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Man has been-continuously exposed to natural® radiation since his appearance on
carth and, until less than a-century ago,.was exposed to natural radiation only. Even now,
despite the WLdemng ‘use. of mdmt]bn -producing. devices, the widespread radioactive
contamination. from nudcax “weapon tcsl: Jlld ‘the mcxcasmg applications of nuclear
-energy “and radio- 1sot0pcs natural sourcw are: the main contributors to the radiation
gxposure of most of the human popuhnon and_are likely to remain so in the foresceable
futuxc

Natuml mdxanon is"of two. origins, extraterrestrial ana terrestrial. Extraterrestrial
radiation originates in ‘outer space as primary cosmic rays and reaches the atmosphere,

©with whiclr the lnwmimD eacrgy and particules interact, giving tise to secondary cosmic
rays — those to-which living: beirigs on the carth s surface are exposcd.

Terrestrial radiation- is emitted from radioactive nuclides present in varying

_amounts in all soils and-rocks, the atmosphere and the hydrospliere, and from those
radio-nuclides “that; transferred to man through food chains or by inhalation, are
‘depasited in his tissues. Tertestrial radio-activity, therefore, leads to both external and
internal exposure, _

The purpose of this paper is to summarize the existing information on man’s

“exposure to natural-sources. Most of the information has been taken from the 1972
Report of the UNSCEAR Committee; some of the dose estimates found in that Report
have been updated in the light of the available results of more recent studics.

EXTERNAL IRRADIATION
1. COSMIC RAYS

The high-energy radiations which enter the earth’s atmosphere from outer space are
known as primary cosmic rays. Their origin is still not yet completely determined but it is
kriown' that most of the observed radiation originates in our galaxy. Those primary

Ealactxc cosmic mys largely consxst of lu;,}mnergy protons wh.dl enter the solar system
- - vith prot ce e fons in the proportion of about
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TABLE 1

Cosmic Ray Produced Radio-Active Nuclides (UNSCEAR, 1972)
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The doses fremn cosmie rays consi

e cleonaises I n w..\nuc rays consist of several components avising, {rom the muons
e cle ”;d;h‘i lc plons, the protons and the neutrons present in the radiation ﬁcl\i'
S icls 1 07 ave : ioni o
o lirn and wghtin (1 )/O) have caleulated the jonization produced by the diffcrent
d”:f‘ o y) ompoients at various altitudes. The variation of the contribution of the
enteosnic-ray components to the tiss i ‘ l

diffe e tissue dose five centimetres ins is¢ i
et cow cor \ s ¢s inside an isotropically-
ed phantom as computed by O'Brien and McLaughlin is shown on fieure TI These
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arises from muons, with electrons m
metres, electrons and protons are the major contributors to dose.

results are very instructive for they show that, below five kilometres, most of the dose

aking the next largest contribution. Above 10 kilo-
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Fig. 1. Computed dose rate (5 cm inside an isotropically irradiated tissue slab) from the different
components of cosmic rays as a function of altitude.

As this paper deals with the doses reeeived by the population of various countries
of the world, the reference level adopted will be the seu level.

In its 1972 report, the UNSCEAR Committee estimated the air absorbed dosc rate
in air from the ionizing component at sca level to be 3.2 urad h! from on ionization rate
of 2.14 pairs em™ s7' and the assumption that one ion pair cm™ s°! is equivalent to 1.5
wrad h™t; the variation with latitude was neglected. Since the radiation is very penetrating
and the mass absorption coefficients for tissue and air are very close, the tissue absorbed
dose rates are in this paper assumed to be the same as the air absorbed dose rates in air.
The annual dose to any body organs and tissucs may thus be calculated just by
multiplying the air dose rates by the time period of one year. The annual dose for the
jonizing component is then found to be 28 mrad. It should be noted however that the
dose rate indoots might be significantly lower than that outdoors because of the shielding
effcet of the building materials. Tt is estimated that the altenuation by the various types
of buildings ranges from nearly zero for woodframe houses to more than 50 per cent for
tower floors in multi-storicd offices or apartment buildings (NCRP, 1974b).

In its 1972 report, the UNSCEAR Committee derived the dose rates from the
neutron component from computed absorbed dose rutes in 30- cm tissue slabs. A value of
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0.35 mrad was adopted for the annual ti
as ad annual tissue absorbed dose at sea level ° lati
: : . ‘ 5¢ ¢ at40” Lk >
!ur(hcgnorth. In cquatorial regions, if would be ubout 0.2 mrad. e and
rom & ose.s fron? lzizg/z levels of cosmic radiation — At scalevel, the external dose arising
o, foix:lnxct }Ead}atmn doef,s not vary much according to latitude or time. The high leveli
T ¢ increase of the dose with altitude which i in figure
or c is shown in figure 1. Therefore
people living at high altitudes above sea | i . om of thels
: { evel or spending an appreciable fracti i
time flying aircrafts are cxpos igni i B From ot reun o
/in d posed to significantly higher dosc ic 1
people living at or slightly above sea level. e ¢ from cosmic xays than
a) Populations living at high altitude.
e z?c ntuhmbf;;rc:td citie{s are located at altitudes higher than 1 km above sea level. For
pie, the altitudes of Brasilia, Nairobi and Tehran are i .
. . s n are included between 1 and 2 km:
08 £ i o
those of México City and Quito are between 2 and 3 km while La Paz is at about 3 ’
above sea level. whabont 37 kan
e Fxgurc 2 shows .thc variation between sea level and 3 km of the air absorbed dose
]a ¢ in air from cosmic-ray charged particles. At one, two, and three kilometres aboy
evel, the dose rates arc 4.1, 6.2, and 9.8 urad h™?, respectively o
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b) Passengers using subsonic aircrafts.
In a conventional jet aircraft cruising at an altitude of 12 km, the tissue absorbed

dose rate is about 0.3 mrad h™' under average solar conditions. The resulting additional
dose from cosmic radiation for people flying 100 h y! is thus about 30 mrad y™'.

2, TERRESTRIAL RADIATION

No material on earth is completely free from the primordial radionuclides which
have existed in the earth’s crust throughout its history. In addition to cosmic rays, man
has thus always been exposed to natural terrestrial radiation. The primordial radionuclides
can be divided into those which decay directly to a stable nuclide (Table 2), and those
belonging to the three radioactive series, headed by 28y VS, and P?Th (figure 3).

TABLE 2

Some Non-Series Primordial Radio-Isotopes (UNSCEAR, 1972)

Abundance
Alpha or maximum

in the
Radionuclide lithosphere Half-life beta ray cnergy Gamma ray
(ppm) (ycars) (kev)d encrgics (keV)*
g 3 1.3 10? 81,314 (89) 1,460 (11)
0y 0.2 6 10 B 7 (30 783 (30), 1,550 (70)
87Rb 75 4.8 10'° B 274 (100)
ot 0.1 6 10" B 480 (100)
llsza 0.01 1.1 10:: 8 210 (30) 810 (30), 1,426 (710)
Sm 1 1.1 10 2,230 (100)
oLy 0.01 2.2 109 B 430 (100) 88 (15), 202 (85),
306 (95)

* Figures in parenthescs indicate percentage yield per disintegration.

The primordial radionuclides of primary importance with respect to external
amma irradiation are K and the radioactive series headed by **U and 232 Th, The decay

g (
lly alpha particles, electrons and electro-

of those natural radionuclides produces essentia
magnetic radiation. Because the human organs and tissucs to which the doses will be

calculated for the purposes of this paper are shiclded by at least a few millimetres of flesh
which absorbs practicalty all of the energy of the alpha particles and electrons given off by
the natural radionuclides, only the gamma exposure will be considered here,

The main contributors to the air absorbed dose in air are ** Tl and 228 Ac in the

2T geries, while in the 2% U series, about 99 per cent of the dose is due to 2 Pb and

24331 which are shortlived decay products of ¥ Ra. The gamma rays that those nuclides

give off range up 10 2.6 MeV.

Man never escapes from terrestrial irradiation; he is outdoors exposed to the radio-
activity of the rocks, the soil or the street pavement, while his exposure indoors is mainly
due 1o the radicactivity content of the building materials.
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a) OUTDOOR EXPOSURE

. Tl?e concentration of the primordial radionuclides in soil is determined by the
radioactivity of the source rock and by the totality of subsequent soil-formation
processes. In igneous rocks, the radioactivity is related to the quantity of silicates being
}u.ghcst in acidic rocks and lowest in the ultrabasic rocks. Igneous rocks generally e’xlu'bit
hlgl}cr radioactivity than sedimentary rocks, while metamorphic rocks have concentrations
typical of the rocks from which they are derived. However, certain sedimentary rocks
notably some shales and phosphate rocks, are highly radioactive (NCRP, 1974 b). ,
. The radioactivity of soil, which is more directly relevant to the outdoors exposure
is that of the rock from which it is derived, diminished by the leaching action of moviné
water, diluted by increascd porosity and by added water and organic matter, and
increased by sorption and precipitation of radionuclides from incoming matter (N’CRP
19'7411): An extensive study of the mean concentration of the natural radionuclides fo;
soils of various gencic types of the Soviet Union (Kogan, 1971) shows that there is a
regular trend for all the natural radionuclides which reflects the extent of biochemical
reworking of the original soil-forming rocks (Table 3). In sod-podzolic, podzolic and
boggy. soils, where such processes as leaching, humification, and eluvial anc,l alluvial trans-
portation proceed at a vigorous state, the natural radioactivity is low. It is higher in forest
and chernozem soils where the biochemical and geochemical processes are of a
substantially lower intensity and it is equal to the corresponding vajues of the soil-forming
rocks in arid climate soils (gray-brown soils and serozems).

. Table 3 also presents an estimate of the average soil concentration on a worldwide
basis and the dose rates for all the soils at 1 m above the ground level assuming that the
radionuclides are distributed evenly (Beck et al., 1972).
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TABLE 3

Average content of “°K, #** Uand DITh in soils of various genetic types
(Kogan, 1971 ;KCRF, 1974b) and corresponding air absorbed dose rates in air®,

Air absorbed
Type of soil Soil content I dosc rates in air
(ppm) (urad h')

Qg By BTy , g By BT Total
Serozeins 2.6 2.5 114 2.9 1.3 3.1 7.3
Gray-brown soils 2.7 2.2 9.6 3.0 1.2 2.6 6.8
Chestnut soile 2.2 2.1 9.5 2.4 1.1 2.6 6.1
Chernozems 1.7 1.7 8.8 1.9 0.9 2.4 5.2
Gray forest soils 1.4 1.4 6.5 1.5 0.7 1.8 4.0
Sod-podzolic soils 1.2 1.2 5.4 1.3 0.6 1.5 34
Podzolic soils 0.6 0.7 3.0 0.7 0.4 0.8 1.9
Boggy soils 0.4 0.5 1.5 0.4 0.3 0.4 1.1
World average 1.5 2.4 6.0 1.7 1.3 1.6 4.6

* The relationships between the concentration in soil and the air absorbed dose rates in air at one
meter wbove ground level we taken (o bey
1.10, 0.54 and 0.27 prad k! per ppm
of WK, 28 Y and ¥2Th, respectively (Beck et al,, 1972).

*+ [nferred from the 2 Ra value assuming radioactive cquilibrium with Y.

Results of large-scale surveys of outdoor terrestrial radiation. — In recent years,
several surveys have been performed on a countrywide basis for the purpose of estimating
the population exposure to natural radiation (Table 4).

The results are not altogether coherent as regards the quantity measured which is,
in practice, the quantity for which the measuring device was calibrated. Some authors
report exposure rates, others report absorbed air dose rates in air and others again tissue
doses free in air. Unless the measuring and calibration conditions are well specified, these
quantitics are often somewhat ambiguous and intercomparisons between different
investigations may be difficult.

The surveys were conducted using various methods and types of instrumentation.
In the United States, aerial surveys were made in which an array of large Nal (Tt) crystals
was flown in an aircraft at altitudes of 100 to 150m above the terrain (Burson, 1975).
This method was also used in other large countrics such as Canada (Richardson, 1975)
and the Soviet Union (Kogan, 1971) but the results have not been used so far to estimate
the average dose to the country’s population.

Ground surveys were conducted in the other countries, listed in Table 4. Direct
(or in situ) measurements were made in Switzerland, the Federal Republic of Germany,
the German Democratic Republic, Italy and Poland, the detector being an ionization
chamber in Switzerland, the German Democratic Republic and Italy, a gamma-spectro-
meter in Poland and a scintillation dosemeter especially developed for this purpose in the
Federal Republic of Germany. In India, Japan and Taiwan, soil samples taken across the
country were analyzed by gamma spectrometry in a laboratory.
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TABLE 4

Estimate of the average external terrestria] dose to the population of several countrics

Average air

absorbed dose rate Number of Type of survey and
Country in adr (urad h"') measurenients  instrumentation used Reference
Federal Republic 5.2 > 20,000 Ground survey with Kolb, 1974
of Germany scintillation dosemeters
German Democratic 9.1 1005 Ground survey with an Ohlsen, 1971
Republic ionization chamber and
scintillation dosemeters
India 3.6+ 35 stations Analysis of soil samples  Mishra and
sampled by gamma spectrometry Sadasivan,
1971
Italy 7.2 1365 Ground survey with an Cardinale
ionization chamber etal., 1975
Japan 4.1+ - Analysis of soil samples Yamagata and
gamma spectrometry Iwashima,
1975
Poland 5.5 16 stations Ground survey with Pensko, 1966
sampled gamma spectrometers
Switzerland 7.4 not indicated  Ground survey with an Herbst, 1964
fonization chamber
Taiwan 6.0 20 Analysis of soil samples Weng et al.,
by gamma spectrometry 1975
United States 4.5 25 areas** Acrial survey with QOukley, 1972
covered gamma spectrometers

. 21‘1.‘:‘, atr uhqsmbcd dose rates in air have been caleulated from the average concentration ot‘qu,

U qor Rayand “*Th in soil using the conversion factors given in Tablo 3
Y Approximately 30 per cent of the country’s population reside In tie arcas surveyed.

The average air absorbed dose rates in air indicated for each country in Table 4 are,
in the case of haly, Jupan, Switzerland, the Federal Republic of Germany and the
German Democratic Republic, population weighted (to the extent that the average values
obtained in subdivisions of the country have been weighted according to their popula-
tion); in the case of India and Poland, the figures indicated are reported averages while for
Taiwan the average air absorbed dose rate in air has been calculated from the average
concentration of surface soil in “ K, 38U and 22Th,

Although the surveys did not take the variation with time into account and differed
widely in the way they were conducted, in the type of instrumentation used and in the
number of measurements, the average air absorbed dose rates obtained in air are all
included within the relatively narrow range of 3.6 t0 9.1 yrad h?,

The population-weighted average air absorbed dose rate in ajr for the countries
listed in Table 4 is 4.3 grad b, The population involved is about 30 per cent of that of
the world and, on that basis alone, this value could be considered to be representative of
the world population exposure, The arcas covered, however, represent only 2 per cent of
the total fand of the world and are all located in three separate regions of the Northern
Hemisphere so that it could be argued that the rest of the world population might live in
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areas where the air absorbed dose rate in air might be much higher or mluch ’lc:tver t?\ali
4.3 prad h''. However, the result based on the estimate of the worldw@c avcmbuii:on mf
of natural radionuclides is 4.6 urad h'' (sec Table 3) and thus, .m the absence of
contradictory evidence, it is felt that 4.5 urad }lllb ils: r?asoxmble estimate of the out-of-
average air absorbed dose rate in air on a global basis.

oot ‘ll/‘izcr:z;it[?tl; d:fs the exposure — Considerations on the variab%lity gf the ecxposure
around that mean value may be derived from some of the survevs 11§1ed in Tab;e .4. Fqur
of the countries provided the average doses for the popula.tlons of their admmll'strahye
subdivisions: the 50 states and the capital district in the United States, 'thc.ll I‘,anjder in
the Federal Republic of Germany, the 20 regions in Italy‘and Fhf: 22 districts in Japan.
The population of those subdivisions varies bc?ween.O.I to 20 million peo.plc.. .

The population-weighted distribution of the air absorpeq dos-e rate in air in i)le 011111'
countries is presented in Figures 4 (a) to 4 (d). A normal distribution fits reasonably we
the histogram corresponding to the Federal Republic of Germany whereas the histograms
for the other countries are less chracteristic. However, whcp thg dz.lta for th.e four
countries are combined (Fig. 5), they fit rather well a Ga.\ussum distribution with the
exception of the Italian regions of Lazio and Campania w}pch represent 2.5 per c.en4t gysf
the population involved. The mean air absorbed dose rate tpr these four f:ou.ntrl'es 1sl .d
prad he! with a standard deviation of 1.1 urad h!. Assux‘m'ng Fhat the dxstlnbutlon 10? S
on a global basis, 99 per cent of the world population residing in no.rnml ;1'10:15 w.ould live
where thie outdoor air absotbed dose rate in air from the px'imordlul. r‘dlellUC].l(]CS falls
between about 2 and 8 u rad b'. However, it should be borne in.m.md that this applles
only to dose rates averaged over population groups of at least 0.1 million .peop.le. o

High exposure levels — 1t is clear from Figure 5 that lhcr.c are regions in the Wf)‘lld
where the population is exposed to outdoor dose rates much higher than expected. The
maost funous are those tocuted in Indfa and Brazil,

In the coastal regions of the Indian State of Kerala, there i.s a stretch .abou.t 160 }.:m
long and 0.4 km wide characterized by patches of sand containing mor?azxte.wu.h a high
thorium content. About 70,000 people live in the 55 km long coastal strip which mcludc.s
the most concentrated distribution of monazite (Gopal-Ayengar ¢t &-1{’ 1972). The air
absorbed dose rates (¥ + ) in air measured range up to 4,000 prad h™' (Gopal-Ayengar
e M’}“S\E/rg'tyllsfsz()).fhighbackground regions have been found in I?rqzﬂ': the Tnonazitc sand
region along the Atlantic Coast and the zone of volcanic intrusives in the inland state of
Minas Gerais. . ' '

The radiation levels in three towns (Guarapari, Mecaipe and Cumuruxatiba) built
over the monazite sands along the Atlantic Coast were surveyed in dcta%l by Roscr and
Cullen (1964). Guarapari is a town of 5,000 people which receives an mﬂk{x of about
10,000 vacationers every summer. In that town the air absorbed dose rates in air range
from 100 to 200 urad h! in the streets and up to 2,000 prad b in sclcct‘cd.s;)og on the
beach (Roser and Cullen, 1964; Penna-Franca et al., 1965). MC{lipC is a fishing vﬂla_%c of
about 300 people where the average air absorbed dosc rate in air is about 100 urad h™, In
Cumuruxatiba, the average level is SO prad h-* (Roser and Cullen, 1964). '

In the state of Minas Gerais, two eruptive regions have been intensively studxcq:
Pogos de Caldas and Araxd-Tapira. Near the city of Pogos de Caldas stands a hill where air
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b) INDOOR EXPOSURE

al Republic of Germany, Japan,
d Campania have been excluded),

Most individuals spend a large fraction of their time indoors where they are exposed
to the irradiation arising from the radioactive content of the building materials Tzli)b’c 5
presents the concentration of natural radionuclides in surveys conducted in the: ch;ral
Repubhe of Germany, Sweden, the Soviet Union and the United Kingdom. For a given
type of commonly used building material, the range of concentrations is vc-ry wide; but‘
the average values obtained in the four countries are reasonably close. Wood and m'néri-lh
used for thermal insufation are of a very low radivactive content, natural plasl‘cr m\u‘l
cement are also on the low side while granites, clay bricks and conc,trctc are in the upper
range,

The building materials act as both a source and a shield. The shiclding effect is most
clearly marked in wooden houses for which the source effect is small. Surveys conducted
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in the United States (Lowder and Condon, 1965; Lindeken, 1971 Yeates, 1972) and in
Australia (Yeates, 1973) have shown that the indoor dose on the ground floor of wooden
houses is about 75 per cent of that measured outdoors. One {loor upstairs, the doses are
lower by a further 10 to 20 per cent (Yeates, 1972; Lindcken, 1971) For prefubricated
houses, it has been determined in the study conducted in the Federal Republic of
Germany that dose rates indoors are also lower than outdoors, the average reduction
being 7 per cent (Kolb, 1974). :

In the other types of houses, outdoor radiation is almost completely shielded by
the walls. This has been demonstrated in various studies (see, for example, Ohlsen, 1971
and Yeates, 1972), in which it has been observed that the levels are about the same on
various floors of a given masonry building. Thercfore, in those dwellings, the indoor levels
cannot be compared to those outdoors unless the building materials are of local origin.
With equal content of radicactive substances in the bedrock of a given locality and in
building materials, the dose rate might be expected to be twice as large indoors as out-
doors as a result of the change from a 27 to a 4w geomelry, However, correction
cocefficients should be applied allowing for the presence of windows and doors (Krisiuk,
1971). Reports on the direct determination of those correction coefficients have not
been found in the literature.

A good estimate of the average indoors to outdoors dose ratio in masonry buildings
will hopefully be obisined from the very extensive country-wide study {rom the Federal
Republic of Germany in which 30,000 apartments were surveyed. From incomplete
results (Kolb, 1974), it secms that the population-weighted average indoor dose is about
30 per cent higher than that outdoors (Table 6). Assuming that the number of prefabricated
buildings is relatively small in the Federal Republic of Germany and that, on the average,
the radioactive content of the building materials is about the same as that of the soils,
roads and pavements around the building, the average ratio of the indoor to outdoor air
absorbed dose rates in air for masonry buildings would be about 1.3, This figure is in
reasonable agreement with the results of the United Kingdom study (Spiers, 1960), which
was conducied on a much smaller scale. On the other hand, the corresponding value
obtained in the German Democratic Republic (Ohlsen, 1971) is much smaller, However,
this study, although it covered the whole country, involved only 70Q dwellings and
different types of instruments were used to measure the indoor and the outdoor air
absorbed dose rates in air. Judging from the average outdoor doses for the Federal
Republic of Germany and Poland (Table 4), it can be suspected that the average outdoor
dose obtained in the German Democratic Republic is too high.

Estimate of the average indoor level of the absorbed air dose rate in air — Assuming
that the proportion of wooden buildings (dwellings, offices, tactorics, shops, theatres, etc.)
is about 20 per cent of the total and taking the average indoor to outdoor dose ratios 1o
be 0.7 and 1.3 for wooden and masonry buildings, respectively, the average indoor air
absorbed dose rate in wir would be 18 per cent higher than that outdoors and the world
population would be exposed to an average indoor air ubsorbed dose rate in air of about
53 prad ht, .

Variability of the absorbed air dose rare in air — Indications on the variability of
the indoor doses in relation to the average may be derived from the survey conducted in
the Federal Republic of Germany. As in the case of the outdoor air absorbed rate in air,
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Reference

Population
weijghted
indoors to
outdoors
dose ratio

Indoors
to
Outdoors
dose
ratio
1.32

dose

weighted
(Lrad o'l

Population
average

TABLE 6
Results of surveys of indoor tertestrizl doses

Indoors

average

air dose
rate

(urad ')

6.8

Type of building
solid

Number of
measurements

more than

Country
Federal

the population-weighted distribution seems to be normal; the mean value of the indoor

“ ~ X s & o Bz aon o g .
N 2 § 2 = ° —go dosc would be 6.7 grad h™ and its standard deviation 1.0 ur:id h w}u'lc the corrcs;?ox_)dmg
:. g g 3“ -é = _g ; §“ values for the outdoor dose would be 4.9 and 0.5 u'ru.d ht, r.espccuvc'ly. Assuming thut
C 2 g & 3 3 ! these figures can be cxtrapolated to the global scale, it is tentatively estimated that 99 per
* °© @ A = & 5 38 cent of the world population is exposed to indoor doses, averaged over more than 0.1
million people, ranging from 2 to 9 urad h™'.
- Tissue absorbed doses from terrestrial radiarion — All the dose rates quoted so far
it ;‘3 for gamma radiation are air absorbed dose rates in air. They must be multiplied by the
ratio of the mass absorption coefficient in tissue to that in air to convert them into tissue
absorbed dose rates free in air, A value of s = 1.10 is correct within * 1% for photon
energies between 0.1 and 4 MeV,
a8 N S3ET 2. The change from receptor-free conditions to a situation where a person is present in
e e "S- S the radiation field will influence the ficld at the surface of the person. Backscattered
radiation may increase the dose rate at the surface but the body will also act as a shield
and reduce the dose rate. The influence of body shiclding will depend upon the location
v <+ of the organ ol interest and the angular distribution of the radiation. The conversion
© = factor g from the tissuc absorbed dose rate free in air to the organ absorbed dose rate has
been taken, for all organs, as 0.75 {or external outdoor exposure (2r geometry) and as
0.63 for indoor exposure {3 geometry).
- In order to calculate the annual tissue absorbed dose, the fraction of the year that
¢ Qg2 Ga 222 S RE = h e BB 3% a person spends out of doors has to be taken into account.
~ o - me:§ This proportion varics for different people depending on scason, country, age,
huabits and type of work. For the purpose of this paper it will be assumed that the time

spent out of doors is aboul 4-5 howrs per day, i.e, the outdoor occupancy factor is 0.2,

ey werc built before 1945; they are called new if they were built after 1945,

2 % : .
2 8 éj Taking all those factors into account, the average tissue absorbed dose from
=N . 5. > errestrial radiation for the world population is estimated at:
2 - X terrestrial radiation for ti 1d populat timated at
o 28 § o8_32
§ z _g o] RYEE=IN =) , |
-8 _E&3 g R D=4.510" (mrad ') x 1.1 x 0.75 x 8760 x 0.2 (outdoor exposure)
@ RS Q el .
B8 E §§}3 2 + 5.3 1073 (mrad ') x 1.1 x 0.63 x 8760 x 0.8 (indoor exposure)
. . Pl L 2 -
53328 E £ gB83S =5.9+257=31.6mrady"
T g-b g3 5 8 & o 222
28 = he) £ o . . .
EE gfé_g ) 8-_5 g 02 ? ‘é’ 33 & High levels of indoor exposure — Elevated levels may result from the use of highly
G e PO 3% 9k 4 g Bxlis - o 2 radioactive building materials in normal arcas or of local material in high-radiation arcas.
EES S HEEERE NN LA - ’
[ST 4 0 2.0 8 g h
3 a) Normal areas
3
2 2y égﬂ 3 The use of highly radioactive building materials may lead to clevated indoor
2 ggfw ggg 5283 mugwn eg 3 radiation levels. Those building materials may be of natural origin, suczh as concrete
5 83 %3 @& cien oA - O 2 containing afum shale in Sweden, pumice stone in the Federal Republic of Germany and
5 in the Soviet Union, and granite wherever it is used (Table 5). They may also result from
.o % industrial processes, as is the case of chemical plaster in the Federal Republic of Germany
L g % ‘é‘f.g N - ] and the United Kingdomn, and 1ailing from uranjum mills in the United Kingdom and the
‘ig g gg g 13 é 53 Y %’ United States. As shown in the Swedish study (Hultqvist, 1956), the average doses in
o) [=¥ [ . & .y g . .
23 888 g g g =8 £ = & those buildings are much lower than what would be expected from the radioactive
- o R = . . g . .
“ = — @ g content of the material considered as the rest of building materials are usually less active.
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b) High radiation arcas

Information on the tissue absorbed doses received by the populations living in arcas
of high external terrestrial radiation in India and in Brazil have been attained in both
countries by issuing personal thermoluminescent dosemeters to a fraction of the popula-
tion. Gopal-Ayengar ef al, (1972) carried out a dosimetric survey on a 55 km long coastal
strip sclected on the bases of high exposure rate, definable geographical boundaries and
high population density. The average absorbed tissue dose rate for the 70.000 people
residing in the region is estimated at 380 mrad y' on the basis of 8,513 individuals
surveyed.

On the Brazilian coast, Cullen (1968) determined the average dose rate to a group
of 317 inhabitants of Guarapari to be 550 mrad y*! with a range of 90 to 2800 mrad y"!.

INTERNAL IRRADIATION

Radioactive nuclides occurring in our natural environment enter the human body
mainly through food and water, inhalation being of secondary importance, except for
radon daughters. The dose rales to particular body organs are ideally derived from
measured tissue concentrations, although an indirect estimation of the dose rates can be
made from studies of the distribution of the radionuclides in the environment and in diet
and from knowledge of their metabolic behaviour, Owing to the varying content of
natural radioactive auclides in the environment and in dict, the fevels of radioactive
intake, and therefore the corresponding concentrations in the human body, may vary
from place to place for clements not subject to haemostasis. In a given location, time
variation also oceur as a result of changes in diet.

The natural radioactive nuclides have been classified into those that are being
continually produced by the interactions of cosmic-ray particles with matter (or cosmo-
genice radionuclides), and those that were originally present at the formation of the carth
(or primordial radionuclides), with their decay products.,

1, COSMOGENIC RADIONUCLIDES

The most abundant cosmogenic radionuclide have been presented in Table 1. From
the point of view of internal radiation doses, only *C is worth considering,

Carbon is one of the clements that is essential to all forms of life and thus is
involved in most biological and geochemical processes on curth.

Carbon 14 is present in atmospheric carbon dioxide, in the terrestrial biosphere,
and in the bicarbonates dissolved in the ocean. The specific activity of natural radio-
carbon in the terrestrial biosphere, as measured in wood grown in the nineteenth century,
is 6.13 + 0.03 pCi (¢yC)". As u first approximation, this value can be taken to be constant
with time, as the variations in the production rate have only resulted in variations of a
few per cent in wood samples in the past 6,000 years. However, during the past decades,
it has experienced a slight decrease, of a few per cent as well, caused by the artificiu
combustion of "*C ~ free fossil fuel (Suess effect).

The doses from natural **C are thus about the same for all the human population
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1e world. Assuming that the specific activity of natural **C in ’tl.\eltzc(;rci; ol

iosphere is 6.1 pCi (gC)* and that the carbon content ir. the human body 1; t oo '

1 . iy

}:(;(;fl)tissucs and 14% in bone, the annual doses are calc‘ulatcd 15) be 37 1;1:;110”;)51 -

¢ ad to endosteal surfaces and smail inc¢ .

narrow and lungs, and 0.8 mra : 4 il inch 1 bort

;)’?X]cd]ecrcase resulting from the Suess effect can be theoretically estimated at ab b
e

in 1975 (Baxter and Walton, 1970).

groups of t!

2. PRIMORDIAL RADIONUCLIDES

As mdicated above, the primordial radionuclide can be 'classified into tho(s; whtxiilg
decay dircctly to a stable nuclide (Table 2) and those belonging to the three radioac
¢

i 2T (figure 3).
headed by 238U, 2 U, and **Th (fig ) . .
SCHCS’T;:: onlyynon-scrics radionuclides of significance are *°K and °’Rb, which have

similar chemical properties.

a) POTASSIUMA40

. e A1 radiation
Potassium-40. which is the major naturally occurring source Io)f 1ntc‘rnalbrc.1'(rillgtllike
‘ i ¢ tassium bei
218 body mainly through foodstufts. Po
¢ to the whole body, enters the oo . ‘
Sz?rsbon an essential element, it is under close homeostatic control in the body and th

o - . . and
dose rates from K can be calculated from its isotopic abundance in the biosphere

assi i nan tissuc. ' ‘
the potassium content in hur ‘ - e and
l The average potassivm content ol the whole body varies as a Tunction ol age ¢

sex (figure 6). It is highest in adolescent males and lowgst in clderly .{cm.u‘ics,‘thc; rout;o zf
he L lues being about two. Taking a incan potassivin content in tissues 0 e p

thct[wr(idvixilcissot:p%c ratio of %°K of 0.0118 per cent, the dose 'ra.lcs from l})arc
(\;:tlzmzzlltcd to be 19 mrad y'! to soft tissues and 15 mrad y! to bone-lining cells and bone

marrow,

b) RUBIDIUM-87

Very little is known about the behavior of rubidium in the human envuom(rllctr;t.
ar ‘ / ' min ¢ uman environment
The doses. from *7Rb, calculated from its isotopic abundance in the blc:splmc uds e
X ' i i [ ad y** to gona
concentrations of rubidium in human tissues, arc found to be O.I? mrady™" tog

lungs and 0.6 mrad y*' to bone surfaces and bone marrow.

¢) URANIUM AND THORIUM SERIES | | d
238 (J and B2 Th each head a serics of more than ten nu‘clidcs. w]uch. get S:]iiriiem
through physical, chenical, or biological means and therelore are not in clq Lo
. food. and man. However, the two series can be ¢ ass.1 ie
, precursor controls to a large degree the us}t‘ivny of
) 28U, two short-lived nuclides and .U: (l?) ,
TR, of no dosimetric
, which is an
24 Po). This

between them in air, water,
sub-series in which the activitv of the prec
the decay products. For the 28U series: (a) ** ‘
20 Ry, which is frequently separated from its precursor, et R
significance in natural background. and from. its decay prczj uts,(tllrough
isutope of a noble gas; (¢) **Rn and its short-lived decay produc
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sub-serx.cs, important fron? the point of view of external radiation because of the highly
u;crgctlc zf;.lmma rays emitted through decay of ¥ Bi, is also important {rom the point
of view of intern: iation; : ived 232 ‘ '
o rnal radiation; (d) the longlived *2Rn decay products: #°Pb, 2 Bj and
. 232 N .« .
X The Th s:zr;cs has1 also been classified in three sub-series: (a) #2Th by itself;
E;) the sequence **Ra, *Ac, ™ Th and **Ra; (¢) *Rn and its decay products,
. N . . Py 2’2 ’
lcc‘mse of thgr 51x1llla£;tlcs, ®Ra and the sequence headed by 2Ry will be treated in
Elw same .SCC“(;;IS and **°Rn and its decay products will be considered with %2 R, The
ecay chain of ** U is not of dosimetric significance and will not be dealt with here

(i) URANIUM

sy Inﬁtj}ls papcr,;rmium is assumed to consist of 2*8 U in radioactive equilibrium with

) ’a and U, One gramme of urani i i

Th, . anium contains 0.33 uCi of cach I

radionuclides. / o the fous

"H.wrc is litt]'c information of the dietary intake of uranium, but there is no doubt
th:n it i1s much higher than that from iithalation. Values of lug d*' seem to be typical
although a fevel of 30 pg d°' has been reported for one ares of the Soviet Union,

in mar, the concentrations of uranium tange from 0.1 to 0.9 nanogramme per
gramme of wet soft tissue, compared to 20-30 nanogrammes per gramme of bone ash

Q2

L

The corresponding dose rates to bone, calculated by the method of Spiers (1968) are 0.3

mrad y*' to the bone-lining cells and 0.06 mrad y' to the whole marrow; in the
iformly distributed in the 5000 g of

calculations, however, uranium was assumed to be uni
mineral bone, or 2700 g of ash, although that may not be the case. If the conservative
assumption that uranium deposits and stays on the trabecular surfaces were used, the
calculated doses would be about 50 times higher for the bone-lining cells and about 30

times higher for the whole marrow (IAEA, 1971).

(ii) THORIUM-232

From a dust loading of 100 gg m= and a 2*Th concentration in soil of 6 ppm
(Table 3), the intake through inhalation is about 1 {Ci d-!. There is no direct information
on the dietary intake of 22Th but an indirect estimate of about 0.1 pCi d*! has been
proposed (NCRP, 1974a). The contribution of this route to the body content is probably
negligible because of the very low absorption of thorium through the gastro-intestinal

tract.
Measured levels in rib bone show a linear increase with age (Lucas et al., 1970). The

average value for an adult population would be about 1 {Ci (g ash)! which is about ten
times less than the levels obtained for ¢ U. However, thorium is known to deposit on the
endosteum and the dose rates per unit activity of thorium in bone are much higher than
(hose for uranium if it is assumed that the latter element is uniformly deposited in the
(otal mass of the bone, The fragmentary information on levels and doses from 28U and

B2y s sumunarized in Table 7.

TABLE 7

Intakes, levels and doses from 2*Uand P Th

28y B2y
Daily intake: inhalation 5 ng 1 fCi"
dict 1 Mg 0.1 pCi
Levels: bone 20 -30ng (g asl})'l 1 £Ci (g ash)™!
sof't tissucs 0.1 -09 gy -
Tissue absorbed doses: gonads 0.03 mrad y'i -
lungs 0.03 mrad y° - .
bone marrow : 0.06 mrad y't 0.08 mrad y:I
bone-lining cells 0.3 mrady’ 0.5 mrady

(iii) RADIUM
(z) Human intake

Food consumption is in general the most important source of radium intake. The
average dietary intake of 2*°Ra and #**Ra’in areas of normal radiation background is
about 1 pCi d'' (UNSCEAR, 1972). Typical ** Ra levels in most components ol the dict
range from 0.1 to § pCi kg but some individual foods such as Brazil nuts or Pacific
salmon contain much larger amounts of *** Ra.
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The contribution of water to the total intake is in general small when the drinking-
water supplies are drawn from surface waters. However, 2 Ra levels of 1 to 10 pCi 1!
arc not exceptional in well and mineral waters (Snihs, 1973; Kahlos, 1973; Allegrini,
1975; Remy, 1968). Available information on the concentrations of 2Ra in those
waters is limited but it seems that they are an order of magnitude Jower (Kahlos, 1973).

The most famous populated areas in the world with abnormally high concentrations
of thorium and uranium in their soil are located along the coast of Kerala in India and in
the Arax4-Tapira region in Brazil,

The estimated per caput intakes of ***Ra and **®*Ra of the Indian population along
the Kerala coast ar¢ 3 and 160 pCi d™!, respectively (UNSCEAR, 1972). In Brazil, a
survey in the Araxd-Tapira region showed that, out of a population of 1670 people living
in and around the radjoactive anomalies of Barreiro and Tapira, only 1961individuals are
ingesting alpha emitters at a level 5 times or more than that of a similar group living in
Rio de Janciro. Their intake of radium ranged from 10 to 40 pCi d*! of **Ra and from
60 to 240 pCi d*! of 2*Ra (UNSCEAR, 1972).

(b) Distribution in man and dose rates

When radium is taken into the body, it behaves chemically like calcium, and an
appreciable fraction is deposited on bone surfaces and in arcas of active bone {urnover.
In cortical bone the initial sutface deposit gradually imigrates to produce a diffuse
distribution throughout the entire bone mineral (Evans, 1974). About 80-85 per cent of
radium is thus contained in the skeleton, the remaining fraction being distributed
approximately uniformly in soft tissues. In the areas of normal intake, the 2% Ry skeletal
concentrations in man range from 4 to 40 fCi (g ash)' (UNSCEAR, 1972) with an
arithmetic average of 14 {Ci (g ash)™ or about 40 picocuries per skeleton.

The 24 Ra levels in man might be expected to be lower than those of 2% Ry because
of the shorter half-life of the former and the estimated biological half-life of radium in
the body of 1530 years. Thus, the build-up of **®Ra would depend upon the age of the
subject and it would be limited by its physical half-life to a maximum of about 50 per
cent of that of 2 Ra (NCRP, 1974a). In fact, the average ratio between activites of *28 Th
and ***Ra in bone ash was found to vary between 0.25 and 0.5 which, if radioactive
cquilibrium between ?*Ra and *®Th in bone is assumed, leads to an estimated upper
limit of skeletal burden of 20 picocuries of 28 Ra in normal areas (UNSCEAR, 1972).

The dosc rates to bone-lining cells and bone marrow presented in Table 8 have been
calculated using the same assumptions as in the 1972 report, that is, (a) an average
retention factor in the skeleton as well as in the soft tissues of 0.33 for 222Rn and of 1.0
for **Rn, and (b) a uniform concentration of radium and its decay products over the
total mass of mineral bone. In fact, with respect to *®*Ra and its decay products, it is
known that a fraction of **Th, which is the long-lived alpha<emitter of the sequence,
migrates to the endosteum (Butler et al., 1970). Therefore, the doses from that sequence
to bone tissues are somewhut higher than indicated in Table 8.

Data on the skeletal burden of the pupulations living in the high external-radiation
arcas of India and Brazil are very scarce. In Brazil, the mean * Ra concentration of tecth
of the population living in the Araxd-Tapira region has been estimated at 85 {Ci (g ash)™*
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TABLE 8

oA 18 12
Intakes, levels and doses from ¢ Ra and "™ Ra

20p4y Z8Ra
Norma! Kerala, Araxd-Tapira, Normal Kerqla, A:axé—’I“apim,
arcas India Brazit areas India Brazil
Daily intake (pCi} 1 3 10 ~ 40* 1 160 60 — 240*
Reported levels in bone B _
[fCig ash)1 ] 14 143 85 7
. dvhy:
Tissae :Cl:bcf:;g:d doses (mrad ¥ 0.02 0.2 0.1 0.03 - -
Lungs 0.02 0.2 0.1 0.(1J3 : :
Bone marrow 0.1 1.2 0.7 8'8 - -
Bone-lining cells 0.6 6.6 3.9 .

* Range for the population group ingesting alpha emitters at a level 5 times or more than Fhat of a
similar group living in Rio de Janeiro.

which leads to a skeletal burden of about 220 pCi if it is assumed that the Fonccntrﬁion
in teeth is the same as that in bone. In India, the analysis of a femur bone yiclded a **Ra
concentration of 143 fCi (g ash)™! which corresponds to a skeletal burden of about 400

pCi (UNSCEAR, 1972).
(iv) RADON-222, RADON-220 AND THEIR SHORT-LIVED DECAY PRODUCTS

The exposure to the decay products of ¥ Rn (radon) and **Rn (thoron) in air
constitute the main component of the fung dose [rem natural sources.

Radon and thoron are exhaled from soil, water, building materials etc. and become
dispersed in the air in the gascous phase. The decay produc.ts, radon and tho_ron daughtcrsE
arc produced in the solid phase as frec atoms, usually as ions. Vc.ry soon3 in the order. o}
seconds to minutes, they become attached to aerosol particles in the air. The phy‘sx?al
state of the activity incluences the deposition and subsequent fate of the inhaled activity
in the respiratory system and consequently the dose.

1. Outdoor exposure
a) Atmospheric concentrations at ground level

The concentrations of radon and thoron in the air depend on the exhalation 'rate of
radon and thoron from the soil, meteorological factors, geographical region and height of
observation. . '

The radon concentration of continental air at ground level is of the order o'f 0.1 pCi
"', in coastal arcas and islands 0.01 pCi 1°" and in arcas of ncgligible exhalation rates
such as oceans und arctic areas ol the order of 0.001 pCi 17! (UNb(.‘b/.\R, 1972).

In continental air, the concentration of thoron at ground level is about the same as
that of radon.
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Radon and thoron daughters in air are very seldom in equilibrium with radon and
thoron, respectively. The equilibrium factor F is defined as the ratio of the total potential
alpha energy of the daughter concentrations to the total potential alpha cnergy of the
daughters if they were in equilibrium with radon or thoron, respectively. The equitibrium
factor F times the radon or thoron concentration is the concentration of radon or thoron
for which the daughters in equilibrium would have the same potential alpha energy
concentration as the atmosphere of interest. This equilibrium equivalent radon or thoron
concentration (EER or EET) is expressed in the unit pCi 177,

The equilibrium factor F for radon has been considered by several authors directly
of indirectly. The average values obtained varied between 0.4 and 0.8 while the extreme
values were in the range 0.08 to 0.9.

In this paper, the average F — value for radon daughters in outdoor air is taken as
0.6 resulting in an average EER value of 0.06 pCi 17 in continental air.

At ground level, the concentrations of the thoron daughters are in general one or
two orders of magnitude lower than those of thoron. Direct measurements of the F —
value for thoron daughters are not available. In continental air the measured
concentrations of *'?Pb are on average 0.001 pCi 1°' (Blifford et al., 1956, Lockhart ct
al., 1960). This average is based on several long-term measurements (months to years).
Assuming cquilibrium between *'2Pb and “2Bi the average EET value for continental air
would be 0.001 pCi 11,

b) Doses

Inhalation of radon and thoron daughters results in an inhomogencous internal
irradiation of the respiratory tract primarily in the bronchial region near the hilus of the
lung. The lung cancer among uranium miners predominantly appearing in the area of the
large bronchi (Lundin et al., 1972) presumably originates in the basal cells in the
basement membrane ol the upper bronchial epithelium, which explains why the dose rate
factor to those cells has been extensively studied, especially for mine air. Results of
calculations by various authors using different models of the alpha dose to the basal cell
layer of the critical bronchial region are in the wide range of 0.2 to 10 rad per working
fevel month, A reasonable value for radon daughters would be one rad per working level
month in normal mining conditions. It will be assumed in this paper that this value also
applies in the case of exposure in outdoor air and in houses for either radon or thoron
daughters. One rad per working level month corresponds to 60 urad per pCih 1 (EER)
and to 800 urad per pCih 17t (EET).

Doses arising from exposure to radon daughters

Applying an outdoor occupancy fuctor of 0.2 and an EER value of 0.06 pCi 1!
leads to an annual dose to the basal cells of the basement membrane of the upper
bronchial epithelium of about 5 mrad. The possible range is expected to be 1—25 mrad in
different places and for different people.

The annual doses to the whole lung und to tissues and organs outside the respiratory
system are much lower. They are estimated to be about one millirad to the whole lung
0.007 mrud to the gonads, and 0.008 mrad to bone marrow and to bone — lining cells.

26

Doses arising from exposure to thoron daughters

With an EET value of 0.001 pCi 1" and an outdoor occupancy factor of 0.2, the
dose to the basal cells of the upper bronchial epithelium is about 2 mrad yt. The
corresponding dose to the whole lung is of the order of 0.1 mrad y*! while the dose to
the gonads would be 2 10°* mrad y™* and that to bone marrow and to bone — lining cells

would be 3 107 mrad y™'.

2. Indoor exposure

a) Radon daughters

The air concentration of 2**Rn and its daughters indoors depends upon the
concentration in outside air, upon the 2 Rn emanation rate from the walls, and upon the
ventilation rate in the room. Table 9 shows the results of measurements carried out in
various countries.

22Rn concentrations are usually higher indoors than outdoors; they are expected
to be close to the values found outside if the rooms are efficiently ventilated, as in air-
conditioned buildings, or if the emanation rate from the walls and the floor is low, as may
be the case in wooden houses. High concentrations are found in rooms with very poor
ventilation, for example in some basements, where the 222 Rn level will be proportional
to the emanation rate from the walls, which in turn varics according to such parameters
as the origin, nature, and porosity of the building material, and the type of paint or
covering layer, Between those extremes, average concentrations several times higher than
those recorded outside are observed in naturally-ventilated brick, aggregate, or concrete
buildings, the measured level being sensitive to the actual degree of ventilation, which is
connected to the individual habits of the inhabitants, and to the emanation rate from the
walls.

It will be tentatively assumed in this paper that a representative values of the
average 22* Rn concentration indoors is 1 pCi 1,

The degree of equilibrium of the *?*Ru decay products indoors is expected to be
ruled by the ventilation rate, the equilibrium being nearly reached in rooms with poor
ventilation, and highly perturbed in efficiently ventilated buildings. In naturally-ventilated
rooms, the equilibrium conditions should be about the same as outside. The IF — value is
here taken as 0.5.

Using an indoor occupancy factor of 0.8 and a dose-rate factor of 60 urad h*! per
pCi 1! the absorbed dose rate indoors can be roughly estimated to be 30 urad h! which
leads to an annual dose to the basul cells of the bronchial epitheljum of about 200 mrad.
The dose to the whole lung would be around 40 mrad y™' while those to the gonads, the
bone marrow and the bone-lining cells would be of the order of 0.3 mrad y*.

Other, usually minor, contributions to indoor exposure, include the use of natural
gus in kitchen ranges and space heaters, and the consumption of water, An average rudon
concentration of about 20 pCi 17! was measured in natural gas distribution lines in the
United States, resulting in estimated doses to the segmental bronchioles of 0.6 mrad y!
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Location

Poland

Sweden

Union of Soviet
Socialist Republics

United Kingdom

United States of America:
Boston area

Tennessce

Florida

New-York

TABLE 9
*2Rn concentration in dwellings (UNSCEAR, 1972)

PO . .
“Rnconcentration =2Rn concentration

Number of Type of building outdoors (pCi 171)
buildings and building material
investigated Range Mean
28 Apartments — Concrete  0.06-0.16 Q.11
8 Aggregate  0.06-0.09 0.08
6 Brick
55 Houses — Wood
87 Brick
83 Concrete
uncluding alum shale)
Silicate brick
Red brick
Concrete
Adobe
Slag
1 House 0.04
1 House 0.13
6 Industria! premises 0G.04-0.19  0.09
4 Office buildings 0.04
7 One-family houses: 0.01-0.15 0.05
first floor (wood {rame)
basement (concrete)
3 Apartments-Brick
4 Offices and laboratories
15 Houses — most of them of
concrete construction
16
0.13

indoors (pCi 171)

Range Mean
0.14-2.14 0.44
0.26-1.10 0.35
0.08-0.37 0.19
0.3-0.9 0.54
0.3-2.1 0.91
0.3-4.5 1.86
0.12-4.3
0.19-1.10

0.4

0.3-10.0

4.0-8.0

0.06-0.31 0.16

0.2-0.7 0.4

0.005-1.2 0.3

0.06-0.35 0.17

0.005-0.23  0.07

0.1-0.94 0.40

0.01-0.19 0.09

0.02-0.10 0.05

0.13-4.8* 1.40

0.03-3.6* 1.26
0.25

Comments

Mecasurements made under simila
conditions of ventilation

Four air changes per hour

Adequately ventilated
Inadequately ventilated
Poor ventilation

Air conditioned

Number of air changes per haur:
one to three in the basement,
two to six on the first floor

Number of air changes per hour:
five to nine

Number of air changes per hour:
five to twelve. Air conditioned
buildings

The ventilation ratc was probably
higher in Florida than in
Tennessee as the outdoors
temperatures were respectively,
23°Cand 0°C

* Converted from working level units by assuming that 2pnand its caughters are in the equilibrium ratio 1/0.9/0.6/0.4.

TABLE 10

isi i i ZRaand @ ived d roducts
F.etimated average tissue 2bsorbed doses arising from inhalation of ““Rn and ““ Rn short-lived decay p

Source

2 Rn short-lived decay products

1. Qutdoor exposure

2. Indoor exposure
a. buildjng materials

b. natural gas
c. water
2rn decay products

1. Qutdoor exposure

2. Indoor exposure:
building materials

Assumed
EFR or EET
concentration

(pCit™)
0.06
0.5
(0.05 — )
0.0015
(510% —310%)
a0t -1
0.001
0.01
(0.001 — 0.06)

Tracheo-
bronchial
tree

S
(1-25)

200
(20 — 2000)
0.6
02-1)
(0.04 —400)

2

60
(6 — 400)

-1
Tissue absorbed doses (mrad v )

Lung

i
0.2-35)

40
(4 —400)

0.1
(6.03 -0.2)

(0.007 - 70)

0.1

5
0.5 - 30}

Gonads

0.007
(0.001 —0.03)

0.2
(0.02 - 2)
7107°

Q10 -10%
(5107 - 0.5)

2107

0.608
(8107 ~0.05)

Bone Bone-
mMarrow lining cells
0.008 0.008
(0.002 — 0.04)  (0.002 — 0.04)
0.3 0.3
(0.03 - 3) (0.03 - 3)
8107 8107

(3104 =210 (3107 -2107)

(51075205 (5107 —0.5)
0.003 0.003

0.1 0.1
K0.01 — 0.6) (0.01 — 0.6)

* The expected ranges, excluding extreme values, of the concentrations or of the doses, are given within parentheses.
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trom kitchen ranges and 2 mrad y™ from space heaters. On the other hand, consumption
of water containing 1 nCi 1" of radon would fead to a dose from inhalation of about 30
mrad y' to the segmental bronchioles. It is worth mentioning that in addition small
doses would be delivered as a result of ingestion. Assuming a daily consumption of 0.3 1,
the annual dosc to the stomach would be about 2 mrad while the dose to the whele body
would be 0.02 nirad.

b) Thoron daughters

Published dafa on the concentrations of thoron decay products in buildings are
limited. Harley and Pasternack (1973) reported average levels of 3.6 10" pCi 1°! of 212Pb
and of 2.7 10 pCi 1" of *?i in a laboratory in New York. In Salzburg, Stcinhausler
et al. (1975) found a mean *'?Pb concentration of 24 10~ pCi 1°!, the extreme values
being 0.1 10 and 62 10" pCi 1"'. Tuking a typical 22Pb value to be 102 pCi 1°! and
assuming radioactive equilibrium between #2Pb and *'2Bj, the absorbed dose rate to the
basal cells of the terminal bronchioles is estimated to be 8 urad h! corresponding to an
annual dose of around 60 mrad. The dose to the whole lung would be about 5 mrad y!
wihile those to the gonads, the bone marrow and the bone — lining cells would be 0.008,
0.1 and 0.1 mrad y™!, respectively.

The various contributions to the dose arising from inhalation of radon and thoron
decay products are summarized in Table 10,

(v) LONG-LIVED DECAY PRODUCTS OF 222Rp: 219pp.210B;.210p,,
a) Intake by man

Inhalation. The concentrations of *'°Pb and '°Po in surface air depend mainly on
the rate of exhalation of **2Rn from the ground and on the latitudinal distribution of
land and sea areas. Conscquently, they are highest in the temperate latitudes of the
northern hemisphere. In those regions, the average concentrations of 2'°Ph and 2'9Po
have been estimated at 14 {Ci m™ (Jaworowski, 1969) und 3.3 fCi m™ (Parfenov, 1974).
Assuming that a human being inhales 20 m* of air daily, the corresponding intakes are
0.3 and 0.07 pCi d-!.

Since a cigarette contains about 0.6 pCi of *'Pb and 0.4 pCi of ¥*Po (Parfenov,
1974) and that both nuclides are volatile at the burning temperature of tobacco, cigarette
smoking will lead to a substantial increase in the intake of *'°Pb and *°Po through
inhalation. For a person smoking a pack of 20 cigarettes a day, the values of the estinut-
¢d intukes range from 0.12 to 2.1 pCi for *"Pb und from 1.4 to 6.4 pCi for 2°Po
(Parfenov, 1974). However, it should be pointed out that the conditions of inhalation
while smoking are very different from those in normal respiration.

Ingestion, In normal arcas, the values of the 2'Pb — 9Py intake lie between one
and ten picocuries per day, the contribution of drinking water to the total consumption
being only a few per cent. As high level's are observed in the edible fraction of aquatic
organisms, the intakes of *'°Pb and *'°Po in populations living mainly on seafood may
thus be expected to be much kigher than those of the populations with a “normal’’ diet.
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This assumption is confirmed by the value of the *'°Pb intake in Japan (17 pCi d-hy. .

A much belter documented case of clevated intakes is that . of U.IC tens of
(housands of reindcer and caribou breeders in the arctic and §ub-arct1<f regions .of the
northern hemisphere. Their main food is the meat of these ammals Wth.h contains un-
usually high levels of 2°Po as they graze in the wintertime onillch'cns which accumulgte
and retain 2'°Pb and 2'°Po. Table 11 gives estimates of the daily 1ntaz}l<§s of.those 'radxo-
nuclides by the populations living in reindeer or caribou meat. Thim Pt.) mtak.e is not
much higher than that of the populations in “normal” areas.bult the “** Po intake is about
one order of magnitude higher, a typical value being 100 pCi d (Parfenov, 1974).

TABLE 11

Intakes, levels and absorbed doses from the U0py, _ MWpg sub-series

Non-smokers in Smokers in Rch@cer or
arcas of normal areas of normal caribou
dietary intake dietary intake breeders
210p
aily i X ’1): inhalation 0.3 (319py) 0.4 —2.40<VPb) -
Daily intake (pCi): inhalati 007 (gwpo) 04— 24 (z’opo)
210p
ic 110 (219 110 (“9b 4 — 40 (}1°Pp)
et and(m’l'o) and 29Po) 30 - 300 (#0P0)
Average 0py evels (pCi kg™!): bone 40 60 2(6)8
lungs 6 15 e
gonads 6 15 0
Tissue absorbed doses: gonads 82 (x)g 2
lungs* . .
bonc marrow 0.3 04 1..55
bone-lining cells 1.5 2.2 7.

*» Estimates of the absorbed dose to basal layer of cells in the bronchial epithélium range from 12 to
3000 mrad y'l.

b) Distribution in man

Lead, bismuth and polonium-210 being the final decay products in the 8 U serics,
they would be present in the human body even in the absence of direct intake. prever,
under normal conditions, the decay in the body of ?*Ra, of 2 Rn and ofqtll(}cxr §hort—
lived products does not play a major role ln the accumulation of *'°Pb and **Poin the
organism.

Areas of normal intake. The skeleton contains at least 70 per cent of the body
burden of #°Pb and 2'°Po, An average value of 2°Po concentration in ureas of normal
intake is 37.5 pCi per kg of fresh bone with an 2'°Po/?'?Pb ratio of 0.7 leading toa “‘°P’b |
concentration of 53.6 pCi kg' (Parfenov, 1974). Since 2'°Po is not osteotropic, it is
formed in the skeleton through decay of *'°Pb. The absence of equilibrium between
20pg and 9Pb is an indication that part of the **°Po formed in the skeleton is not
retained there, but is absorbed in the blood and deposited in other organs or excreted
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Jrom the body. It is estimated that the intake of *°Po accounts only for one quarter of

= ~ .S .~ QaEx
ihe PPu found in the body. The remaining three quarters are formed from *17Pb 5 RSN 5 3 SRR NN &3
accumulated over a tong period ol tme 1 the skeleton (Parfenov, 19 /44), é = he
Amony the soft tissues, the highest *?Po concentrations ure about 15 pCi kg™t in ® b © o o
the liver and kidneys followed by the gonads and the lungs where the average values are 2 5% S, 802223228 =
about 6 pCi kg, In all thosc tissues, the #9Po/?'°Pb activity concentration ratio is *°a ~ a
greater than one (Parfenov, 1974).
The total °Po content of the body is estimated to be of the order of 500 pCi in g .
areas of normal intake. This corresponds to an average concentration of 7 pCi for kg of & A S . g 8 .9 o~ o §
. : R BN ) "o inomom =
body weight. 3 ° SR NS o AN N NURP RN NN
The doses from the 2°Pb chain depend mainly on the highly energetic alpha g o Ep
particles of 2*Po, At cquilibrium, the contribution from the beta emissions of 2'°Pb-and £ Z % 3
2107y 210 : - N & £ S 0 VKNS MY M AWV
Bi is only 7.5 per cent of that from *°Po and will be neglected here. The doses to P g R JURDIL I S woeemoooSOSo @
lungs and gonads arc about 0.6 mrad y™ and those to bonc tissues calculated by the 5 é’ o I
method of Spiers (1968) are found to be 1.5 mrad y™! for bong lining cells and 0.3 mrad E % é
y™! for the whole marrow. The average whole-body dose is about 0.7 mrad y™* . 5 53 L
Differences between smokers and no-smokers. Analyses of differences of 2'°Po g £ 'g "i o g = ‘*2 55 322 | N
concentrations in smokers and non-smokers show that smoking does not increase the S‘é ‘og S = T o ” ‘é - - — p)
#9Po fevels in the human body by a factor of more than 1.5 except in the lungs where it P A %? Y
is about 2.5, In view of the fact that the daily intake from smoking is at least 20 times the - 8 | = “ . - o a8 P o
natural intake from atmospheric air, the ratio in the amounts contained in the fungs of — “é, g 0 o o S @B owmoe e =
SIMOAC, e wkers is relatively small, This strongly suggests that ?'%Po inhaled | E:’ oo
during smoking is rapidly removed from the {ungs (Parfenov, 1974), o, E g
Data on the degree of non-uniformity of ?'°Po in the individual tissucs of the lung =% E a
are con'trudxc‘tory. One school of thought holds t'hat 0P, can be concentrated in\thc Eg a S = g % § o "‘OT g ‘o"?- | =
bronchial epithelium, particularly at points ol bifurcation (Little ¢r af., 1965; Radford 33 " SRR D Ol e e — - — )
and Hunt, 1964), wherceas the other considers that the levels in the bronchial epithelium § 5 g '
do not exceed those in the alveolar region (Rajewsky and Stahlhofen, 1966; Hill, 1965). £ S o
As a result, the estimates of the absorbed dose to the basal layer of cells of the bronchial % 1% w meoSaS38
epithelium range from 12 to 3000 mrad y-' (Parlenov, 1974). =] g ® S o S geeesSeee &
=
Reindecr or caribou breeders. Measurements carried out on the blood, placenta and g
bore tissue of inhabitants of the narthern regions who consume caribou or reindeer meat §
regularly show levels higher than those in the populations of the temperate latitudes & EE
(Holtzman, 1966; Blanchard and Moore, 1970; Kauranen and Miettinen, 1969; Persson, % é é; o K|
1975). By applying the tissue/placenta ratios derived by Hill (1966) for the “normal” 7 » EE v 8w 2
populations, it can be estimated that the doses to soft tissues of reindeer herders are (= g §'§ E % i‘_’g o = © © §
higher by a factor of 10 while the corresponding ratio is only 5 for bone tissues E ;—3{ :», § g E ‘é é%é“g‘ g‘ = g
(Parfenov, 1974). § = 52 3 < g é ~ L ‘Lﬁl =
.8 “ [T ° 0
RECAPITULATION OF TISSUE E = % é = P N gﬁ
ABSORBED DOSES IN “NORMAL™” AREAS 5 2 E g % g g ]
Table 12 sumarizes the contribution of natura) sources o the radiation exposure of % 12 Q= ; S &
human populations living in “normai’ arcas and under “normal” conditions. Much higher »w = =

102 103



vaternal doses are received by population groups living at high altitudes or in regions of

high natural radioactivity.

In a similar way, a number of population groups arc exposed to clevated internal
absorbed doses. Such population groups are the caribou or reindeer brecders, or the
people living in poorly ventilated concrete houses.

The four tissues considered in Table 12 are the gonads, the lungs, the bone marrow

and the bone-lining cells. For comparison purposes, Table 12 also includes four tissues the
estimates in terms of dose cquivalent.

As a result of inhalation of ***Rn and **Rn short-lived decay products, the dose to
the entire Tung is duc for a substantial part to alpha particles and is more than 30 per cent
higher than the doses to the three other tissues. [t is worth mentioning that in addition to
the doses included in Table 12 yearly doses of the order or 200 mrad are received by the
basal epithelial cells of the tracheo-bronchial tree.
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