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DOSES AND EFFECTS OF RADON AND ITS DAUSTTERS

By Jan Olof Snihs
National Institute of Fadiation Protection
Stockholm, Sweden

Abstract

Radon and its short-lived daughters are one of the main sources
of natural exposures of ionizing radiation to man. Radon emanates
to the air from radium in the ground and in the building materials
in houses. By inhalation of radon and its daughters, tissues in
the lung are irradiated by a-particles leading to an increased
risk of lung cancer. The relation between concentration of radon
daughters in air and radiation dose to the total lung and the
basal layer of the bronchial epithelium depends on many factors
such as physical characteristics of the daughters, exposure time,
breathing rate etc. The relations are described and discussed.
Epidemiological studies on lung cancer caused by exposure to radon
daughters have been made in many countries. The results are discussed
and compared with the dose-risk model as presented by ICRP.

Radon sources and levels

Radon-222 is produced by decay of radium-226 in the uranium
decay chain. Uranium and radium occur more or less in all materials
but the main source is the earth's crust. The concentration of
uranium and radium in the ground varies with the types of rocks
and minerals. Table 1 shows some typical values (1).



T a t 1 e 1

Typical %cz i vi ty ccr.cer.t rat ion of u:ariur.-?'~ in ^ " , - r rocfcs

Type of rock

Igneous
Acidic (e.g. granite)
Intermediate (e.g. deorite)
Mafic (e.g. basalt)
Ultrabasic (e.g. durite)

Seiinentary
Limestone
Carbonate
Sandstone
Shale

238
Typical activity concentrator, of U

•t t
Bqkg"1

59
23
11
0.3T

28
27
19

(pCi £ * )

(i.tz)
(0.62'

(0.01)

(0.75)
(0.^2)
(0.5C^
(1.20)

The concentration of radium in rocks is often, but not necessarilv
always the same as that of uranium. Also, most of the radon is
physically attached to the material which carries its precursor
radium. However a small part, a few per cent or less, diffuses out
from the material containing the radium source and appears in air.
Radium in soil is tiie main source of radon outdoors. Other sources
of radon in air outdoors and indoors are coal, mines, tailings, plants,
natural gas, building material and ground water. The contribution to
the total amount of radon outdoors is seen in Table 2 (2).

T a b l e 2

Sources of radon in outj-.-r air

Source Radcn production per year
Bq (Ci)

Soil

Plants and ground water

Oceans

Houses-

Natural gas

Coal

8.9 10 1 9 (2.i» 109)

< 2 10 1 9 ( 5 10

Equilibriuir, amount

8.5 101T (2.3 ICT)

3 1016 ( 8 105)

3 10lU ( 8 103)

1.7 1013 (U6o)

1.3 1018 (3.6 lO7)

a/ The value for houses is estimated in this report assuring 10
houses. The true value may be between 5 10'5-1017 c" "~1
(105-3 106 Ci y-1).

Eq v"



Only part of the radon atoms produced by decay of radium in a
material is released to surrounding water or air. Once there it
is transported by diffusion and by flow in the water or air. Radon
can be transported a long way from its precursor and therefore
there is often no simple correlation between radon levels in air
and radium concentration in adjacent materials.

The distribution of radon in outdoor air depends on the vertical
temperature gradient, the direction and strength of the wind and
the air turbulence. The vertical distribution is such that in normal
turbulence conditions the radon concentration is rather constant up
to about a few thousand meters and then decreases. Fig 1 shows some
measured results compared with theoretical estimates (3).
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Figure I

Radon concentration at different altitudes over the Yukon Valley in
Alaska. The figure represents the average of 12 measurements over
the Gulf and Alaska. The solid curve represents the theoretical
profile for an exhalation rate if 0.33 atom cm~2s~1 and a strong
inversion. The dashed curve is representative of theoretical profiles
with normal conditions of turbulence.

The concentration of radon in air at ground level depends on
meteorological conditions and geographical place. Seasonal variations
occur mainly depending on varying vertical turbulent mixing, which
results in a minimum radon concentration in the spring and summer and
a maximum in the autumn and winter. In countries with cold winters
and early snow cover the seasonal variations are less pronounced.



Geographical variations are easily demonstrated by comparing
radon concentrations in continental air and maritime air, the former
being much higher than the later. This depends on the much higher
radon exhalation from the ground than from the sea (2-3 orders of
magnitude higher). The radon concentration in surface air near the
coast may therefore change drastically when the wind changes frcm
on-shore to off-shore direction or vice versa.

In closed spaces,e.g. a mine or in a house, the levels of radon are
more simply related to the source and to the ventilation. Radon
indoors is caused by radon exhalation from walls, floor and ceilings
consisting of building materials, rock or soil, by radon release from
radon-rich water and gas. In mines the radon source is the high-
-grade uranium ore or radon-rich water, in houses highly radioactive
building materials, mostly some kind of waste by-product. However,
relatively high radon concentrations can also be caused by normal
radioactive building material in combination with poor ventilation.
As long as the ventilation rate is higher than 0.1 airchanges per
hour (0.1 h~^) the radon concentration indoors increases in direct
proportion to the decrease of the ventilation rate. If, for example,
the ventilation rate decreases from 1 h~1 to 0.1 h"1 the radon con-
centration increases by a factor 10, and if the ventilation is shut
off completely the radon concentration has at equilibrium increased
by a further of factor of 13.

Because of the strong influence of the ventilation there are great
variations of the radon levels as the effective ventilation of a
room is changed. This is man-made by e.g. opening doors and windows.
Meteorological factors may also cause variations, which can be diurnal
and seasonal. Because of these variations, which may be of the order
of 10 and more, there are great difficulties to measure and estimate
annual averages of radon concentrations indoors.

The levels of radon have been measured by several persons at
different places in the world. The levels found in outdoor air ^
vary between about 0.1 Bqm~3 (3 pCi nr3) to 10 Bqm~3 (300 pCi m ),
the lover values over oceans and islands, the higher values over
continents.

The radon concentration in drinking water varies from practically _3
zero to very high values. Concentrations of the order of 100 M Bqm
(uCi 1 ) have been found (4). A tentative characterization of radon
concentrations in drinking water in the world is made in Table 3.



T a b l e 3

Radon concentration in drinking water

Specification

Weighted country average
for all drinking water

Average value for dug
(and blasted) wells

Average value for
bored wells

Normal maximum values in
different areas, bored wells

Exceptional maximum
values in some areas

Range of radon
concentration

1-10 kBjn"3

(0.03-0.3 nCil"1)

10-100 kftp"3

(0.3-3 nCil"1)

0.1-1 mcpT*
(3-30 nCil"1)

1-10 JBcjif3

(30-300 nCil )

10-100 MBqm"3

(300-3000 nCil"1)

Affected
people %

100

10-50

1-10

0.01-1

< 0.01

In houses the radon levels may be high because of radium-rich building
material and /or poor ventilation. High concentration can also be
caused by using waste by-products such as tailing materials from
uranium mining and milling as filling material under a house and
by using radon-rich water in the house. In combination with poor .
ventilation the radon concentration can be of the order of 1Q00 Bqm
and more. However, normal values are of the order of 10 Bqm~ and in
the 1977 report of UNSCEAR (1) an average value of the radon concentra-
tion of 40 Bqm~3 was given. New results presented since then indicate
that that value is still a good approximate average value.

Occupational exposure to radon in mines and other working places
underground are normally limited by national regulations and the
situation to-day is such that the radon concentration, which in fact
usually is not limited as such by the regulations but rather the
radon daughter concentration, is certainly less than 10 000 Egn"3.
In unventilated parts of a mine radon concentrations of the order
of 0.1-1 *BcpT3 may occur.



Radon daughters and their characteristics

Radon-222 decays with a half life of 3.82 days by a-particle
emission to a polonium isotope (218po) which by further decay
through isotopes of bismuth, lead and thallium ends the uranium
decay-series. The short-lived decay products of radon are called
the radon daughters. The concentration of radon daughters can
be expressed in terms of activity or their potential alpha energi'.
The potential alpha energy for an atom is the total alpha energy
emitted during the decay of this atom up to 210Pb. Por any mixture
of radon daughters in air the potential alpha energy is the sum
of the potential alpha energy of all daughter atoms in the air.
A unit which is used in mines is the working level (WL). It is defined
as any combination of (short-lived) radon daughters per litre of
air that will result in the emission of 1.3«105 MeV of alpha energy
in their decay to 210Pb. Table 4 shows some data on radon daughters.

T a b l e 4

Potential alpha energy of the short-lived dec-.y pr:iuc'

Radionuclide

2l9Fo
2lUPb
2lUBi
2lUFo

(RaA)

(Ra3)

(RaC)

(RaC1)

Radioactive
half-life

3.05 min

26.8 min

19-7 min

1.6 10" s
J

Foter.tial
MeV Bq""1"

3622

17311

1310?

2.08 io"3

aIF ha
Me

7.

ener^y1

13*»

659

155

63 10' 5

Con/
VL ?

2.

1.

1.

1.

79

3«»

01

6

q I"1

1~-2

lo"1

lo"1

10- 8

factor

1.03

5.07

3. "3

6

10 '

10- 3

1c-3

A w

Another quantity of interest in connection with radon daughters
is the equilibrium factor, F, which is defined as the ratio of
the total potential alpha energy for the given daughter concentra-
tion to the total potential alpha energy of the daughters if the
are in equilibrium with radon. If the unit WL is used, the equilibrium
factor F can be calculated as

where (0)50 is the potential alpha-energy concentration in WL of
radon daughters; (Rn) is the radon activity concentration in Bql"1

or pCil"1; a is a constant (a=3.7 Bql"1/WL of 100 pCil~7WL).



For a roan with known ventilation rate (air-changes per hour)
it is possible to calculate the equilibrium factor F if it is
assumed that the only processes affecting the daughter activity
are decay of radon, decay of daughter atoms and release from the
room by ventilation.

The value of the equilibrium factor F for different ventilation
rates v can be calculated from the following formulas.

PA ' A * PA ' PB • B * PA * PB • PC • C

where

A

B

XA/v

XA/v +

\B/v

XB/v •

XC/v

1

1

AC/v • 1

XA etc are decay constants, v is ventilation rate (air changes per
hour) A, B and C are MeV per pCi or Bq of RaA, RaB, RaC respectively
and W is the potential a-energy content in one pCi or Bq of radon in
equilibrium with its short-lived daughters. The F-values for different
values of v are shown in Fig 2.



O.I

0.01

Fig. 2. The equilibrium factor F as a function of the ventilation
rate v (h"1).
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The product O F , where C is the radon concentration is called
the equilibrium equivalent concentration of radon (EEC) and
corresponds to a concentration of radon for which the radon
daughters in equilibrium with radon hav: the same potential
alpha energy as the actual daughter concentration of interest.

The radon daughters in air are unattached (free atoms or ions)
or attached to aerosols. The first daughter, RaA, is at the time
of formation an unattached ion or neutral atom. But within a few
seconds RaA becomes attached to an aerosol and the subseqent decay
products RaB and RaC are therefore to a great extent attached to
aerosols at their formation.

The attachment rate of a free radon daughter depends on inter alia
the number and size distribution of the aerosols in the air. These
parameters vary in different rooms and this will affect the attach-
ment rate. In a house with normal aerosol concentration (- 10* cm"3)
and size distribution the attachment rate will be about 10~2s-1 i.e.
the nean life of the free radon daughter will be about 100 s. In a
mine with higher aerosol concentration the corresponding values
may be about 0.3 s~1 and 4 s respectively.

Radon daughters in room air will also attach to the surfaces in the
roan. The deposition rate for radon daughters attached to aerosols
is dependent on the diffusion rate of the aerosols and the proportion
between the size cf the surface and the volume of the room. If that
proportion is 2 m~1 the mean life of the attached radon daughters
as far as deposition is concerned is of the order of 1 hour. Unattached
radon daughters have much higher diffusion rate than aerosols and
therefore the deposition rate is also higher. The corresponding mean
life is of the order of 1 minute.

The fraction of unattached radon daughters in room air is dependent
on diffusion, attachment and deposition rate as described above,
radioactive decay and ventilation rate. With a given value of attachment
rate of free atoms and deposition rate of unattached atoms, the fraction
of unattached daughters in air increases with increasing decay constant
and ventilation rate. That means that the fraction of unattached RaA
atoms (x = 13.6 h"1) is normally higher than e.g. that of RaB
(\ = 1.6 h ~ 1 ) . Measured values are in the range of 1-10%.

Ventilation and deposition to surfaces also prevent the radon
daughters reaching equilibrium with radon in air. The equilibrium
factor F has been described above considering only ventilation.
Because of the deposition the factor F is therefore often lower than
the predicted value from Fig. 2. The deviation is larger in air with
low aerosol concentration than with high. An approximate expected
value of F is achieved by multiplying the value in Fig. 2 by 0.5.

Measured values of F in houses show great variations mainly
because of varying ventilation conditions. UN5CEAP 1977 report (1)
adopted an average value of F for houses to be 0.5. In outdoor air
the equilibrium factor is also dependent on meteorological factors.



Measured values indicate an average value of 0.6, which was usoc
by UNSCEAR in its 1977 report, For uranium mines with good ventila-
tion an factor of 0.3 may be appropriate to use.

Radondosimetry

Radiation doses caused by inhalation of radon daughters in air
constitute in many countries the main part of the natural radiation
dose to man. An excess of lungcancer among miners caused by radon
daughter exposure has been proved with statistical significance
and radon in private houses has been a controversial matter in some
countries. The knowledge of radon levels and their variations and
sources as well as the levels and physical characteristics and
behaviour of radon daughters in air is necessary to be able to
understand and predict the exposures. This has been summarily described
in the previous chapters. However that is only one part of the problem.
The other part is the knowledge of the doses and risks to man caused
by inhalation of radon daughters.

ICRP is at present discussing appropriate value of maximum permissible
exposure or annual limits of intake (ALI) of radon daughters. One
approach may be the dosimetric model in combination with the new
concepts of weighting factors to achieve a corresponding effective
dose equivalent of 50 mSv (5 rem). Another approach may be the use
of epidemiological data on risk factor per unit of radon daughter
exposure and a comparison with the risk corresponding to a whole body
dose equivalent of 50 mSv (5 rem).

In this paper there will be a summarized discussion of the methods
of calculation doses using simple models (dosimetric approach) and
by comparing the riskfactors from epidemiological studies in mines
with riskfactors recommended by ICRP based on homogeneous external
irradiation of the lung and by that indirect method estimate a dose
equivalent (epidemiological approach).

DD£»imetri.c_apprqach

Inhalation of radon daughters leads to an inhomogenous irradiation
of the human respiratory tract. The deposition in the respiratory
system depends on the size distribution of the aerosols to which
the radon daughters are attached and on the fraction of unattached
radon daughters. The deposition is also influenced by the way of
breathing. The attached radon daughters are deposited in different
parts of the respiratory system but the main part is deposited in
the pulmonary region. However, the deposition is not 100 per cent.
Sone is exhaled and seme is transported by mucus before decay and
thus does not irradiate the respiratory system. A good approximate
value of the fractional uptake may be about 50 per cent (1) but great
variations have been reported.
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The unattached radon daughters are mainly deposited in the upper
respiratory tract and dosijnetric models indicate that the maximum
dose will be received by the basal cells in the epithelium of the
upper bronchi. The efficient deposition of unattached daughters
has been experimentally verified in a model lung by Chamberlain
and Dyson (5). However a major part of the unattached daughters
is removed by nasal deposition (1). Rathermore, the fraction of
unattached radon daughters is normally small (a few percent).

The simplest and most straightforward way to calculate the dose
is to estimate the a-energy absorption in the total lung assuming
100 per cent uptake. This can be made for working conditions
(occupational exposure) and for the public in houses and outdoors.
The occupational exposure is often expressed in the unit WLM, which
means an exposure during 170 working hours in a radon daughter
concentration of 1 WL (1 WL corresponds to an EEC-value of 100 pCil" ).
One WU4 corresponds to a time-integral of an equilibrium equivalent
concentration (EEC) of radon of 629 kBqhm"3 (or 1.7-104 pCi h 1"1).
The dose caused by a given concentration of radon daughters in air
is also dependent on the breathing rate. Table 5 shows the respiratory
minute volume (1 min~1) at different levels of physical activity and
age as given by ICRP (6).

T a b l e 5

Respiratory minute volume (l/min) at different levels
of physical activity and age

Male adult
Female adult
Male adolescent
Female adolescent
10-year old child
1-year old infant
New- born infant

Resting

7.5
6
5.2
U.5
U.8
1.1»
0.5

Light
activity

20
19

1U

Heavy v-rk

U3
25

Max. work

n:
90

ii?
83
71
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If the breathing rate for workers is assumed to be 1.25*10 1 h~
corresponding to 10 nr per day (8 hours) the energy absorption per
WLM is calculated as follows:

1.3-105MeV r ^ W L ) " 1 x 1.25-103 1 h"1 x 170 h-M~1 x 1.6-10~13J(MeV)~1

= 4.4-10~3J(WLM)

If the mass of the lung is assumed to be 1 kg the corresponding
dose per WLM will be

4.4-10~3J kg~1(WLM)~1 = 4.4-10~3Gy(WLM)~1 = 0.44 rad (WLM)"1

In other units this corresponds to

7*10"9Gy(Bq-h.m"3)"1 = 7-10"7rad(Bq-h-m"3)"1

or

2.6-10~7Gy(pCi'h-rV1 = 2.6-10~5rad(pCi-h«rV1

In this calculation it is assumed that there is 100 per cent uptake
of the radon daughters. That is certainly an overestimation. On the..
other hand in heavy work vhe breathing rate is more than 20 1 min~
(1.25 nr h"1) and therefore the overestimated uptake is partly
compensated. However it is oniy partly coirpensated because the fractional
deposition decreases when thg breathing rate increases (7). In light
work the dose per WLM is less than half of the above values.

Members of the public are exposed to radon daughters in houses and
outdoors. Hie breathing rate is assumed to be 0.625 m 3 h~1. That
corresponds to about 10 1 min~1 and is an weighted average of 5 hours
of light activity and 14 hours of resting as a mean value of indoor
habits over a year. The rest of the time, 5 hours per day, is
assumed to be spent outdoors and the breathing rate is assumed to
be the same, 0.625 m 3 h"1. With 100 per cent uptake the energy
absorption in the total lung (1 kg) caused by inhalation of air
containing 1 RjiT3 will be

35-103MeV«Bq~1 x 0.625 m 3 h"1 x 1.6»10~13J(MeV)~1 • 1 kg"1

= 3.5-10~9J (Bq«h-m"3)"1.kg~1 = 3.5«10~9Gy (Bq«h-nf3)""1

= 3.5*10"7rad (Bq.h-nf3)"1

In other units this corresponds to

1.3-10"7J (pCi'h-r1)"1 kg"1 = 1.3'10"7Gy(pCi-h-r1)"1 =

= 1.3'10"5rad(pCi*h'r1)"1

In this case an uptake of 100 per cent is also unreasonable and there
is no obvious underestimation of breathing rate to compensate that.
Therefore, an uptake slightly less than 50 per cent (that is the
same as assumed for light work) is chosen as an appropriate value.
That will lead to doses about half of those presented above.
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The doses as calculated for the whole lung are summarized in
Table 6 taking into account the corrections discussed above.

T a b l e 6

Doses received by the whole lung by inhalation
of radon daughters

Exposure group

Workers 1

Workers 2
(heavy work)

Public
(at home and
outdoors)

Gy

2-

4.

—

(WLM)"1

10"3

4-10"3

Gy(Bq-h«m"3)-1

3-

7.

1.

IQ"9

IQ"9

6-10"9

radtpCi-h-l"1)"1

1.2

2.6

0.6

-IQ"5

•ID"5

IQ"5

1 Gy = 100 rad
1 Bq = 27 pCi
1 pCi = 0.037 Bq

The annual dose is calculated by multiplying the above values with
the radon daughter concentration (EEC-value) and time in hours or
for a worker with the exposure in units of

The maximum dose is assumed to be received by the basal cells in
the epithelium of the upper bronchi (here called tracheo-bronchial
dose). Fran several lungmodels and varying parameters exposure-dose
relationships in the range of 2'10~3-10~lGy(Wtti)~1 (0.2-10rad(WItf) )
have been proposed (1) and in the 1977 UNSCEAR report a value of
lO'^fWLM)"1) has been used. Jacobi (8) has calculated the doses
caused by radon daughters to the tracheobronchial region and pulmonary
region as a function of the unattached fraction of the potential
alpha energy assuming the masses to be 45g and 955g respectively
and the breathing rate to be 201 min"1, see Table 7.
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T a b l e 7

Mean dose from alpha particles in the tracheo-bronchial (T-B)
and pulmonary (P) regions as a function of the unattached fraction

of the potential alpha energy in air

Lung region

T-B

P

r-B+P

Absorbed a-energy
Inhaled potential
a-energy -
(MeV(MeV)"1)

0.03(1+6f)

0.38(1-f)

0.41-0.2f

Absorbed a-dose
Potential a-energy
exposure.
Gy(WLM)

3l-10"4(1+6f)

16-10~4(1-f)

Usually the value of f < 0.1. The values ..in Table 7 do not differ
very much from the value 20«10~ Gy(WLM)" given in Table 6.

The doses can also be expressed in terms of effective dose equivalent
according to the concepts of ICRP Publ. 26. Weighting factors are
estimated for different, tissues on the basis of the risk of mortality
from irradiation of the respective tissue. The risk factor is ex-
pressed per dose equivalent, i.e. the given dose multiplied by an
appropriate quality factor, which for a-radiation is 20. The unit
is Sv (sievert). The risk of lungcancer is assumed to be the same
as that for leukaemia caused by external irradiation and is given
as 0.2*10~2Sv . The risk of mortality is given for 5 specified
tissues and for the remainder (all other tissues). The total risk
including hereditary effects, as expressed in the first two generations,
is 1.65«10~2sv~''. The weighting factor for the lung is accordingly
0.2/1.65 = 0.12. Table 8 shows the mortality risk and weighting factor
for different tissues as given in ICRP Publ. 26.
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T a b l e 8

Mortality risk and weighting factors for
different organs

Tissue

Breast

Red bone marrow

Lung

pone surfaces

[(hereditary effects
in the first 2
generations)

Total

Mortality risk (Sv~1)

0.25-10"2

0.2-10"2

0.2-10"2

0.05-10"2

0.05-10"2

0.5-10"2

0.4-10"2

1.65-10"^

Weighting factor

0.15

0.12

0.12

0.03

0.03

0.30

0.25

1.0

The effective dose equivalent per unit exposure based on the
values in Table 6 is estimated by multiplying the respective
dose-value by quality factor 20 and weighting factor 0.12.

The effective dose equivalent per unit exposure based on the values
in Table 7 is estimated by the formula

"eff - W T V T - B *»*

Wp = the weighting factor for the pulmonary region (P), i.e. 0.12

Hp = the dose equivalent in P per unit exposure

W_ = the weighting factor for tracheobronchial region, assumed
" * to be 0.06 (1/5 of the "remainder")

= the dose equivalent in tracheobronchial region per unit exposure

The unattached fraction of the potential alpha energy in air is
under most exposure conditions less than 0.1 and is here assumed to
be 0.05. The resultant effective dose equivalent thus achieved is
seen in Table 9.
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T a b l e 9

Effective dose equivalent per unit exposure to radon
daughters based on exposure-dose relationships in

Table 6 and 7

Exposure group

Workers 1

Public

Units

Sv(WLM)"1

SvjBq-h-m"3)"1

rem(pCi'h-r1)"1

Sv(Bq-h-m~3)"1

rem(pCi.h.l"1)"1

Based on Table 6

0.5-10~2

7-10"9

3-10"5

4-1CT9

1.4-10"5

Based on Table 7

0.8'KT2

13-10"9

5-10"5

7-10"?

2.5-10"5

Remark: The values based on Table 7 for public are estimated by using
the same assumption on breathing rates as for Table 6.

In the 1977 UNSCEAR report the doses to the tracheo-bronchial and
pulmonary region are assumed to be 1rad(WLM)~1 and 0.2rad(WI/>?)~1

respectively. Using the ICFP weighting factor procedure as above
on these values the effective dose equivalent 1.7«10~2Sv(wm)-1
is achieved, i.e. more than twice the values in Table 9.

ap£roach_

The incidence of ling cancer among uranium miners has been studied
for several years. An excess of lr.g cancer has also been found
among miners in non-uranium mines with high radon daughter levels. In
the UNSCEAR 1977 report data are given on observed lung cancer rates
among miners. The data are consistent with a proportional relationship
between the excess of lungcancer and the cumulative exposure to
radon daughters expressed in wm. Table 10 is a summary of presented
data from epidemiological studies on lung cancers among miners. The
estimation of the cumulative life-time risk is made on the assumption
of 40 years in the time-integral of the carcinogenic effect on luncr
tissue of radon daughters and an average life-time of 70 years.



T a b l e 10

Bccess lung cancer risk for miners per unit
exposure to radon daughter

16

Group of miners

U-miners
Colorado/USA

U-miners
Czechoslovakia
start mining age < 30y

30-40y
> 40y

all

U-miners
Ontario/Canada

Miners
Sweden

Miners
Newfoundland

Miners
U.K.

Miners
Schneeberg

Miners
Joachimsthal

Average

Risk rate

2.5 +_ 0.5

8 + 1 a )

6 + 2 b )

1 0 + 3
16 i 4

7.5 +_ 0.5

3.4

2.2

6

2.8

2.5

5

Average cumulative
life-time risk
(10~^WUf h

100

320

240
400
480
450

300

140

90

240

110

100

200

Reference

1

1

1

9

1

1

1

10

10

Note: a) and b) refer to two studies partly made on the same miners.
Only b) is used in the average.
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On the basis of the data presented in Table 10 a risk range of
(100-500) -10"° -WLM~1 is expected for the excess lung cancer amor.cr
miners during the total life-time. Most values are in the lower
part of the range and the average value is 200-10~6(lvLW1 (corresponding
to an annual rate of 5-10~6(Wmr1. m i s value is used to calculate
the dose equivalent according to the concepts of ICRP.

As discussed earlier ICPP's risk factor for lung cancer is
0.2'10~2Sv"1 (see Table 8). This value is based on lung cancer induced
by low-LET radiation and refeisto the whole lung. A somewhat hicrher
risk-factor is applied by IN9CEAR in its 1977 report. The risk factor
per w m and per Sv give the relationship C.1Sv-(WLM)~1. Using a quality
factor of 20,1WLM corresponds to 5-10~3Gy (0.5 rad). This value can
be compared with the value in Table 6 column 2 (2-1O~3Gy(VJL>:H) •

Finally, the exposure-dose equivalent relationship can be expressed
in an exposure-effective dose equivalent relationship as has been
discussed above .0.1 SvWLMF1 leads to 0.1-0.12SV4WDT • = 1.2-10"2sv(WLM.r1.
Table 11 sunmarizes the effective dose equivalent per unit occupational
exposure to radondaughters as it is estimated by three alternative
methods.

T a b l e 11

Effective dose equivalent for workers per unit exposure
to radon daughters based on dosimetric models and epidemio-

logical data using ICRP concepts

Methodology

Radon daughters uniformly
distributed in the lung

Radon daughters non-uniformly
distributed in the respiratory
system

Epidemiological data trans-
formed according to the
ICRP concepts

Effective dose equivalent (Sv)
per WLM

0.5-10"2

0.8-10"2

1.2-10'2
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As to the doses to the public per unit exposure to radon daughters
it has to be observed that the epidemiological data include the
influence from dusts and gases in the mine atmosphere and from
smoking. The relative number of smokers among miners is believed
to be higher than for the public as a whole and the combined effect
of radon daughter exposure and smoking is therefore smaller for
the public as a whole than for miners. The way of breathing is
probably more favourable in homes than in mines. On the other hand
there are reasons to believe that the fraction of unattached daughters
is higher in houses than in mines because of better ventilation and
lower aerosol concentration. However, the overall effect is probably
a lower risk coefficient per unit exposure in houses than in mines and
the effective dose equivalent should therefore correspond closer to
0.5* 1(T2Sv(WXNr1 than 1.2«10-2sv-(WLMT1 and the exposure-effective
dose equivalent relationships should be those presented in Table 9
column 3.

Special remarks

There are several remarks in connection with the discussions above.
Some of them will be mentioned here in short.

The lung cancer most likely originate in the basal cells of the
bronchial epithelium. These cells are covered by a mucus membrane
with cilia. The deposition of the radon daughters in the normal
bronchi is on top of the cilia and is transported upwards to the
pharynx. Stocking may partly destroy this mechanism as well as the
mucus layer itself, leading to a higher dose to the basal cells
from radon daughters. There are observations that indicate that
bronchial carcinomas are much more frequent among uranium miners
who smoke than among those who do not (11). Miners are also
exposed to other irritants which may have the same effect as cigarette
smoke. In conclusion, there is reason to believe that the dose caused
by radon daughters at least in some parts of the respiratory system
is higher for miners than for others and that the epidemiological
data lead to too high risk coefficient for members of the public on
average.

It has been shown on theoretical basis (12) that the dose to the
tracheobronchial region and the pulmonary region caused by inhalation
of radon daughters is much dependent on age. At the age of about
six years there is a maximum value of the dose about 2.5 times
higher than the dose at the age of 30 years. These variations of
the dose depend on anatomical and physiological properties of
growing organisms and of varyiig physical activities. In conclusion,
the risk coefficient based on data for adults may underestimate the
risk for infants and youths.

Human data on radiation induced cancer is derived from relatively
high exposures. Is it possible that the risk coefficient with lower
exposures is lower than that derived from epidemiological studies?
For instance, Bair's experiments with dogs which had inhaled Pu-239
indicate such a possibility (13). Or is the risk coefficient higher
as indicated by Lundin et al (14) in their studies on uranium miners
in the USA?
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Epidemiological data are from uranium and non-uranium mines.
The early exposures are often derived from very limited or no
measurements on radon daughter levels. If is therefore not
unreasonable to believe that there may be serious errors in some
of the estimated exposures. Critical and cantious use of epidemiolo-
gical data is recommended.

The effects of radon daughter exposure

The effect of radon daughter exposure in mines has been proven
to be an excess of lung cancer among miners. The exposures and
number of miners have been high enough to get statistical significance.
What is the detriment to members of the public caused by radon
daughter exposures in houses? There are no epidemiological studies
in this field but on the basis of measured radon daughter levels
indoors and of an assumed risk coefficient it is possible to estimate
the detrfcent.
There are several measurements on radon daughter levels in houses
and some of the most comprehensive are those made in United Kingdom,
Sweden and Norway (15, 16, 17). An inhabitant-weighted average value
for these countries is an equilibrium equivalent concentration of
radon (EEC) of 16Bqm~3. Assuming an occupancy factor of 0.8 and an
exposure-effective dose equivalent relationship of 4-10~^Sv(Bq-h«m~^)"'^
(see Table 9) and a risk factor of 1.65O0~2sv~1 the annual lung
cancer rate will be 7*10" . That corresponds to a few per cent of
the normal lung cancer rate among the members of the public.

Doses and effects of radon

The doses and effects of radon gas itself in air are negligible in
comparison with those of the daughters. Only on the rare occasions
when there is a great disequilibrium between radon and radon daughters
the relative contribution from radon to the effective dose equivalent
could be significant. The effective dose equivalent caused by inhalation
of radon without daughters at a concentration of 37 Bq m"3(l pCi 1"')
is about 3 nSv h"1. That is only a few per cent of the effective dose
equivalent caused by inhalation of radon daughters if they were in
equilibrium with radon.

Radon in water may cause a radiation dose to man by ingestion of
water and by inhalation of the radon daughters produced by decay of
the radon released to air. Consumption of 0.5 I/day of radon-rich
water with a radon concentration of 1 kBq I"1 will lead to an effective
dose equivalent of 0.5 mSv/year (by ingestion).
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