concen
tration, especially in houses with poor
ventilation.
The mean annual dose to the bronchial
epithelium from inhalation of radon daugh
ters is rather large compared to the dose from
environmental gamma radiation. In Norway a
population average of the gonadal dose from
environmental gamma radiation is found to
be 48 mrad/yr (St77). When a quality factor is
taken into account, the annual dose

TaMw 3. Posts from inhalation of radon dauxhlrrs In Norwrglan

District/
typeofdwtlliflc
Wood
OJJO Concnu
Brick
Fop. average
Population M C I I | *
for Ibc « b o k couniiy

bronchia) epithel
Immllyt}

houttt

(mnd/yr)

Mia

Mean

MM.

Min.

Mean

IS
21
30

:M

690
12»
MOD

5.0
5.0
60

40

n*

i»
2S0
218

«
31
36
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Max.
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Coumry
Poljnd
Sweden
United Kingdom
Norwny

r European

Reference

No. of
mc:iiuremenis

Segmental hiimchial
epithelium

To7?
PeW
Hu5b
Sw77
Ha65
Ihii w.vk

8»
28
284
Nttl indicjled
12
120

700
52
320
6 lit
44

cuumriti

Whole lung
140
10
*S
120
9
44
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ABSTRACT. Theoretical calculations are reported of the mean respiratory dose from
inhalation of short-lived radon daughters under different ventilation conditions.
These calculations ace related to the variations in ventilation practice over different
periods of time.

1. Introduction
In a previous investigation (Stranden, Berteig and Ugletveit 1978), a
population averaged dose to the basal cells of the bronchial epithelium of
220 mrad/year was found, arising from inhalation of short lived radon-222
daughters in Norway.
This dose will not be constant over time. In countries with cold winters
good insulation of houses is necessary to conserve energy and this may result in
lower mean ventilation rates. This will result in an increased population dose
due to inhalation of short lived radon daughters. The ventilation rate will not
be constant during the day due to normal opening and shutting of doors and
windows and to the use of artificial ventilation sj'stems.
We present theoretical calculations of the influence of variations in the
ventilation rates upon the radon and radon daughter concentrations inside the
rooms, and the respiratory doses consequent on these concentrations.
2. Radon concentration
The radon concentration inside a room at a time / may be represented by the
following equation
G = W A ) ( l - e - " ) + C e-«
(1)
where
a = the supply of radon from the walls per unit time and unit air volume,
A = A + A --A where A is the decay constant of Rn (2-1 x 1 0 s )
and A and A . are the air change rates due to natural and artificial
ventilation respectively,
CQ = the radon concentration at / = 0.
If the ventilation is kept constant, the radon concentration will equal a/A.
Under ventilation conditions commonly found in houses, A is totally dominated
by the ventilation.
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Let us now consider the variations in ventilation during well defined periods
of time. During the period .', the ventilation i*:ih* hue the v;ihie ^ . The menu
value of the ration concentration during the time T - ^JLJ.^ is then
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C^j = the radon concentration at the end of the period \ — 1.
The solution of equation (2) is
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If the period of constant ventilation is sufficiently Jong, we have C _ = «/A,-^.
A situation that may not be uncommon is that the ventilation varies
periodically. This will occur when artificial ventilation is used only during
certain periods in the day. Suppose that we have a constant ventilation rate X
in the period t and A in the period t and that A = A . For this situation we will
have (if t and t are sufficiently long)
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In fig. 1 we have plotted the values of 6'| against the period of high ventilation
for different values of A and A . When the values of A,-^- arc small, we have used
eqn (3) to calculate the values ol'C\ for A after a few days when a steady state
obtains. The values of C are given relative to the concentration that would
be found if the ventilation was kept constant at A The mean radon concentra
tion inside a room will thus be found by multiplying the values in fig. I by aJX
lu

x
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;

K n

r

v

Time of high ventilation (h)
f i g . 1. Mctin radon concentration in a 12 h period for different ventilation condition?!.
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When the ventilation rates are extreme]}' high and a is low, the outdoor
concentration will, of course, influence the indoor JcveJd. .However, if tin; radon
concentration in the room is high enough to cause problems, the contribution
from the outdoor activity may be neglected.

3. Kadon daughter concentrations
To evaluate the dose to the respiratory organs we need to know the concentra
tion of short lived radon daughters; furthermore, one must distinguish between
free and attached decay products (Jacobi 1972, Povstendorfer, Wicke and
Schraub 197S). Radon daughters attach quickly to any particles or surfaces
such as aerosols, walls or furniture. The radioactive aerosol itself deposits by
sedimentation and diffusion; therefore in a living room no radioactive equili
brium exists between radon and its daughters. The attachment rate X of particles
depends on the attachment coefficient fi(d) (d = particle diameter) and on the
aerosol concentration. For atmospheric aerosols with a size distribution

the attachment rate can be written (Porstendorfcr el ah 197$) as
n

A'=

[ &Z(d)P(d)8d.
-2

l

Porstcndorfer et al. have indicated that a value of X = 2-4 x 1 0 s~ may be
representative for particle concentrations in the range 2-20 x 10 per cml
The particle concentrations in houses may, however, he as low as 10* per cm ,
and thus the attachment rate will be smaller. The rate of deposition in a room
may be expressed by the deposition constants q and q ~\ where (f} and (a)
indicate the free and attached daughters respectively. The values of the
deposition contsants may be derived from the following expression {Jacobi
1972)
q > = v FjV
q = v^FjV
(5)
where
v = deposition velocity,
F = area of tho room,
V = volume of the room.
A representative value of FjV may be about l - S n r (Krisiuk, Tarasov,
Shamov, Shalok, Lisaehenko and Gomelsky 1971). Values of v
= 10-* cm s~
(Clough 1973) and v = 0-4 cm a (Jacobi 1972) were adopted i» our calcula
tions.
In these calculations, the recoil factor, r, must be taken into account. This
factor defines the probability of an attached radioactive atom desorbing from
its host as the consequence of an «- or p-decay. For the p-decay the recoil factor
may be neglected. Por tho a-decay of liaA ( Po) a factor of 0-5 was used by
Jacobi (1972). Mercer (1976) has studied this recoil process and determined a
recoil factor uf 0-83 for the a-decay of RaA which wc have adopted.
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The concentration of tho ith daughter jnay now ho expressed (Porsttmdorfer
el al. 197S) as

Cl» = V-".-"i-"»wy'!•-'.
(0)

«here A- is the decay constant of daughter i.
In this equation we have neglected the contribution from the outdoor air to
the indoor concentration of radon and radon daughters. From the concentra
tion of radon daughters the concentration of potential a-energy in terms of
working levels may be calculated. The relevant numerical parameters for
calculations of the \VL are shown in table 1 (Evans li)C>9). From this definition
and eqn (G) we have calculated the radon daughter concentration hi \VL per
100 pCi i~ of radon for different ventilation rates. The values are p'ottcd in
fig. 2 against the ventilation rate for different values of X. Another parameter
that is of importance for dose calculations is the free atom fraction of potential
«-energy. Values of/ are also plotted in fig. 2 for different ventilation rates.
4

3

p

Table 1. Definition of the wr. unit (after Evans 1900)

Nuclide
KaA
KaB
JiaC
RaC

!1

( "Po)
( "Pb)
( "Bi)
(="l'o)
!

!

Hnlf period

Total ultimate
7,-i-nr eiiei-pv
(MeV/lUO pC'i)

3-83 dure
KNCIIHIIII
3-05 min
(1-131x111'
26-8 miu
0-8511 x lit'
19-7)iiin
0-483x10*
1-6x10-'a
0-000 x 10»
Total
1-278x10'
Adopted 1-3 x 10»

Fiautioii
of total
«•energy
Xonc
010
0-52
0-3S
000
1-00

4. Dose to the respiratory organs
Several estimates have been made of the dose/exposure relation (UNSCEAR
1977). Jacobi (19G4) proposed the following relations:
bronchial region: D (E = 0-31 (1 + 0/^) rad w u i "
pulmonary region: DJE = 0-16(1 —/ ) rad vr-M
(WLM = working level month).
Lung cancer in miners, predominantly appearing in the area of the large
bronchi (Lundin 1971), presumably originates in tho basal cells of the upper
bronchial epithelium. There are great discrepancies in the estimates of the
dose/exposure relation for this tissue (CXSCEAR 1977). In fig. 3 some of the dose
estimates are shown (Jacobi 1976). The discrepancies may be due to differences
in the lung models adopted, but there seems to be an increasing dose to the
bronchial epithelium with increasing free atom fraction of potential a-cnergy.
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Fig. 3. Comparison between ihr mean a-doses per w u i to thcbnsnl cells of tlio segmentalsubaegmental bronchi, derived from different dosimetric models.

For values of f commonly found under normal ventilation conditions a factor
of about 1 rad per \VLM seems to be representative. YVhcn/ is high, this may
however give an underestimate of the dose.
In fig. 4 the doso to the bonchial epithelium for a unit value of the radon
supply is shown as a function of the ventilation rute. The values are plotted for
different values of the attachment rate X. In fig. 3, the dose to the bronchial
p
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Fig. 4. Dose to the bronchial epithelium for a mdon supply to the room of 1 pCi I" h"" .

6

8

10

2

i

6

B 10

Time ot high ventilation [hi
- 1

Fig. 5. Mean dose rale to the bronchial epithelium for n radon supply of 1 jiCi I h~
under different ventilation conditions.

epithelium is shown for different ventilation conditions during a 12 h period.
The valnes are given for a unit, value of the radon supply. As seen from fig. 5,
even a short period of high ventilation may reduce the dose to the bronchial
epithelium considerably.
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5. Discussion and conclusions
Mea.-mremonH inside dwellings have shown that the radon concentration
varies considerably during the day (Htranden fl al. I078). The mam daily
value will also vary. In fig. C, the mean daily radon concentrations in a living
room is shown for an eleven day period. These values have been found by
continuous measurements using an ionization chamber described elsewhere
(Sfcranden el ah 1978). The variations are mainly due to changes in ventilation
practice, but variations in atmospheric pressure and temperature may also
influence the concentration.

V 2 1 3 U 1 5 ' 6 7 6-9no 11
April 1573
F i g . G. M e a n d a i l y r a d o n c o n c e n t r a t i o n s in a l i v i n g r o o m d u r i n g a p e r i o d of e l e v e n d a y s .

Our earlier measurements have indicated that an equilibrium factor of about
0-5 is representative for most Norwegian dwellings. Using fig. 2, this suggests
that the mean ventilation rate in Norwegian dwellings (at least during the
winter) can be as low as 0-3 h" . Similar values have been found in Swedish
dwellings (Swedjemarh 1977). The calculations in this paper show that for
such low mean ventilation rates, an increase in the ventilation rate over a short
period of time may reduce the radon concentration and the lung doses to the
inhabitants considerably. If, for instance, the bedroom is properly ventilated
before the inhabitants go to bed, this may cause a reduction of the respiratory
dose of perhaps as much as 40% if the mean ventilation rate is low.
These calculations show that it is very difficult to assess the lung doses to
people from radon daughters inside duellings. To be able to calculate the
respiratory dose given by a building material with a high concentration of
1
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Veutilulioii, and litiapindury Doxf.

radium, knowledge of typical ventilation rates and the variations in the ventilation is needed, together with knowledge of t ha emanation rate from the building
matci ial. We will shortly be iism;.: [):•• mod- ' .-lio*. i; hi f hi.- jtaper t o o t h e r with
measurements of the ventilation rales lu cA-ulaie the consequences of a
reduction in ventilation rate for different ventilation systems. We also hope
to develop a programme for the measurement of radon emanation from
different types of building material. This will make it possible to evaluate the
consequences of using building materials with unusually high radium
concentrations.
UKSUMÉ
L'influence des variations tie taux dtt ventilation des pieces sur la dose rcajiiratoire d'haialatiou
d'elements de rculun
Des culculs thuoriqucs sont exposes sur la dusc nioyciinc rcapirtttoirc d'inhnliition d'elements
de radon a vie courto dans differentes conditions do ventilation. Ct'.-s enIcuU sont lanpoités aux
variations de pratique do ventilation pour difféiontcs periode.-; do tcnqis.
ZCSAMXIENFASSUXG
Zum Einfluss von VcrJindeiungcn der Vuiililiitionsgcåcltwindigltcit in Ktiumen auf die Atcmdosismengen, die durcii die Eiimtiming von Toclili'ivlemcnteii des Kiulons bedingt sind
Yorgestellt werden theorctisclie Bereclmungen der mitt luren Dosism engen in den Atcmorgniicn,
die c.urch die Eiuatmung von Tocliterelemcntcu des Kiidcns niit kui'ser Holbwertszeit Lei verscliiedenen Ventilationsbediiigungen im ttaum eingetrnyen werden. Die.-*e IJeiechniingen verden
in einen funktionalen Zusammeiiliang mit den Ainlerungeu der Fiiiuniventilk-iung in vorschiedenen
iieitraumen gestellt.
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RADON IN DWELLINGS AND LUNG
CANCER—A DISCUSSION
E. STRANDEN
State Institute of Radiation Hygiene, dsterndalen 25, Osterås, Norwuy.
[Receked 5 September 1978; accepted 23 Monk I979)
Abstract—A discussion of the lung cancer risk associated with radon exposure inside dwellings
is presented. The risk factors found for miners are discussed and modified according to the
lower mean breathing rates inside dwellings and the differences in atmosphere. Statistical
information on the lung cancer incidence in the Norwegian population indicates that a
"doubling exposure rate" of radon daughters inside dwellings may be about 2-3 WLM/yr.
This corresponds to a radon concentration of about 10-15 pCi/l. These values are used in
a discussion of the consequences of a future reduction of the mean ventilation rates in modern
houses.

INTROIHJCTION
MAN IS always being exposed to ionizing radiation from natural radiation sources; however,
this exposure .z not constant over time. The
largest contributor to environmental exposure
of the population is the dose to the respiratory
organs from inhalation of radon and its
daughters. In recent years building materials
with high radium concentrations have been introduced (Hu56; OR72); widespread use of
such materials may increase the exposure of
the population. In this paper we discuss the
factors thai may increase the radon concentration in dwellings and the consequences
related to such an increase.

(a) The fraction of unattached radon
daughters;
(b) The type of breathing, i.e. nose breathing
or mouth breathing, and rate and depth of respiration;
(c) Geometrical parameters of different
regions in the respiratory system and translocation and clearance or the deposited activity.

:

The dose to the tracheobronchial region in- j
creases by an increasing fraction of unattached '
:

Table 1. Observed mean annual rate of lung cancer incidence
among different groups of miners
Excess of luns cancer
per 10* persons
Lung cancer cases
Ref.
yr-WLM

Croup of
miners

THE BISK FROM EXPOSURE TO RADOM

It is now well established that uranium
miners who have long been exposed to high
levels of radon in mine atmospheres show an
increased incidence of lung cancer (Ar73; Se76; ;
Vi64; Bo70; Sn74). Table 1 shows the annual risks found by some authors. The latent period
for cancer induction is found to be about 20 yr.
Several factors affect the exposure-dose relation, for example:
L

Uranium miners
(Colorado. U.S.A.)
Uranium miners
(C.S.S.R.)
Fluorspar miners
(Newfoundland. Can.)
Non-uranium miners
(Sweden)
Iron miners
(U.K.)

Ar73

3.2 ± 0.S

Sc76

10 + 3

Vi64

2.2

Sn7-I

3.4

Bo70

6.0

1
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daughters, while the dose to the pulmonary gctically with radon is now accumulating and
region decreases. The fraction of unattached is supported by the observation that the latent
daughters increases markedly with decreasing! period for cancer induction appears to be 6
aerosol concentration and longer residence ! or 7yr less for smokers than for nonsmokers
time in air (Ja72). This indicates that there is i (Fr77).
a larger fraction of unattached daughters in inWith these uncertainties in mind, we may
door air than in mine air because of better ven- now evaluate the possible consequences related
tilation. Thus, at the same breathing rate, the to the exposure to radon daughters in dwelldose to the basal cell layer of the critical bron- ings. If we assume a linear relationship between
chial region is greater in dwellings than in exposure and effect, the annual lung cancer inmines per WLM of exposure.
cidence rate in a population group with mean
Pohl and Pohl-Ruling (Po72) estimated the age k can be expressed as
mean breathing rate for women to be about
LC =/£{fc - I)W(t)
(1)
two-thirds that of men. If •-"• divide indoor activity into 8 hr of sleep a... II hr of light ac- where/is the annual absolute risk coefficient'
tivity, we find that the mean breathing rate for per WLM/yr, 1 is the latent period, É is the
women is only about 20% of the breathing rate. exposure rate in WLM/yr, and N(k) is the
for heavy-working male miners, while that for number of persons in age group k. The total
men is about 30%. If we take into account the " annual lung cancer incidence rale in the popularger fraction of unattached daughters in' lation is then
dwellings and these differences in breathing
so
rates, the risk factors of exposure inside dwellLC = fÉ
£ (t - l)Nlk).
(2)
*
=l
ings may be somewhat lower than the risk factors for miners.
J
The risk coefficients found for miners are
All human data on radiation-induced cancer • shown in Table 1. The mean value is about
is derived from relatively high-level radiation. • 5 x 10" per WLM and year. In Table 2 wc \
Thus, we have no way of knowing whether or have calculated the total annual rate of lung.
not the linear dose-effect relation holds for cancer incidence per million persons for an
long-time exposure to low levels of radiation.; annual exposure of I WLM. These values are
Possibly, at low doses of radiation, the latent | calculated for latent periods of 20, 30 and 40 yr,
period for cancer could exceed the normal life • respectively, and a risk factor of 5 x 10" per •
span of the individual. One could then have WLM and year is used.
:
an "effective" or "practical" threshold dose..
In one of our earlier investigations (St78),.'
Bair's work on dogs that inhaled ' P u sup- j we found that the mean radon concentration j
ports this possibility (Ba70). The BEIR com-! inside a Norwegian dwelling was 1.3pCi/l.
mittee states that an inverse relationship.) when the outer walls were wood, 2.0pCi/l.
between cumulative exposure and the latent j when the outer walls were concrete, and,
period for cancer after initial exposure is 1.0pCi/l. when the outer walls were clay brick, i
observable among Colorado uranium miners
but that the effect is not very striking at the
present time (Be72).
Table 2. Calculated animal rule of tung cancer Incidence
per 10* persons for an annual exposure of 1 WLM
>
The relationship between cigarette smoking
and lung cancer induction by exposure to'
Latent period (yr)
Lung cancer per 10* persons
radon daughters is still not clear, but smoking'
20
94
alone cannot account Tor more than a fraction
30
«4
of the total number of cancers in uranium
40
28
miners. Evidence that smoking may act syner-1
:

k

6

6

2J
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A population average of 1.4pCi/l. was found last decades lias mainly been caused by an intaking into account the statistical data on crease in the group I tumors.
occupied private dwellings by type of building
Kreyberg (Kr69) concludes that the group
(Sta75). An equilibrium factor of 0.5 was found II tumors show "nearly the same frequency in
to be representative for the dwellings. For out- males and females in town and country, and
door equilibrium equivalent radon daughter they do not seem to have increased in number
concentration, we used the mean value of in recent years. They are probably caused by
O.0SpCi/l. given by UNSCEAR (Un77).
accidental events during development and/or
Spending 19 hr a day inside a house corre- in post-natal life." Oil the other hand, the
steady
increase of group 1 tumors shows that
sponds to an annual exposure of about
0.3 WLM. Using the values found in Table 2, most of these tumors are eau J by changes
we then find that about 30 cases of lung cancer in the external living conditions of the populaper million persons each year may be caused tion. In all Western countries, these changes
have been shown to be closely related to the
by radon in Norwegian dwellings.
smoking habits of the population; furthermore,
most or the increase in lung cancer has been
shown to be caused by tobacco smoke.
LUNG CANCER IN THt NORWEGIAN
POPULATION
Today there are about S00 new cases of lung
During the last 40 yr the annual incidence cancer each year in Norway. The population
rate of lung cancer has steadily increased in Norway is about 4 million; hence, this
(Cr73; Kr69). This increase has been found in means that the annual incidence rate is about
most Western countries and is closely related 200 cases per million.
Kreyberg found that 55% of all the tumors
to the cigarette smoking habits of the populawere of the epidermoid variety while 15% were
tion.
Kreybcrg has studied the aetiology of lung; of the small-cell anaplastic type. The corre..cancer and summarized his work in the book sponding v'afucs found among males wjre 62
Aetiology of Lung Cancer (Kx69). He found and 16%, respectively. These values are in good
that the ratio of lung cancer incidence among agreement with the values found for the conNorwegian men to that of Norwegian women trol group of Saccomanno et at. (Sa64).
There have been several studies on the histohas not been constant. In 1930 the sex ratio
was 1.1:1. Now it is about 4.5:1, which indi- logical types of Jung cancer among_uranium
cates that the differences are not linked to sex miners~(Sa64; Sa71; Ar74f P17JY Hot/)! We "
as such but to certain differences in external used to assume that ionizing radiation could'
living conditions. Kreyberg showed that the induce only (or predominately! small-cell unsex ratio was different for different types of differentiated cancer types, and that the relative
lung cancer. He divided the lung cancer types frequency of this cancer rose with increasing
into two main groups based upon the sex ratio. cumulated radiation exposure (Sa64). However,
Group I contained epidermoid carcinomas and recent works in this field have shown that there
small-cell anaplastic carcinomas; group II con-1 also may be an increased fraction of the epidertained adenocarcinomas, bronchiolo-alveolar • moid type of lung cancer after high-level expocarcinomas, carcinoids and bronchial gland) sures to radon daughters (Ho77). Horacek et
tumors. In group I males were markedly pre- at. (Ho77) conclude that the frequency of the
dominant; however, in group II there was sma!l-cell anaplastic type and the epidermoid
almost an equal representation of both scxer . type may be influenced by the level of cumuThe annual incidence rate of group II cancer lated exposure and the time course of the expohas been fairly constant since 1930. The strong sure in a different way. Their material indicates
increase in annual lung cancer cases during the that a lower total cumulated exposure or lower
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•nitial exposure was probably responsible for smaller than the number of cases that would
the increase of the small-cell anaplastic type be expected from exposure to radon. This may.
only, while the considerable rise of the epider be explained by the possibility of a synergetic
moid type appeared after higher total cumu effect between radon and tobacco smoke. If
lated exposure or after a high initial exposure. there is such an effect, then almost all the lung
From these findings, one may assume that cancer cases of the small-celt anaplastic type.'
most of the lung cancer cases induced by the in the total population may be caused by'
low levels of radon inside dwellings may be radon and tobacco smoke in combination. This
of the small-cell variety.
corresponds to about 16% of the total lung
In the present population of Norway, about cancer cases.
In a hypothetical nonsmoking population,
120 cases of lung cancer per million persons
each year may be of the epidermoid type, while most of the small-cell anaplastic tumors may'
about 30 may be of the small-cell anaplastic be caused by radon alone. This would be
type. How would the lung cancer situation be between 5 and 10% of the total lung cancer
I n a hypothetical nonsmoking population? i incidence expected in a nonsmoking populaJ
Doll (Do53) found the rates in the nonsmoking | tion.
population in England and Wales, which were !
From this discussion we may draw the fol-'
• fisted in Table 3, and Kreyberg found an lowing, perhaps rather speculative, conclu
annual risk of 40 cases per million nonsmokers sions:
!
in the age group 35-69 yr. If we take into'
account the age distribution of the population .
(a) When we use the values of risk factors \
(Sta75) and use the risk factors found by Krey- • found for miners, we find that most of the lung
berg and Doll, we find that in a hypothetical cancer cases of the small-cell anaplastic type '
nonsmoking population there would be may be caused by radon and tobacco smoke .
"" between 50 and 100 cases of lung cancer per in combination. This may indicate that '.he risk
million persons each year. Using Kreyberg's factors found in mines may be too high when
material (Kr69), we find that about 10 of these used for the low-level exposures in houses.
cases may be of the epidermoid type and about
(b) When using the risk factors Tor* smoking
5 of the small-cell anaplastic type.
• miners, we find that most of the lung cancer .
Earlier in our study we found that about 30 cases in the nonsmoking part of the population '
cases of lung cancer per million Norwegians is caused by radon. This indicates that the risk
each year may be caused by radon, and that factors for miners are certainly too high for;
most of these cases may be of the small-cell a nonsmoking population exposed to radon in \
anaplastic type. Comparing these values to the houses. This observation, Which is also made
values found in a hypothetical nonsmoking by Cliff (C17S), may support the theory that ]
population, we find that the actual number of there is a synergetic effect between radon and i
expected lung cancer cases of the small-cell tobacco smoke.
i|
anaplastic type in a nonsmoking population is
(cj If there is a linear relation between radon*
exposure and lung cancer, an annual exposure!
to 0.3 WLM/yr may account for 10-15% of fie i
total lung cancer incidences in the population.•
Table 3. Esttnuiletl annttal death rale from lung cancer per ' This corresponds to a "doubling exposure rate"V
1 0 notiHtnokert {from Do53)
of between 2 and 3 WLM/yr. If we assume that
England and Wales
Age groups (yr)
i people spend 19 hr a day indoors and that the,
Rural and urban
25-44
45-64
65-74
\ equilibrium factor is 0.5, the corresponding!
,—,
— i
radon concentration will be between 10 and'
Ram
0.031
0.070
0.509
I
ISpCi/1.
J
:
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weight concrete containing alum shale has
been used until recently (Hu56; Sw77). These
The radon concenlration inside a dwelling materials may contain more than 50pCi/g of
is dependent on the radium concentration and radium. Gypsum made from phosphate by
porosity of the building material as well as the products has also been used as building mater
ial (OR72). This gypsum contains about
ventilation rate.
The radon concentration inside dwellings in 25 pCi/g of radium. Even though gypsum and
the Scandinavian countries has been increased "lightweight concrete do not have the same
during the last decades because of the use of radon emanation per unit activity as ordinary
better insulating materials. In the future, we concrete, the radon concentration inside build
will probably increase the use of such materials ings constructed from these materials may be •
to conserve energy, which would mean a at least ten times as great as the radon con
further decrease in mean ventilation rates and, centration inside buildings with outer walls of
consequently, an increase in radon concen ordinary concrete.
tration. Our earlier measurements (St78)
showed that the radon concentration inside a
CONCLUSIONS
dwelling varied by a factor 4 during the same
Even though presently the radon concenday because or variations in the ventilation/ tration inside most Norwegian dwellings is
In a closed room in a basement we fountT fairly low, the exposure of the population from
a radon concentration of between 30 and inhalation of radon daughters may account for
50 pCi/1., even though the radon supply per about 10% of the total lung cancer incidences
unit was not extremely high. A drastic reduc in the population.
tion of the ventilation rate may therefore inThe mean radon concentration for Norwecrease the radon concentration considerably. • ;
dwellings is lApCifl., although we have
In our measurements we found radon concen found dwellings with radon concentrations of
trations greater than 5 pCi/l. in 5% of the con more than 6 pCi/l. Future energy conservation
crete buildings. The maximum value found in will probably necessitate the development of
brick buildings was 5.8 pCi/l. and even in better insulating materials and new methods
wooden buildings we found values asjiigh as .. of ventilation, e.g. recirculation of air, etc. This
"3.8pCi;i. These were all fairly modern dwell-j will increase the radon concentration inside '
ings. This indicates that an overall reduction J dwellings, and concentrations of about 5 pCi/1.
in the ventilation rate because of better insulat- .• may not be uncommon, even if the radium ]_
the ventilation rate because of better insulating concentration of the building material is fairly
materials may well double the radon concen low. As a result, the number of lung cancer
tration in Norwegian dwellings. Because of cases in the population may increase by about
urbanization, the number of people living in . 30%.
concrete buildings will probably increase in the
If we accept the use of building materials
future, and this will also cause an increase in with high radium concentrations, we must take
the population exposure to radon and its j these possibilities into account. We therefore
daughters.
feel that it is necessary to be very prudent
We are now measuring the radioactivity in j about introducing artificial building materials
building materials used throughout Norway. with radium concentrations much higher than •
The preliminary results indicate that the aver- the concentrations found in "natural" materials
age radium concentration in ordinary concrete ; like concrete and clay brick.
is about 1 pCi/g. The radium concentration in Ackmmtetlgement—The author \visr._s to thank Dr. \
brick and a light, expanded c'ay aggregate is' Finn Devik of the State Institute of Radiation ;
;
about twice that of concrete. In Sweden light- Hygiene for valuable help and discussion.
FACTORS 1 HAT MAY INCREASE THE
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ABSTRACT. Measurements of t h e radioactivity in some common building materials in
*\ -ivny «ro reported, together with culculution.-* of the y-rny exposure from wnlU of
different materials. Model rooms mo used in calculations of the menu exposure inside
concrcto, brick and light.weight expanded clay aggregate buildings. These calculations
give very good agreement with previous experimental results. The radiological
implications of using building materials with high concent rations of radioactivity are
also discussed.

1. Introduction
Radioactive nuclides have always been present in the natural environment.
The main natural contributors to external exposure frtnn -/-radiation are the
members of the radium and thorium scries together with K, nuclides which
are universally present in small quantities in the earth and in building materials.
Following the advent of atomic energy, there lias been a rapidly growing
interest in the natural gamma background, and since 1!>">0 there lias been a
growing interest in indoor radiation and in the radioactivity of building
materials (Hoathcr ID52, Gabrysh and Davis MJ35, Hultfjvist ]!).">0).
In Norway, Storruste, Reistad, Rud jord, lMhler and Liestol (Jfl(i5) carried
out countrywide measurements of the y-radiation inside 2U2f> dwellings. L sing
the values found by Storrustc et al., and our own outdoor measurements, we
have assessed the population average gonad dose from environmental yradiation in Norway to be 48 mrad per year (Struiden 'U77). The mean outdoor
y-dose rate in air was found to be 7-3 jiradh . We had also made some earlier
measurements of the radioactivity of +lie main building materials in the Oslo
area together with indoor and outdoor y-measttrcinents (Stranden 1076).
During the past few decades several building materials have been introduced
with relatively high concentrations of radium. Hiiltcjvist (IflaO) reported that
light-weight concrete containing alum shale may contain about SQpCig' of
radium. In recent years by-product gypsum from the phosphate industry has
been used f*s building material (O'Riordan, Duggan, Rose and Bradford 1972):
such materials may contain 20-30 pCig- of radium.
Other building materials with high concentrations of radioactivity may be
introduced in the future. These materials may be cheaper than traditional
building materials, and there may he large social and economic advantages in
using them. It is therefore important to be able to evaluate the radiological
,U
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implications of a widespread iise of such materials. In such evaluations the
following parameters «re needed:
(1) Radioactivity In traditional building materials and the radiation inside
traditional buildings. This will represent a reference level.
(2) Typical use of the new material.
(3) Means of calculation of the y-radiation inside rooms for a given concentration of radioactivity in a given material.
In this paper we present measurements of the radioactivity of somo
traditional Norwegian building materials, together with calculations of the
Y-radiation from walls of different densities, thicknesses, etc. Evaluations of
the theoretical exposure rate inside concrete and brick buildings in Norway arc
compared to experimental results found by Stomiste et al. (1965). The
biological implications of a widespread use of different types of materials with
high concentrations of radioactivity are also discussed. For radiological
evaluations of building materials assessments of the respiratory dose from
radon are also needed: and such evaluations will shortly be reported.
2. Calculations of the exposure from radioactivity in walls
The exposure rate from a y-source may be written as

* «-££>•(£*> « r ø

(1)

Pa i

where £ is the exposure rate, p is the density of air, E is the photon energy,
/x is the linear energy absorption coefficient in air, <I> is the flux density of
photons and k is a proportionality constant. The flux density from a point
source in a medium may be written
a

i

ft

*

W

=

^•WEft-Z-^-Hn.m-s)

(2)

where B(E s) is the build-up factor, Ji is the activity of the source, I is the
distance from the source, ft is the attenuation coefficient in the medium and
s is the distance the photon travels through the medium. For a uniform source
distribution in the medium, the exposure rate at a point P is then
it

m

* - ^s*i-ffW-M«,i f *(g„*)

exp(

(g )J)

-£" ' dr

(3)

where A is the activity per unit volume, X(E ) is the number of photons 'with
energy S emitted per j>rimar3 disintegration and V is the volume of the
medium. In fig. 1 the geometry used in our calculations is shown. From this
figure wo see that
t

r

t

i

p(x, Y,Z) =

(x -x )-+(y -y ) +[z ,-z^
r

a

P

0

I

and
s{X, Y,Z) = {Y '+l[X -X )"+
{Z -Z mY l(Y .-Y )f}K
Trubey (1000) has published a survey of empirical functions used to fix
gamma ray building factors. In our calculations wo used the linear form of
Q

P
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P
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build-up factor:
B(E,s) = l+*{E)n (£:)-s.
(4)
WD used a onc-mean-free-path fit for <x{E) for concrete, and all our calculations
are related to 'concrete-like' materials with different densities, The differences
in chemical composition of building materials are small, and the use of the
composition of concrete will not give significant errors (Koblinger 1978).
m

Fig. I. Wnll geometry.

Values of the mean absorption coefficients were taken from the Radiological
Health Handbook (1970). The gamma lines used in our calculations are shown
in table X. The basic radionuclide characteristics were adopted from NCRP
(1970), and to reduce the quantity of data, we summed groups of y-lines and
used mean values in these groups. The calculations were performed by standard
numerical integration methods. In the examples which ave shown in this
paper, we have run the integration until an error of less than ± 5% ^'as obtained.
This jnodel is valid when there is equilibrium in the decay chains. When there
is a large radon emanation, this may overestimate the gamma dose from the
Tabic 1. Energy distribution of emitted gamma rays
used in our calculations
Energy
(MoV)

X! mber of photons per
P' mnry disintegration

Thorium series

2-61
1-57
0-63
0-70
0-50
0-34
0-23

0-359
0-113
0-506
0-141
0-430
0-194
0-03(1

Radium aeries

2-24
1-74
123
065
0-31

0078
0-241
0-333
0-537
0-640
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radium series by as much as 20% (Lovborg, Bøttcr-Jensen and Kirkegaard
197S). The program was tested against Monte Carlo calculations performed
by Koblinger (197S). Tlie results are shown in table 2 aud, as seen, agreement
is very good.
3

Table 2. Specific exposure rate in a 4 x 5 x 2-S in room.
Concrete walls are 20 cm thick
_I

Specific exposure rate (iiR h-'J/fpCi jx )
a

Reference

«K

'«Ku

" Th

Kobliugcr (1978)
This work

0-331
0-33

3-91
3-9

4-3:1
4-7

We also calculated values of the gamma radiation inside a living room with
concrete walls having known concentrations of radioactivity, and compared
this to experimental results. The measurements were performed by a Reuter
Stokes Knviranmental Monitor, and a value of 3-0 sjiltlr* was subtracted for
cosmic radiation. The calculated values found were all within + 15% of the
experimental results and. taking the uncertainties into consideration, the
calculations seem to be fairly correct.
We now discuss some of the calculations which we performed.
The gamma radiation from walls is strongly dependent on the thickness of
the wall and the density of the building material. In fig. 2 the exposure rate
1
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Fig. 2. Exposure mto from a 0x2-5 in* wall at a distance of 3 in for different ctensittrs
and thicknesses.
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i» sli onn iw a lunet lon of wall llnckuess for different (|cn>itii'« of building
materials. Tl 10 calculations uro carried out fur a distant-*» of Bin along the
axis of n li m x 2*.*i tn wall. It eim bo soon timt tite* i> x fm* ti rc from nu internal
wall of gypsttm of density 0*8gcm~ uml thickim» 7-5 cm (O'ltiunluu ti al.
1072) will bo only about 20% of the exposure from a 20 cm thick concrete wall
of density 2-35 g e m * considered to have the same concentration of radio
activity. In Xorway internal gypsum H*A?IN HIW ofton constructed of two sheets
nbout) cm thick with insulating materials in between. Tlu* exposun» from such
walls will only bo n few per cent of that from a solid concrete wall.
Calculations similar to these may be net-dect in evaluations of nea building
materials. To be «bio to calculate the exposure inside Norwegian dwelling*
with walla of traditional material» the following nu '-'I was adopted. Kor
concrete will* (a) the room is 9 x 5 x 2-5 in ; (b) three *. lis. the floor and the*
ceiling are made of concrete» one short wall is neglected .» allow for windows;
and (c) the Jloor and ceiling arc 2» cm thick and the three walls are 20 em thick.
This will give values representative for a dwelling in a modern block uf flats.
Uriek and light-weight expanded clay aggregate (i,f:c.i) ait* only used in
walls. In calculations- of the c.\)K>.surc inside dwellings with walls of brick and
I.KCA, we considered tho floor and ceiling to be made uf concrete with the
usual mean radioactivity concentrations. In table 3 the spt-i-ifie exposure rates
used in the calculations arc shown.
a

3

1

Table '.1. Specific exposure rates inside the mod *! rooms
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Radioactivity of Norwegian building materials

In in earlier paper (Stranden 1»7G) we reported values of the radioactivity
in building materials in the Oslo area together with measurements of the
gamma radiation inside dwellings and in free air. In the past year we have
measured the radioactivity of the main building materials used in the various
districts of Norway. Concrete is produced locally throughout the country,
while brick, LECA and gypsum plates arc only produced in a few factories.
The measurements were performed by a 7-0 cm x 7-(S cm Xal(Tl) detector
connected to a Canberra Model 8100 multichannel analyser. The equipment
was calibrated against standard samples of known radioactivity content.
Details of the experimental procedures arc reported elsewhere (Straiulcii 1970).
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Fig. 3 shows n map of Xorway with a division of the country into districts,
hi table 4 the concentrations of radium, thorium and K in concrete, brick nnd
LECA for these district» ure listed together with the values of the *;-ray
exposure calculated according to table 3. lu fij,'. t we show the number of
measurements ]ilottcd against activity for the whole country, and in fi». ".> the
corresponding y-rny exposures are shown.
W

j

Table 4. Specific activity of some building materials and induor *,-ray exposure
rates inside buildings in different districts of Xorwnv
Alntcritil
nnd
district
(lis- 3)

4&

%rA[

I I

Concroto
I
II
III
IV
V
VI
VII
VIII
IX
X
XI

v* \
X \
K

#

V I I

1

S

r> r
m\
"$~ ,'•!... \

rS$

••. \ '' \

1#

f-'ig. ^Cy
3. Map

All d i s t r i c t s

of

Xumbor
of
samples
11
13
12
1»
ID
1(1
12
10
II
13
10
137

.Spocifil a c t i v i t y (pCi

(!-')

Exposure

(uli h-'>

"K

•»I!il

"Ill

?0-l
ll.-j
lii-S
17-9
17-7
13-4
(Ml
12-1
I.VU
23-11
23-9

10
0-72
0(17
0-75
001
0-77
0-29
0-4(1
0-37

0-911
0-90
104
OSS
1-23
0-70
II .Ili
0-112

12-7
10-5
III.
Ill»
12s
SIS

or.»
1-2
1-4.7

7-11
J-l-2
15-j

o-ss

our.

.!•»
7-3

17-J7

0-7.)

our.

11 -1 .-•

Brick
All d i s t r i c t s

18

30-7

1-7

2-0

12-3

LECA
All d i s t r i c t s

12

21-9

1-4

1-5

10-7

Norway with
the districts
iru'fcattitl.
-1

In Storruste et al. (19G5) mean values are quoted of 11-4 u,Kh for concrete
buildings for the whole country and 13-3-iRn for brick buildings. These
values seem to be in very good agreement with our results. 'j?he district
variations also reflect the outdoor exposures which wc measured earlier
(Stranden 1977).
-1

4.

Organ doses
Calculations of organ doses from external gamma radiation must take into
account the shielding effect of the body. Several authors have reported values
of conversion factors from air absorbed doses to organ doses, and some of the
results arc listed in table 5.
Spiers and Overton (1962) measured attenuation factors in a water filled
phantom. The factors they found most probably indicate the ratios of air
exposure estimates at the two locations, assuming no complications in Geigcr
tube response due to changes in the energy spectrum in air and at depths
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Fig. 5. Number of samples in each intiTVnl of calculated exposure rate in concrete
buildings.
Table 5. Organ-dose to free-air-dose ratios for
environmental y-racliation
Irradiation geometry
Organ
Te.it w

Ovaries
Red bone marrow
Lungs
IV'holo body

3fff

2ff+

0-7fi
0-C3

0-80
0-77

f Spiciw and Overton (1902).
{Bennett (1070)
jj O'Brien and Sanna (1E17G, 1978).

Jletm for
indoor*
and outdoors^
0-S2
0-09
0-01
0U8

92S

Erling Stranden

within the phantom. The ratio of organ absorbed dose into to fret' air absorbed
doso rate is obtained by multiplying tlio phantom results by an average value
of 0*90 to obtain the tissue absorbed close aml multiplying the free air exposure
by 0-809 to obtain the free air absorbed dose. The values listed in table JS are
modified according to this.
Bennett (1970) used analytical transport theory to calculate conversion
factors from five air absorbed doso to gonadal absorbed dose for environmental
Y-rndiation. The values calculated were based on 10 incident flux directions,
which were assumed to represent the irradiation directions from environmental
y-radintion.
O'Brien and Sanna (197G) used three-dimensional Monte Carlo calculations to
evaluate ratios of organ absorbed doses to free air exposures. The calculations
were based on the mathematical model of Snyder, Ford, Warner and Fisher
(l'JGi)), the so-called 31 HID phantom, and values for the rud/U factor for several
organs were reported for an isotropic radiation field. Jn a later paper the same
authors have made corrections for the effects of the male-female body size
difference on the absorbed dose rate distributions (O'lSricn and Sanna IH7S).
The values found for females tend to be higher than for males: the overall
effect was found to be about 1U%. For most organs this means that the use of
a hermaphrodite model results in a «% underestimate in population dose
values. For the uterus and ovaries the underestimate is, of course, the fu!l 10%.
The values listed in tabic o are modified according to this.
In the following section, we use calculations of organ doses to evaluate the
radiological implications of using materials with high concentration of radio
activity as building materials.
5. Risks associated with the use of building materials with high levels of radioactivity
If a building material with high concentrations of radioactivity is introduced,
it is important to be able to quantify the drawbacks to its use. A way of looking
at this is to assess the increase in cancer risk associated with the use of the
material. As mentioned earlier, the radon problem will be left out of this
discussion, and we only discuss the effects on the total cancer risk from external
radiation.
Let us first consider building materials with tbe-samc concentrations of K
and Th as Norwegian concrete, and a R a concentration of lOpCig" . If
we use the model rooms given in table 3 we may evaluate the increment in
exposure rate and annual whole body dose received in rooms built of such
materials. The increment referred to is taken ns the increment above the
population averaged exposure rate of 9-1 u H h which we find in Norway
today. For brick, LECA and gypsum we have calculated the exposure rates
in rooms when the walls are made of these materials and the floor and ceiling
are made of ordinary concrete. The annual whole body dose is calculated using
the whole-body-dose/frec-air-dose ratios given 03' O'Brien and Sanna (1970,
1978), and the assumption that people spend 80% of their time indoors. The
values found in these calculations arc given in table C.
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In ICKP publication 27 (1077), values of the total cancer risk arc estimated
for males and females of different ages. These risk estimates are shown in
tabic 7. From these values, it is possible to evaluate the increment in annua)
Table 0, Increment of exposure rale and annual whole body dose indoors
•compurcd to the mean value of 0-1 p.Rh~ (Strandcn 1078) for materials with
l O p C i g of radium, 17-0 p C i g of K and 1 p C i g of thorium. The annual
increment in cancer is also estimated
l

-1

-1

40

-1

Increment in:
Exposure» r a t e
A n n u a l clone
Cnncci*
([iR h*" )
( n i n t d p e r yeitr) (per J0* peiwons)
1

Mut orm I
Concrete
Brick
I.KCA

32-0
IM
7-2

13">
41
30

13-5
4-7
3-0

Table 7. Variations with ago and sex of the induction of a malignancy
Avcrugi- t o h i l
(|0-8

J V ) n

-ij

Males
Females

Agu g r o u p
is

on

2;1

3<J

3".

40

4-'»

0(1

55

0U

Total

1UU
150

OS
150

95
147

90
142

84
133

70
124

V>:>
1 11

4!i
113

3fi
Oil

IS
l!>

72
127

cancer incidence in a given imputation for widespread use of building materials
with high concentrations of radioactivity. In table 0 such values are listed
together with the exposure rate and dose increments.
In an earlier paper we compared the indoor and outdoor exposure rates
experimentally (Stranden 1970). These picas u rem cuts showed that if the
radium concentration in concrete was lOpGig** and the concentrations of K
and Th were negligible, this would lead to an increment in whole body dose
of about 93 mrad per year above the dose that would have been received if the
indoor and outdoor exposure rates were equal. The mean outdoor exposure
rate in Norway was about 8-4 fiE h " (Strandeu 1977). Using the model room
given in table 3 for concrete buildings we find that the corresponding increment
would be about 100 mrad per year. This indicates that there is good agreement
between these two studies.
1
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6. Conclusions
The radioactivity concentrations in the main building materials in Norway
are relatively low. The population-averaged annual whole body dose to the
Norwegian population from environmental gamma radiation is about 4S mrad
but this may change with time if building materials with high concentrations
of radioactivity are introduced.

USO

Building
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Radiation

The calculations and experimental results presented in this paper should he
useful in assessing now building materials with high concentration* of radio
activity. The calculations are in good agreement with experimental results
and the theoretical model presented in this paper seem to be it useful tool in
the assessments of gamma doses from building materials.
1 wish to thank Finn Uglctveit at the State Institute of Kadiation Hygiene
for performing the numerical calculations.
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En In it) net ion
Tills paper describes :i simple two count method
for itetenniiKitinn *if llie working level (H7.) of
radon :uul t ho run daughters with unknown daitghtcr equilibrium. This method may he useful for
simple field measurements hoth in houses and in
mines. It is- a modification of the one-eounl method
developed by Hurley and Pasiernaek (Haft?) for
determining ration daughter H7, when daughter
equilibrium is unknown. We have also used the
same procedure for determining thoron daughter
11'/.. This method is thus a two-count method for
determining the U7, for hoth radon and thoron
daughters with unknown daughter equilibrium.
Theory
The definitions of the H7. unit for radon and
thoron daughters arc given in Table I. If (lie
daughters arc in equilibrium with their mother
nuclide, a radon concentration of IOOpCi/1. or a
thoron concentration of 7.5 pCi/i. will produce al
pha cnerny of I W'l..
As seen from Table I. K:iA. RnC. ThA and T h C
are alpha active, .so in fact when measuring alpha
activity on the filler, it is the activity of these
nuclides that is being measured. Tables 2 and .1
show calculated alpha activity on the filter for
sampling times of 10. 3(1 and 60 min at various
times afler Ihe end of sampling. The alpha activity
is expressed in dis/min for a sampling rate of
1 l./min and an air concentration of IOOnCi/1. of
r:idon daughters ami 7.5 pCi/I. of thoron daughters.
In a two-count method the daughter concen
trations in WL ma) be expressed as,
VV7.
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in H7- or radon and thoron daughters respectively;
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I lie filter in t l i V m i n in [lie c o u n t i n g period ( I ) a m !
{2), respectively; V - itamplcil air v o l u m e ; ami F, ,
a n d /-V. = factors It» c o n v e r t f r o m alpha dts/inin t o
\YL,
In the expression for the Wt* o f t l i o r o n daugh
ters, w e have assumed that the counting period (2)
is started so late that the alpha a c t i v i t y f r o m radon
daughters is nce.h'.uible. Por a counting period
starting 5 Itr after the end n f sampling: this may not
ah.vav.s he t i n e , as w i l l he discussed later.
<t

NOU

IM.-4K*

( V i UH"
I I I min

Ml M>
Ml Ml
' I I Ml

<li.HI

Ml-Mt
IIP. M l
'<> U )
Ml M I

'""'

IVII.-.(

Ctlmli

Wll

1NI

'l";3

, . / . , - m i -.ImJ.»

/,.

S
111 IN

•S.1S B

' i.

,,,,.„ in

K

:S ii-si

J-v

S4
l i i'
•tr.

14.!

HE5:

II ' j j i ' S i

H j

The factors l-'u, aml /-'i!., me jiiven by Ihe
c.xpicssion.s
F„„ -

A • F. + H • /•'. I- r • F
(KID- 7 )(l.05-7'; + J . | f , - F , + 3.8(1 • /.y • 10''
4

,

2

<>
A ('.-+ (I •/•", I-C • p,
f , „ - C7.5 • r)|(I.I22- /--. + 0.lllT6T-/^jr

where T - .sampling time: / j . /•'. anil I\, - the ralio
of Ille air concentrations in pCi/l. of RaA fTllA),
Rail (Thli) and P.aC (TliO to that of the mother
nuclide anil A, li anil C — Che activities <:iven by
Tables 2 ami 3.
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In Table -1. values of l' „. I',„ ami k aif pi\en
for dilkfenl sampling times ;tiul different counting
pcripJ**. 'Ihe values of /•'».. amt i\„ will give an
circr *•'. *5 > fot r*,it Hfriinni fcivlors ninging fioni
l/l/l to l/U.I/0.01. Hiis indicates thai the nicllio.1
may be used in tlctt-i ininini: [tic H7. of thoron and
radon daughter will) unknown daughter equili
brium in a simple ami f;iirly accurate way.
tt

r
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thtn-lhm Limits
In Table 4 we have also indicated lhe "minimum
delectable true activity" (AI63) fur llmroii daughlers. l-'or these calculations we have nii'de the
following assumptions:
(1) The background counting rate is well
established and is 0.3 cpm.
(2) The counting efficiency is 25%.
(3) The air .sampling rate is lOI./min.
(4) The maximum acceptable risks for type 1 and
type I! errors' are taken as 0.025.
In l-ig. I. the "minimum detectable tine
activity" or radon daughters expressed in Wl. is
shown as a function of the thorun daughter con
centration.
Taking into account the working hours, the most
practical counting periods will probably be 5060 nvn after the end of sampling and 300-3nf* min
or I200-I2MI min after the end of sampling. When
the radon daughter concentrations are larger than
the thoron daughter concentrations, the expression
for thoron daughters given in Eij. (I) will be
affected by the radon daughter activity in the
cotmting period 300-360 min lifter sampling. In
big. 2 the correction factor Tor this counting time
for different nominal ratios between radon and
thoron daughter Wl. is given.
Experiment:il Tests
The method was tested by making ten
measurements at different sites in a house will)
outer waits of wood. Wc used a .sampling time of
30 inin and the air was sampled at 13l.min. The
alpha activity of the filter samples was measured
by a ZnS probe connected to a single-channel
analy/or. The counting efficiency was 22/? and the
background was 0.5 cpm.
The decay of tin alpha activity on the filters was
measured, and the nominal values of the thoron
daughter concentrations for different counting
periods were compared. In Table 5 the nominal
*Type I error states that true activity is greater
than zero when, in fact, it is zero. Type II error
stales that true activity is zero when, in fact, it is
greater than y.cto (AJ63).
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l iti. 2. Correct inn fiuMoi lo he used for the
expression of H7.,,, in formul;i {f) us ;i function of
the W!. „ lo H7.,,. r:tlio.
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K-lween tf>c* values it|»t.'iiK*«l.
'I he iiiLNtMiu'tru'iiK iiKit imliciilc that lliK
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THORON AND RADON DAUGHTERS IN
DIFFERENT ATMOSPHERES
ERLING STRANDEN
State Institute of Radiation Hygiene. Osterndalen 25,1345 6steras, Norway
• (Rectived 24 April 1979: accepted 2 October 1979)
Abstract—The radon and thoron daughter concentrations in different atmospheres are
discussed in this paper. If the daughter concentrations are expressed in WL, the
calculations show that the thoron daughter concentration may well exceed the radon
daughter concentration. This has also been verified by a few experimental results in
basements. In dwellings. lining materials on walls andflooract as a shield for the thoron
exhalation, but even in such houses, experiments show that the thoron daughter concen
tration may be significant
INTRODUCTION

;

IN RECENT years, several studies on radon
(^Rn) and its daughters in mines and in
dwellings have been performed (St79a; To72;
Sw77; CI7S; Po69; Lu7I; Ar76; 5«76)..
Investigations of mortality from lung
cancer in uranium miners have shown a
higher probability of lung cancer in these
miners than in control groups (Se76; Ar76;
Lu71). The same effect has been shown
among non-uranium miners (Vi64; Bo70;
Sn74). There are great discrepancies in the
risk estimates in these investigations. There is
a factor of four to five between the lowest
(Vi64) and the highest values (Se76).
Studies on levels of thoron (rY-n) and its
daughters and the biological effects from in
halation of these nuclides are few. Some of
the discrepancies in the risk estimates refer
red to above may be due to differences in
thorcn concentrations. In areas where the
thorium concentration is high, the thoron
daughter concentration in mines may be
higher than the radon concentration. We
therefore feel that there is a need for more
investigations in this field. In this paper, we
discuss the radon and thoron concentrations
in mines and dwellings ar.; the influencing
factors.

THE EXHALATION OF RADON A N » THORON

. The exhalation rate of radon or thoron per
/unit area of walls of finite thickness may be
expressed as (Cu76; Jo77):

m

; where E = the exhalation rate of radon or
' thoron (pCi m sec"'); 5 = the porosity of the
medium; / = the production rate of radon or
i thoron in interstitial volume (pCi cm" sec" );
k* = the effective diffusion coefficient
(cm sec"'); A " = the decay constant of radon
or thoron (sec"'}; and d = the thickness of
wall (cm).
The production rate f> is (Kr71):
2

5

2

1

1

.

..

8

(2)

where C = the concentration of ^'Ra or
"Th (pCig-'); A = the decay constants
(sec" ); p = the density of the medium
(gem" ); vj = the emanation factor, i.e. the
fraction of thoron or radon entering the in
terstitial volume: and S = the porosity of the
medium.
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If the wall is a few centimetres (hick and if
we assume that the emanation factor is equal
for thoron and radon, the ratio of Ihoron
exhalation to radon exhalation will be:

,_Cn. / / A x A - i

, CZV\*Z)

i

tgh(d/2R)

«

where R = V(fc>Mmi) is the relaxation length
of radon in the medium.
When the wall thickness is infinite, as in
mines,
ET* _ Cn
-^Rn

/f ATIA^-j-j CTT,

Cjt, V VAR,,/

necessary. Furthermore, one must distinguish
free and attached decay products (Ja72;
Por78). Radon and thoron daughters attach
quickly to any particles or surfaces such as
aerosols, walls or furniture. The radioactive
aerosol itself deposits by sedimentation and
diffusion; therefore, in a room no radioactive
equilibrium exists in the decay chains. The
attachment rale X of particles depends on
the attachment coefficient 0(d) (d = particle
diameter) and on aerosol concentration. For
atmospheric aerosols with a size distribution

... •

Cit,

Values of the relaxation length for radon The attachment rate can be written:
have been reported by Krisiuk el al. (KrJJ)
and Culot el al. (Cu76). For most building
X = \\z(d)p{d)5d.
materials, the relaxation length is about
Jo
10 cm, and this value has been used in our
Porstendorfer el al. (Por7S) have indicated
calculations.
Thoron exhalation will be . significantly that a value of X - 2.4 x IO" sec"' may be
reduced if there is any lining on the walls or representative for particle concentrations in
floor. Even in mines there may be such a the range 2 x I0 20x 10' per cm'." The parti
reduction because of the water vapour con cle concentrations in houses may, however,
be as low as 10" per cm', and thus the
densed on the wall surfaces.
attachment rate will be smaller.
i The rate of deposition in a room may be
expressed by the deposition constants q
AIR CONCENTRATION OF RADON AND
and <jf , where (J) and (a) indicate the free
/
THORON DAUGHTERS
and attached daughters, respectively. The
The concentration of radon or thoron in the values of the deposition constants may be
air of mines or rooms may be expressed as derived from the following expression O-JTl):
2

s

r

u>

V)

c

ti>

m

q'-> = v,"'FI V, q =

(5)

=

A"' + A,,

v^Fl V

(7)

where v
the deposition velocity; F = the'
where a" — the radon or thoron supply to a area of the room; and V - the volume of the
unit volume of air per unit time; A = the • room.
decay constant of radon and thoron, respec-:
A representative value of F/V for rooms
tively; and A„ = the ventilation rate (hr~'>.
i may be about 1.8 m"' (Kr71). For mines,
For ventilation rates commonly found in however, this may not be true. But for the
houses and mines.
present discussion this will not be of great
importance. Values of r,,'* = 10" cm sec"
and u," = 0.4 sec"' (Ja72) were adopted in our
C T „ = f E ! and CR„ . A" a, ".
(«)
calculations.
Am
In these calculations, the recoil factor must
To be able to evaluate the dose to the res be taken into account. This factor defines the
piratory organs, knowledge of the concen probability of whether or not an attached
tration of radon and thoron daughters is radioactive atom will desorb from its host as
q

1

01

1

1

J
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rate is 5 x 10"* sec"'. For dwellings we have
assumed, (1) the walls arc 20 cm thick; (2) the
attachment rate is 2.4 x JO» sec"'.
We have not taken into account the shield
ing effect of wall paper, etc. in these cal
culations, but a few millimetres of lining
material on the walls may reduce the values
of the ratio in dwellings by at least an order
of magnitude. In the calculations we have
assumed that the emanation factor is the
same for radon and thoron, and that the
,„ AjCft + n-iAiCB
thorium and radium concentrations in the
walls are equal.
' ~ A,+ A + * + «<»
values found for mines may be correct
;
<s>: forThe
r ,.,_(i-n-.)A,ci;>i + xc i '"
dry mines. When mines are wet, much of
'
" A. + A, + <j(a)
j the radon supply may come from water, and
then the ratio shown in Fig. 3 is too large.
where A; = the decay constant of daughter However, it is possible that the thoron
No. i; A, = the ventilation rate; and r = the daughter concentration in dry mines may
recoil factor.
i exceed the radon daughter concentration.
In this equation we have neglected the
SOME MEASUREMENTS IN DWELLINGS
contribution frorr the outdoor air to the in
AND BASEMENTS
door concentration.
From the concentration of radon and
In an earlier note (St79b), we described a
', thoron daughters the concentration of poten- simple two-count method for determining
• tial a-energy in terms of working levels (WL) radon and thoron daughter concentrations
: may be calculated. The relevant numerical when the daughter equilibrium is unknown.
parameters for calculations of the WL are The sampling time used in the measurements
' shown in Table 1. From these definitions and described in this paper was 30min, and the
from equation (8), we have calculated the . radon and thoron daughter concentrations
equilibrium factors for radon and thoron were calculated according to the following
daughters for different ventilation rates. (The formulae:
equilibrium factor is expressed as the number i
: of WL for a radon concentration of 100 pCi/1. '
I or a thoron concentration of 7.5 pCi/l.)
Another parameter that is of importance j
! for dose calculations is the free atom frac
tion, /,, of potential a-energy. Values of / ,
are plotted in Fig. 1 and Fig. 2, together with :
; the equilibrium factors for radon and thoron : where WL „ and WL „ = the concentration
daughters, respectively. The values are given • expressed in WL for radon and thoron
for three different values of the attachment daughters, respectively; /"' and I " = the
mean o-activity on the filter in dis/min in
rate. X.
From equations (3), (4), (6) and (8) we may counting periods (1) and (2); V = the sampled
air
volume; F „ and F „ = the factors to
now. calculate the ratio of thoron daughter
concentration expressed in WL to radon convert a-dis/min to WL; and k = the ratio
daughter concentration for different atmos of the counting rate from thoron daughters in
pheres. In Fig. 3 we have made these cal period (1) to thoron daughters in period (2).
culations for two different atmospheres. The = The factors in formula (9) are shown in
parameters used for mines are: (1) the walls .- Table 2 for the following counting periods:
have infinite thickness; (2) the attachment • 50-60 min, 300-360 min, I200-1260 min and
the consequence of an u- or /3-decay. For the
p -decay, the recoil factor may be neglected.
For the a-decay of RaA ( ''Po) and ThA
( "Po), a factor of 0.5 was used by Jacobi.
(Ja72). Mercer (Me76) studied this recoilprocess and determined a recoil factor of 0.83"
for the o-deciy of RaA. In our calculations
we have adopted this value.
The concentration of the ith daughter may
now be expressed as (Por78):
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0.Il3xl0

5
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Po)
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0.00

1.306xl0
1.3X10

S

1.00

p b )

7

sec.
Total
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300-1200 min after the end of sampling. The may well exjeed the radon daughter concen
minimum detectable true Tn-activity (WL) is tration. In the dwellings, the WLr„ to WL „
also given for the different counting periods. ratio showed variations between about 0.1
A few measurements were performed in and 0.8. This is in good agreement with the
basements with unlined walls. The radon and theoretical calculations given earlier in this
thoron exhalations in these basements may ' paper if we take the shielding effect of thoron
be similar to those found in dry mines.
exhalation into account.
A few measurements were also made in
In the region where the measurements
different kinds of dwellings. In Table 3 the were performed, the radium and thorium
results of the radon and thoron daughter concentrations of concrete are about equal.
concentrations are shown, together with the This is probably also the case for the
ratio of the WL of thoron daughters to that of radioactivity of the ground.
radon daughters. As seen from Table 3, the
In regions where the thorium concentration
thoron daughter concentration in basements is large compared to the radium concenR
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FIG. 1. The equilibrium factor and the free atom
fraction of potential a-energy, f , for radon
daughters vs ventilation rate. Case a:. x =•
1.1 x lO-'sec ; Case b: X = 2.4x lO^'sec"', Case
c:A" = 5 . 0 x I 0 " s e c ' .
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' FIG. 3. The ratio of thoron daughter concentration
•; in WL to that of radon daughters for dry mines
and dwellings (shielding effect of wall paper, etc. is
not taken into consideration).
tration, it is possibie that the thcron daughter . of the thorium concentration lo the radium
concentration in WL may exceed the radon • concentration in concrete was tound to be a
! little more than unity. In some districts the
daughter concentration, even in dwellings.
; ratio was about 2.
_
DISCUSSION AND CONCLUSIONS
! Measurements of the radon ancfdaughtér
Recently we performed measurements of • concentrations in Norwegian dwellings in
the radioactivity of several Norwegian build dicated that the average radon concentration
ing materials (St79c). The mean value of the in concrete buildings was 2.0pCi/l. and in
radium concentration in concrete was found wooden buildings, 1.3 pCi/l. The correspond
to be 0.75 pCi/g, while the corresponding ing daughter concentrations were assessed to
value for thorium was 0.96pCi/g. For clay 0.01 and 0.006 WL, respectively (St79). If we
brick, the concentrations were 1.7 pCi/g and use the WL , to WL ratio found in the
2.0 pCi/g for radium and thorium, respec : measurements described in this paper, the
tively. In most districts in Norway, the ratio average thoron daughter concentration in
T

Rn
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TuMt 2. Forton m it mtj in junuta (9j

Period

iU

min

Period

12) min

F^

r

Tn

k

Mlnf-ctun d e t e c t a b l e
trua Tn-actlvlty
[KM

10-mtn scmole
50-60

300-360

109

13.3

1.15

9 X IO"

4

50-fiO*

1200-1260

109

4.8

3.OS

2.3 * IO"

3

300-1200

109

8.4

3.74

3.4 X 1 0 "

4

4

50-60

30-mLn samole
50-60

300-360

95

13.3

1.31

3.7 x

50-60

1200-1260

95

4.6

3.68

7.BX. 1 0 "

4

50-60

300-1200

95

«.2

1.95

1.1 X 1 0 "

4

50-60

300-360

IO"

60-jnlji samola
74

13.2

1.24

1.4 X I O "

4

50-60

- 1200-1260

74

4.6

3.28

3.7 X IO"

4

50-60

300-1200

74

a.2

•1.6B

5.2 x I O "

Norway is about 3 x 10" WL and 5 X IO" WL materials are about the same, the dose from
in buildings with outer walls of wood and the inhalation of thoron daughters m?.y be
from about 5 to 50% of the dose from the inconcrete.
Lung cancer in miners, appearing pre- halation of radon daughters. In mines, the
dominantly in the area of the large bronchi dose from thoron daughters may be '
(Lu71), presumably originates in the basal significantly larger than that from radon
cells of the upper bronchiel epithelium. For daughters if the airborne radioactivity is not
'miners, UNSCEAR (UNSCEAR77)_adop- mainly supplied by the ground water. Anoted a value of f råd/WLM for the Jose to the '• ther factor that may influence the thoron
basal cells of the bronchial epithelium after I concentrations is water condensed on the
inhalation of radon daughters. Harley and \ mine surfaces. This will reduce the thoron
Pasternack (Ha73) indicate that a value of exhalation to less than that measured in
0.7 rad/WLM may be appropriate for the in- i basements.
halation of thoron daughters. This shown that I Bearing in mind these uncertainties, we
the inhalation of thoron daughters may result ! may draw the following conclusions:
in rather large doses to the respiratory I (1) The thoron daughter concentration in a
system.
I Norwegian dwelling is about half the radon
The calculations and experimental resultsjin ; daughter concentration, expressed in WL.
this paper indicate that the thoron daughter ; (2) The thoron daughter WLIJ, in a dry baseconcentrations in mines and dwellings may ; ment may be significantly larger than the
contribute significantly to the respiratory radon daughter WL.
(3) In a dry mine, the situation may be
dose. In dwellings, when the radium and
thorium concentrations of the building about the same as in a basement.
J

;
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Ttiblt 3. Samt intutuit"i**tt "! f** IJJIM onj thonn Jau^hltr fimrttfiillvnitt t/kWfmvi anJbawntntx

Typo of
room

Ho of
peaauremonts

Dwellings

22

Basements

6

min

O.fil
3.4

nean

(KL*10*
max

3

Tn-daujjhtera (KL'10 J
. nln
noan
nax
3

1 siln

neon

max

5.2

13.4

0.26

2.5

4.0

0.03

0.18

0,75

11.0

15.3

5.3

13.0

18.2

0.82

1.21
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Abstract—Some factors that have influence upon the radon concentration in dwellings are
discussed in this paper. Measurements of the exhalation rates from different building
materials are presented together with calculations of indoor radon concentrations. The
influence of wind and temperature upon the ventilation rate and radon concentration in a
test-house have been measured, and the effect of airing and artificial ventilation upon ihe
radon concentration is discussed.
_
„,.-.- .
m

INTRODUCTION
radon concentration are shown. In the fol
TKE?-E are mainly four groups of factors that lowing some of these factors will be dis
have ir.rrjence upon the radon concentration cussed more in detail.
in mdc J.- air;
RADON EXHALATION
(1) Properties of the building material and
the ground. The radon exhalation from buildir.g materials or the ground is dependent on (a) Theory
the radium concentration, density and i Under equilibrium conditions the diffusion
porosity of the material.
; transport of radon produced within a wall or
(2) Building construction. The indoor < the ground may be represented by the equa• radon concentration is influenced by the ven ; tion (Cu76; Jo77):
tilation rate, and the ventilation rate is stron
gly dependent on properties of the building,
0,
(1)
such as the use of insulating materials,
ixartificial ventilation systems etc.
(3) Meteorological parameters. Of such
Radons
factors, atmospheric pressure, wind and
ourdoor sir
temperature. may be the most significant.
i These may have influence both upon the
Rcdon in
Radon exWarion
radon exhalation and the ventilation.
from b u i i d ^ m o reriols and ground
(4) Human activities. The radon concenindoor rir
; tration in indoor air is strongly dependent on
i the use of the room. Some of the large varia-,
Aimospfwic
Building
' tions found in the radon concentration in
pressure
eonitruciion
; Norwegian dwellings (St79) are probably due
to differences in the ventilation practices of
Wind,
Human
the householders.
temp.
activities
Most of the factors mentioned here are
dependent on each other. In Fig. 1 the FlG. 1. The main factors influencing the radon
concentrations in dwellings.
various factors that have influence upon the

V
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the expression. Culot éi al. (Cu76) have pointed out that some values given for the
effective diffusion coefficient are values of At
and some are values of k — SftJ where S is
the porosity. In the literature we therefore
find values of the diffusion coefficient varying
with :tt least an order of magnitude.
The radon production rate may be express e d as (Kr71):

where i f = effective diffusion coefficient
(enr sec ); C, = concentration of radon in
interstitial volume (pCicm ) at a depth, x;
f = production rate of radon per u.nite_volume
(pCi c m sec"') of interstitial air; x = depth
within the medium (cm); and A = decay constant of radon (2.1 X 10"' sec"').
^
This equation yields the solution:""^ .
1

-1

-1

t

-3

C = (f)[.-e p(-V(j!HJ. (2)

,

X

1

where //A = C« is the concentration of radon
in the undisturbed deep layers of air in a
material with infinite thickness.
Let us now consider a wall of finite thickness, d. The total production rate of radon
produced in a section of unit surface area in
the half of the wall facing the room is 1/2 f.d.
The total activity concentration remaining
inside the wali air in this section may be
calculated by integrating the expression in
equation (2). The production rate of radon
required to support this constant activity will
be the constant activity concentration multiplied by A. The difference between the actual
production rate and that necessary to support
the constant activity concentration in the wall
air will be the exii.ilation rate, Ej, where:

A-C-p-77
S

(6)

1

where C = radium ' concentration of the
l material (pCi/g); A = decay constant of radon
[(2.1x lO^sec"'); p- density of the material
: (gem ); 7j = emanation factor, i.e. the fraci tion of radon produced that enters the intestitial volume; and S = porosity of the
material.
-3

(b) Experimental methods and results
In an earlier investigation (St79a) we
measured the radioactivity of a few main
Norwegian building materials. Concrete
; samples were taken-from all the main.factories in the various districts of the country.
Clay brick and light expended clay aggregate
(Leca) are produced only in a few factories in
Norway, and the values found for the concentrations in samples from these few fac£,(pCi cm" sec"') = U28fd - / « •
tories should be representative for the country. In Table 1 the radium concentrations of
* if x [I - exp ( - yjulk*) • x)] dx.
(3) these materials are shown.
The emanation factor may be found by
enclosing a sample of crushed materials in a
The solution of this equation is:
container and measuring the radon concentration in the container after a given sampling
time. Several samples of clay brick showed
small variations in the emanation factor, and
• • . . . . - . . • , •
i a mean value of about 1% would be
The factor v W M ) is often called the ! representative for this material. Measure'diffusion length or relaxation length R, and | ments of the emanation factor for concrete
equation (4) may thus be expressed as:
; showed large variations, ranging from about
1% to more than 20%. The same is the case
E = S R[\exp ( - dllR)}.
(5) for Leca.
In a previous note, we described a simple
The term "effective diffusion coefficfent" is method for measurements of the exhalation
used in different ways in the literature (Cu76). rate and the diffusion coefficient of building
When using the values of fc? as described materials (St79b). For these measurements, a
here, the porosity of the medium is implicit in container is sealed to a wall or a slab of
j
t

(

2

/*-W(S[«—(^)-*)J- i
(

a

4

)

r

Footnote:

This is an approximative
solution, for complete discussion
see the references Cu 76 and Jo 77.
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toMt 1. Kaitmpt.ntfftittncton in tomt main N/*r*tiia* buHJuigmultrfult

Material

Radius
concentration (pci/g)
rain
mean
max

tin of
•Ample»
137
IS
12

Concrete
Brick
Leca

0.1
0.9
1.0

building material. The container is connected
to a ionizing chamber and a read-out system,
so that the radon concentration in the system
is measured continuously. Before the samp
ling the container and the ionizing chamber is
blown through with nitrogen. The measure. ment may be performed in two ways: .

3.4

0.75
1.7
1.4

2.2

' time on a semilogaritmic paper. In Fig. 2 the
I build up of concentration is shown for two
.! different measurements of the exhalation rate
•• of concrete, and in Fig. 3. C - Cit) is plotted
mat

for the two different measurements. The
difference in A is mainly due to the shape of the
; surface of the concrete wall. There will of
: (!) Nitrogen is blown slowly through the i course be a larger leakage when the surface is
'
container and the ionizing chamber. The • not quite smooth, but through this method such
raton concentration will build up to a equili effects will be taken into account. The values of
Ed given in Fig. 3 are calculated from a value of
brium level given by:
'0.05 m for the area, F,. and a volume, V, of
' 22.51.
(7) ! The radon diffusion coefficient may be
max
i found by
rf'A
where C = radon concentration (pCil" ); E —
k*,=
(9)
•Vn(EJE,-E )i; 5,1/4
exhalation rate per unit area; F = area
!

1

d

J

• covered by the container; and v = the
nitrogen flow rate. From equation (7) the
exhalation rate may be found.
(2) The container and the ionizing chamber
. operates in a closed system, and a pump
circulates the air through the system. This is
• a more sensitive method than method 1.
' Because of leakage and buildup of radon
pressure in the system, the radon concen
tration will reach an equilibrium value after a
few hours. The measured radon concen
tration will then be:
C
max

' A'

(8)

where A = effective decay constant of radon
in the system, including leakage and the
effect of radon pressure in the system and
V = volume of the system.
: The effective decay constant is found by
;

plotting values of C - C ( t ) as a function of

:' where d - thickness of the wall and E, ; exhalation rate from an infinite thick wall.,
! E, may be found by measuring the exhala'• tion rate of a very thick slab of material. This
.may however not be practical. By making
. two or three measurements o-. walls of
i different thickness, it is possible to find a
• valu.H of H* SO that E,-E„ plotted against
j rf/2 will give a straight line on a semilogariti mic scale.
In Table 2 results of a few measurements
are shown. The values found for the relax
ation length and effective diffusion coefficient '
in these measurements are listed in Table 3,
| and in Table 4 the exhalation rate per unit
radium activity for typical wall thicknesses
I are shown.
j The radon exhalation will vary with the
i atmospheric pressure. A sudden drop in the
i pressure will cause an increase in the radon
l exhalation due to a sucking effect of the
J falling pressure. This effect may cause an
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" ^

Tim», min

VX'lSZhf*

£",»840pCim"hr"

H:x*V06hr"'

£"„"2G0pCrm"*hi-"

t

FIG. 2. The build up of radon in the detection
system during two exhalation measurements.
FIG. 3. C „ - C ( / ) plotted against time for the
measurements in Fig. 2.
m

Table 2. Some radon exhalation

I

mtaMuremmti

Radiura
Material

Wall thickness

Exhalation

concentration

rate

-1

(en)

(pCig )

-2

-1

(pCim !» )

20

0.90 + 0.10

450 + 50

150

0.90 + 0.10

840 + 80

20

1.5

+ 0.15

300 + 30

70

1.5

± 0.15

540 + 50

10

2.2

+ 0.20

310 + 30

20

2.2

+ 0.20

570 + 50

Concrete

Brick

Leca
|

1
Table 3. Retaxalton length and tffeetier diffusion cotffieient of building nattrialt

• Material

j
'

Relaxation
length (cm)
13

found in a ft*

2

3.6-10

-4

4.7-10

-4

Concrete
15

; Brick
; _Leea

mtasurtments

Effective diffusion
eoeff., k* (cra s" )
x
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Tabtt 4. Eikiifation tatt pit unll årlhitj oj rvJium fnrljpltot -o!t§

Material

Typical

Exhalation rate per unit

wall thick ness (co)

activity tpCim** *!

2

pClj"

1

2 z 6

of

-1

per

Ra)

Concrete

20

500 + 100

Brick

20

200 +

40

Leca

20

260 +

50

of the radon source and V is the volume of
I the room).
j This equation may be used to compute the
ventilation rate and the radon exhalation by
i making continuous measurements of the
radon concentration. The measurements may
' be started by airing the room for an hour. The
radon concentration will then fall, and after
the doors and windows have been closed, the
i concentration will increase according to the
• second term of equation (10;. The function
. CR„ — C „ may now be plotted against time
• on a semilogaritmic scale. C „ is the steady
state concentration a/A, and from the slope of
• the curve we will find A and thus the radon
supply, a.
During steady state conditions the ventilation rate will simply be A = alC In Fig. 4,
two situations are shown as an example. One
way of making approximations to the ventilation rate is as follows:
(i) Increased
ventilation.
First
approximation:
.. . _

increase of the radon exhalation of between 5
and 10% for a daily drop of 1 mm Hg of
atmospheric pressure (St79; Jo75).
Lining materials on floor and walls may
reduce the exhalation rate considerably.
, Measurements on a concrete floor indicated
th3t the lino.'eum lining caused a rei' jction in
the exh.btion rate of almost 70%. Small
hoiss in the lining material will however be of
irnpcrtap.ee. When we made a little hole in
Hr.oli'J.-n. the shielding effect was reduced to
about 35-75.
The diffusion model described in this paper
do not take into account the effects of lining
materials and cracks in the materials. This is
however importantproblems that must be
taken into account, especially when there is
high levels of radium in the ground.
There are also other important sources of
radon in dwellings, i.e. water supply and
natural gas. In this report we have restricted
. the discussion to the radon released from
building materials and ground.

:

ro

m

!

A l =

ln

7 C(7y

(a) Assessment of the ventilation rate by
,' where Co and C(t) are the measured radon
radon measurements
' concentrations at the start of the increased
The radon concentration in a room at a
ventilation and at a time, r, after start respectime, /, may be expressed as:
tively. In the example of Fig. 4 we find A, =
0.69 h r ' .
... C(t) = C e-" + (a!AXl-e-"),
(10)
The ith approximation:
a

: where C = radon concentration at t = 0; A = i
• A „ + A„ + A„ where A«„ is the decay constant
"' / C W - ( f l / A - , ) { l - e - ^ ' - l ' ) '
of radon, and A„„ and A„ are the air change j
rates for natural and' artificial ventilation i
In
the
example in Fig. 4 the approximations
'• respectively;' and
a — radon
supply .
(pCir'hr-') to the indoor air. (.a = E-FtV}were:
' where B i s the exhalation rate, F is the area ! A = 1 . 0 4 h r \ Aj = 0.98hr-', A, = 0.99....
0

B

m

i

3
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ftrt-jctd

(nceostd
venftiahOfl

L

'«

/^S^L.

^

. .'. " \ — - - .

—

Time, hr

...

' FIG. 4. Randon concentration as a function of time for increased ventilation and reduced
' ventilation. Curve a is the function (a/A )(l — e"*'); Curve b is the function:. Ce"*'; and Curve
• c is the function: C(t) = Cue"" +(al\)(l -e~"). ' '
(!:) Reduced
proximation:

ventilation.

1 — 1 (n
, _

First

ap-

Våtnat

, n

/ C „-(C(0-Co)m

The ith approximation:
,n

l C~

-(C(t)-Cae-H-l'y

In the example of Fig. 4 the approximations
give the following results:
; , = 0.16 hr\

equal within ± 10%, and this indicate that
' radon as tracer gas may be used for
measurements of th* ventilation rate.-The
advantage of this method is of course that it
is possible to get several values of the ventilation rate during the day without much
effort, and that there is no need for inlro. duction of a tracer gas in the indoor atmosphere.

1

A = 0.193 hr' , _A ',= 07l99S . . . .
2

3

The "true" values of the ventilation rates in
the examples are 1.0 and 0.2 hr"' respectively,
so the correct value is obtained after very
few approximations.
These approximations may of course be
done by a computer. For long time
measurements this wjuld be preferable, but
for a few days measurements, the method
indicated above will not be very time consuming and will yield relatively correct
results.
The procedure was tested by simultanous
measurements with N 0 as a tracer gas. The
results found by these two methods were
2

. (b) Ventilation rates in a closed room
During the spring of 1979 we performed
measurements of the radon concentration and
the ventilation rates in a test house near the
city of Trondheim. The house is situated on
the site of a meteorological station, and continous wind and temperature- measurements
• were supplied by this station. The main pur; pose of this investigation was to study the
I ventilation rates in houses and the factors
j influencing it. This is of importance for
I assessments of indoor radon concentration
| from measurements of the exhalation rates.
Small short time variations in the ven! tilation rates is difficult to assess with the
' method indicated above, but this will also be
the case with other tracer gas experiments.
During falling or rising radon concentration
short time variations in the radon concentration was neglected and idealized curves
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F:G. 5. Radon concentration, wind and ventilation
during a 3S-hr period.
were used for the assessment of the ven
tilation rates.
The radon concentrations showed large
, variations during the experiment. In Fig. 5,
the measurements during a 38-hr period are
shown together with the wind speed. Cal
culated values of the ventilation rates are also
shown in this figure. From several such
measurements it is possible to assess the
influence of wind upon the ventilation rate,
and thus the radon concentration. The ven
tilation rates found from all kinds of tracer
experiments are only mean values during few
hours. For this reason only mean values of
the wind speed during these periods must be
taken into account. In Fig. 6, the ventilation
rate is plotted against wind speed, together
with the radon concentration under steady
state conditions. The difference between in
door and outdoor temperature was about
10°C. The curve plotted in Fig. 6 is charac
teristic for Jhis particular house, and there
will be large variations between houses in the
influence of wind upon the ventilation rates.
The curve of Fig. 6 will however give an

Wind,

m/»

FlG. 6. Ventilation rate and steady state radon
concentration vs wind speed. Temperature
difference between indoor and outdoor air was
about IO°C.
j indication of the relationship between these
: parameters.
j In Fig. 7 the ventilation rate and radon
: concentration as a function of temperature
• gradient are shown (Ha79). These are
measurements performed in another kind of
• house, but we see that there is a linear rela; tion between ventilation and temperature
. difference.
g -The natural ventilation rate in houses may
'' now be expressed as:
A„ = «+j3|B+j3jAr,

(11)

where i; = wind speed; AT = temperature '
gradient between indoor and outdoor air; and
a and p = constants characteristic for each
building.
During the period of our measurements,
the ventilation rate varied between 0.15 and
0.7 hr"' in the testhouse with a mean value of
about 0.3 hr" . This indicate that the mean
t
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ver.:;'3!:on r^:e in modern Norwegian houses
may be about 0.3 hr"', but in old houses the
ver.:i:a:ion rate is probably higher than
0.5 h r ' .
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(c) Airing and artificial ventilation
r
X-a.25hi*"'
In a previous investigation (St79c) we performed theoretical calculations of trie effects
•
Slap
of variations in the ventilation rates upon the M»
turing
P
mean daily radon and radon daughter concentration in houses. We concluded from
these calculations that a daily short period of
airing may reduce the respiratory dosage by •S io
more than 30%. The calculations were per05
formed by assuming that there was a well
defined period of high ventilation prior to a
I
; period of low ventilation. The mean value of
_
Tlmeoftersrartoirlng.hr
I the day is obtained by integrating the " • expression of equation (10) over these FIG. 8. The radon concentration during and after a
• periods.
strong airing of the room.
I This was now tested experimental by
/"opening the door of the testhouse for 1 hr
I during continuous measurements of the radon state of 2.65 pCil"'. In a 12 hr period after the
| concentration. The results are plotted in Fig. '= start of airing, the mean value of the radon
8. As seen from this figure, the radon con- concentration was 72% of the steady state
centration drops shortly after the door is value.
opened. During this 1 hr period tfie venIt is relatively common in Norway to air
tilation rate was increased to about 2.5 hr '. the house at least once per day. This may not
After the door is closed, the radon concen- be true during cold periods of the winter. On
tration increases until it reaches a steady the other hand, during a few summer months
;
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the windows may be open most of the day.
As an average through the year, therefore a
1-hr airing in each 12-hr period, and a mean
ventilation rate of 0.3 hr"' during the rest of
the period seems to be realistic for Norwegian
houses.
Artificial ventilation is not used frequently
in Norwegian single family houses, but in our
tcsthouse, there was installed such a system.
During the periods when this ventilation sys
tem was in use, the ventilation rate varied
between about 0.5 and 0.8 hr"'. This was dur
ing periods with a few msec"' of wind and
this indicate that A„,=0.4hr"' in this parti
cular house. In Fig. 9 the radon concentration
is plotted against the time of the day when
the artificial ventilation was started. As seen'
from this figure there were some short time
variations in the ventilation rate during this:
period, but these were neglected and the solid!
curve shown in the figure was used for the'
circulations of ventilation rates. In this figure
values of the ventilation rate found by
measurements of N 0 as tracer gas are also
2
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FIG. 9. The effect of artificial ventilation upon the
radon concentration.
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•—Used forcalcu'fltion

V-C

V

where C — radon concentration; A = mean
ventilation rate; V = volume of room; F =
area of room; and k = reduction in mean
radon concentration due to airing.
If we now assume fc = 0.7, F / V = I . 8 m " '
(Kr71) and A = 0.3 hr" , we find a mean radon
exhalation of about 4S0 pCi hr" m" . If we
use the value of the exhalation rate for con
crete in Table 4 and the mean radium con
centration of 0.75 pCi g"' from Table 1 we
find a mean radon exhalation rate for Nor
wegian
concrete
walls
of
about
3S0 pCi hr"' m~\ This indicates that there is a
relatively good agreement between these
assessments.
Most Norwegians live in wooden dwellings.
The radon in indoor air in these houses is
mainly supplied by the ground and by con
crete in the foundation and basement. We
may assume, as an average, that the ratio of
the area covered by the house to the volume
is about 0.4 m" . The mean value of the radon
concentration inside wooden houses was
found to be 1.3pCil"' (St79). A ventilation
rate of 0.3 hr" and a reduction due to airing
of 0.7 will thus indicate a mean exhalation
rate
from
the
ground
of
about
9S0 pCi hr"' m" . This is in relatively good
agreement with the exhalation rate of
700 pCi hr~' m~ from an infinate thickness
concrete slab with a radium concentration of
0.75 pCig" .
In recent years there have been introduced
some building materials with high radium ••••
concentrations. To be able to evaluate the
radiological implications of such materials,
the radon exhalation should be measured and
the mean radon concentration inside dwel
lings built of such materials be assessed.
From the discussion and results of this
paper, the methods of exhalation measure
ments seem to be useful in such assessments,
1

N0
ffn
2

e

COSCLISIOSS A.M> DISCUSSION

The mean radon concentration in Nor
wegian concrete buildings was earlier
measured at 2.0pCil"' (St79). The exhalation
rate per unit area may be computed by:

2
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and, at least for Norwegian houses, a mean
ventilation rate of 0.3 hr" and a reduction
factor of 0.7 due to airing should be realistic
for evaluations o f the indoor radon concen
tration.
1
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