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Man has been continbously exp'osed tó  na tur-a!" radiation since his appearance on 
carth and, un tü  less than a century ago,-was'exposed to natural radiation only. Even now, 
despite the widening-Use of  radiatión-producing .devices, tlie widespread radioactive 
cbn-taminatirin from nuclear -weapün tests* and th e  incieasing applications of  nuclear 

■eñergy and radio-isotopes/ natural sources are the mam contributors to the radiation 
■exposure of mbst o f  the human population and,arc likely to remain so in the foreseeable 
fu turé.

Natural Yadiation is o f  two origins, extraterrestrial ana terrestrial. Extraterrestrial 
radiation originates in outer. ípace as primary cosmic rays and reaches the atmospherc, 
>yith wlíiclr ilie ineonijng eiieigy and ^articules interact, giving liso to secondary cosmic 
rays —' those to which living beiiigs on the earth’s surface are exposed.

Terrestrial radiatjoQ- is emitted from radioactive nuclides present in varying 
amounts in all soils and- rocks, the  atmospherc and the hydrosphere, and from those 
radio-nuclides ’ thgt, transferred to man through food chains or by inhalation, are 
deposited in his tissues. Terrestrial radio-activity, therefore, leads to both external and 
iniernal exposure.

The purpose o f  this paper is to summarize the existing information on m an’s 
' exposure to natural-sources. Most o f  the information has been taken from the 1972 

Report o f  the UNSCEAR Committee; some of the dose estimates found in that Report 
have beén updated in the light o f  the available results o f  more recent studies.

EXTERNAL IRRADIATION

1. COSMIC RAYS

The liigh-onoigy radiations which enter the earth’s atmosphere from outer space are 
known as primary cosmic rays. Their origin is still not yet eouipletely detennined but it is 
known that most of the  observed radiation originates in our galaxy. Those primary 
ealactic cosmic rays largely consist o f  high-energy protons which enter the solar system
liom iiitcrsidk.r fogether witli pioions are 4Jlc ¡cus in the proportion o f about



10 per cent. Sinallcr proportions oi heavicr partidos are also presen!, together with 
clectrons, photons and neutrinos. Morcover, during periods of solar activity thc sun 
produces solar cosmic rays vvhich consist mostly of  non-rchitivistic protons.

Whcn the primary cosniic-ray partidos enter the atmosplicro, those with higlicr 
eneigy undcigo nudear  rcactions, wiiiJo thoso with lowcr energy lose energy by ionization. 
When reacting with nuclei o f  atoms present in the air they produce ncutrons and protons^ 
in addition to Dions and kaons. Many o f  the secondarv partióles have suffident energy to 
initiatc wholc scquences o f  further nuclear rcactions with nitrogen and oxygen nuclci 
The mi tía! high-encrgy rcactions are called spallation rcactions and quite a varicty of 
reaction produets are fonned (Table 1); with regard to externa! irradiation at ground 
leve!, tiie niost important o f  those reaction produets, called cosmogenic radionuclides in 
tlus paper, are probably 7Be, 22Na arid 24Na. However, the external dosc arising from 
those radionuclides is completely insignificant when compared to the doses from cosmic 
rays.

TABLE 1

C o sm ic  R ay  P r o d u c e d  R ad io -A c t iv e  N uc í  ¡des ( U N S C l 'A R ,  197 2 )

Radionuclidc

Mi
7lie 

10 lie,4C
a Na 
WNa 
¿s;>¡g 
^Al 
31 Si
:ns, si „

•Mm,CI
"C'l
8Ci
V i
,(Ar 
1 Kr

Calcula (ed 
iilmosplieric 

production íale 
(atoms cm'2 s' 1 )

0.20
8.1 10-
4.5 10'2
2.5
8.6 10' s
3.0 10' s
1.7 10-4
1.4 10'4
4.4 1C4
1.6 10"'
8.1 10a
6.8 10"4
1.4 10~3
4.9 10' s
2.0 ioJ)
1.1 10'3
2.0 10'3
1.4 10°
5.6 10-’
1.5 10'7

llalí-litc

12.3 y 
53 d

2.5 IO6 y 
5,730 y

2.6 y
15.0 h 
21.2 li

7.4 105 y
2.6 h 
700 y
14.3 d 
25 d 
87 d 
2.9 h

32.0 ¡nm
3.1 10s y
37.3 min
55.5 min 

270 y
2.1 10s y

Máximum 
em-igy ol beta 

radiation 
(keV)

18
Electron capture 

555 
156
545 (Í¡+J 

1,389 
4 60 

1,170 
1,4 80 

2 1 0  
1,710 

248 
167 

1,100 
2,480 

714 
4,910 
1,91.)

565
I'lectron capturo

T h e  d o s e s  í r o :n  c o s m i c  r ay s  c o n s i s t  o f  severa !  c o m p o n e n t s  ;uisi!i¡> f i o iu  t hc  m u o n s ,  

t h e  e l c c t i o n s ,  t l ie p i o n s ,  (lie p r u t o n s  a n d  t h e  n c u t r o n s  p  r e s a l  t in Üic r a d i a l i o n  f ield!

Brion a n d  M c L a u g h h n  (1970) h a v e  c a l c u l a t e d  t l ic i o n i z a t i o n  p r o d u c e d  by  t h c  d i f i e r e n !  
co . smic - ruy  c o m p o n e n t s  a t  v a r i o u s  a l t i t u d e s .  T h e  v a r i a t i o n  o f  t h e  c o n  t r i b u  l i o n  o f  t h e  

d i l f c r e n t  c o s n i i c - r a y  c o m p o n e n t s  t o  t h c  t i s suc  d o s c  f ive c e n t í m e t r o s  i ns idc  an  isotropicaUy- 
i r r a d i a t e d  p l i a n l o m  as c o m p u t e d  b y  ü ’Ur ic n  a n d  M c L a u g h l i n  is s h o w n  o n  f i gu re  í. T h c s e

rcsults are very instructivo for they show that,  bclow five kilometres, most of the dose 
arises from muons, witli electrons making the next largest contnbution. Above 10 kilo­
metres, clectrons and protons are the major contiibutors to dose.

ALT ITU DE ( km )

lia. 1. Computed dose rate (5 era irtside an isotropically irradiated tissue slab) from thc difterent 
components of cosmic ruys as u function of altiludc.

As tliis paper dcals witli the doses rcccived by thc populution of  various countrics 
o f  the world, the reference level adopted will be thc sea level.

In its 1972 report, the UNSCEAR Committee estimated the air absorbed dosc rate 
in air from the ionizing component at sea level to  be 3.2 prad  h ’1 from 011 ionization rate 
o f  2.14 pairs cm‘3 s"‘ and the assumption that one ion pair cm "1, s '1 is equivalent to 1.5 
/arad h ' ! ; the variation witli latitude was neglected. Since the radiation is very penetrating 
and the mass absorption coefficients for tissue and air are very dosc , the tissue absorbed 
dose rales are in tliis paper assumed to be the same as the air absorbed dose rales m ait. 
The annual dose to any body organs and tissucs may thus be calculated just by 
multiplying the air dose ratos by the time period of one year. The annual dose for the 
ionizing component is then found (o be 28 mrad. It shouid be noted however that the 
dose rate indoois mighl be siginftcaiitly lowcr tlian that outdoors bocause ol the shielding 
cffect o f  the building matorials. It is estimated that the attenuation by thc various types 
ol' buildings ranges from nearly zerú for woodframc houses to more than 50 per cent for 
lower iloors in multi-storied offices or apartment buildings (NCRP, 1974b).

In its 1972 report, thc UNSCEAR Committee derived the dosc ratos from thc 
neutrón com ponent from computed absorbed dose ratos in 30- cm tissuc slabs. A valué of



0 . 3 5  m r a d  w a s  a d o p l e d  Io r  th e  a n i m a l  t i s s u c  a b s o r b e d  d o s e  a t  s e a  level  a l  4 0 °  la t í  l u d e  a n d  
í u r ü i c r  n o r t h .  I n  e q u a t o r i a l  r e g io n s ,  i f  w o u l d  be  a b o u t  0 . 2  i n r a d .

Doses fro m  high levels o f  cosmic radiation -  At sea ¡cvel, tlie external dose arising 
from cosmic radiation does no t  vary m uch  accordiiig to  latitude or time. The high levels 
result from the increase of  the dose with al ti tu de which is shown in figure 1. Therefore, 
people livmg at high altitudes above sea level or spending an appreciable fraction of  their 
time flymg aircraits are exposed to significantly liigher doses from cosmic rays than 
people living at or slightly above sea level.

a) Populations living at high altitude.
A number ol cities are located at altitudes higher than 1 km above sea level. For 

exampie, the altitudes o f  Brasilia, Nairobi and Tehran are included between 1 and 2 km; 
tiróse o f  México City and Quito are between 2 and 3 km while La Paz is at about 3.7 km 
above sea leve!.

Figure 2 shows the variation between sea level and 3 km of the air absorbed dose 
rate in air from cosmic-ray charged partidos. At one, two, and three kilometres above sea 
level, the dose rates are 4.1, 6.2, and 9.8 /irad h ' 1, respectively.
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b) Passengers using subsonic aircrafts.
In a conventional jet aircraft cruising at an altitude o f  12 km, the tissue absorbed 

dose rate is about 0.3 mrad I r 1 under average solar conditions. The resulting additional 
dose from cosmic radiation for people flying 100 h y 1 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 alwaysbecn exposed to natural terrestrial radiation. The primordial radionuclides 
can be divided into thosc which decay directly to a stable nuelide (Table 2), and those 
beionging to the three radioactivo serios, hcadcd by 238 U, 235 U, and 232Th (figure 3).

TABLE 2

Radionuclide

87

176

Rb
'In
*La
7Sin

Lu

Som e Non-Scrics Primordial  Radio-Isotopes (UNSCI.AK, 1972)

A bundance  
in the 

l i thosphcrc 
(pprn)

3
0.2

75
0.1
0.01
1
0.01

Alpha or  m áxim um
Half-lifc beta  ray  cncrgy
(ycars) (k c V )a

1.3 109 P 1,314 (89)
6 1 0 15 |3 7 (30)

4.8 1 0 10 P 274 (100)
6 1 0 w (3 4 8 0  (100)

1.1 1 0 u  ¡i 2 1 0 ( 3 0 )
1.1 1 0 "  a  2 ,230 (100)
2 2 1 0 10 P 430  (100)

G am m a ray 
encrgies (keV)*

1,460 (11)
783 (30),  1 ,5 5 0 (7 0 )

8 1 0 ( 3 0 ) ,  1 ,4 2 6 (7 0 )

88 (15),  202 (85), 
306 (95)

Figures in parentheses indícate percentage yield per  disintegiation.

The primordial radionuclides of primary importance with respect to external 
gamma irradiation are 40K and the radioactive series headed by 238U and 232 Th. The decay 
of  those natural radionuclides produces esscntially alpha particles, electrons and electro- 
magnetic radiation. üecause the human organs and tissucs to which the doses will be 
calculated for tire purposes of this paper are shiclded by at least a few millimetres o f  flesh 
which absorbs practically all of the energy o í  the alpha particles and electrons given ofí by 
the natural radionuclides, only the gamma exposure will be considered here.

The main contributors to the air absorbed dose in air are 208 TI and 228Ac in the 
332Th series, while in the 238 U series, about 99 per cent of the dose is d ’ic to Pb and 
214 Bi which are short-lived decay producís o í '2: j R n .T he  gamma rays thut those iludidos
give off  rango up to 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 ismainly 
due to the radioactivity contení o f  the building materiais.



I'ijí. 3. Decay schemes o f  the na tura! series (boxes show utomic wcight, histórica! ñam e ¡md luiU-lilo).

a) OUTDOOR EXPOSURE

The conccntration o f  tiic primordial radionuclides in soil is determined by thc 
radioactivity o f  the sourcc rock and by tlie totalitv o f  subsequent soil-formation 
processes. In igneous rocks, tlic radioactivity is rclated lo tiie quantity o f  silicatos, being 
highest in acidic rocks and lowcst in the ulírabasic rocks. Igneous rocks generally exliibit 
higlier radioactivity tlian sedimentary rocks, while metamorpliic rocks have concentrations 
typical o f  thc rocks from which tlicy are derived. However, certain sedimentary rocks, 
notably some shales and phospliate rocks, are highly radioactive (NCRP, 1974 b).

The radioactivity o f  soil, which is more directly relevant to the outdoors exposure, 
is that o f  thc rock from which it is derived, diminished by the leaching action o f  moving 
water, diluted by increased porosity and by added water and organic matter, and 
increased by sorption and precipitation o f  radionuclides from incoming m atter  (NCRP, 
1974a). An extensive study o f  the mean conccntration o f  the natural radionuclides for 
soils o f  various geneuc types of  the Soviet Union (Kogan, 1971) shows that there is a 
regular trend íor all the natural radionuclides which reflects the extent o f  biochemical 
reworking o f  the original soil-forming rocks (Table 3). In sod-podzolic, podzolic and 
boggy soils, where such processes as leaching, humification, and eluvial and alluvial trans- 
portation proceod at a vigorous state, thc natural radioactivity is low. It is higlier in forest 
and chernozem soils where the biochemical and geochcmical processes are of  a 
substantially lower intensity and i t  is equal to the corresponding vaiues of  the soil-forming 
rocks in arid ciimate soils (gray-brown soils and serozems).

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

TABLE 3

Average con ten í  o f 40 K, 338 U and 1,5T h  in soils o f  various genetic types 
(Kogan, 1971 ;N C R P , 1974b) and corresponding air absorbed dosc  rates in a i r \

Air absorbed

Type o f  soil Soil con tcn t dosc rates in air
(ppm) Girad h 1)

<WK 23Su 232 Th 4°k 23*u 232 Th T o ta l

Serozeins 2.6 2.5 11.4 2.9 1.3 3.1 7.3

G ray-brow n soils 2.7 2.2 9.6 3.0 1.2 2.6 6.8

C hcs tnu t  soils 2.2 2.1 9.5 2.4 1.1 2.6 6.1

C hernozem s 1.7 1.7 8.8 1.9 0.9 2.4 5.2

Gray foiest 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 3.4

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

" 'l l ie  relationships be tw cen  tlic conccn tra t ion  in soil and thc nir absorbed dosc rates in air a t  one 
meter  above ¿/iuu ih! level Ule tnken to be;
1.10, 0 .54  and 0.27 ¡jírad h"1 per  ppm
o f ^ K ,  and 2JJTh, respectivcly (Bcck e t  al ., 1972) .  23¡j

* la fe rrcd  f rom the 220 R a valué assuming radioactive equil ibrium w ith  U.

R esults o f  ¡arge-scale surveys o f  ou tdoor terrestrial radiation. -  In recent years, 
several surveys have been performed on a countrywide basis for the purpose o f  estimating 
the population exposure to natural radiation (Table 4).

The results are n o t  altogether coherent as regards the quantity measured which is, 
in practico, Üie quantity for which the íneasuring device was calibratcd. 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 
quantities are often somewhat anibiguous and intercomparisons betwcen different 
investigations may be dilficult.

The surveys were conducted using various methods and types of  instrumentation. 
In the United States, aerial surveys were made in which an array o f  large Nal (TI) crystals 
was flown in an aircraft at altitudes o f  100 to 150m above the terrain (Burson, 1975). 
This m ethod was also used in other large countries sueh as Cañada (Richardson, 1975) 
and tlie Soviet Union (Kogan, 1971) but the results have not been used so far to estímate 
the average dose to  tlic coun try ’s population.

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



T A B L E  4

In t im are  o f  the average externa!  lerrestrial dose  (o the population  o f  scvcral counlrics 

Average a ir

C o u n try
absorbed dose rate 

in air (ju rad h"1)
N um ber  o f  

m easuienicnts
T ype  o f  survey and 
ins lru rnen ta t ion  used Keference

Federa l  Republic  
o f  G erm any

5.2 > 2 0 , 0 0 0 Ground  survey with Kolb, 1974
sclnti l lation dosem eters

G erm án  D em ocra t ic  
R epublic

9.1 1005 G round  suryey with  an Olilsen, 1971
ionization  cham ber  and

ind ia 3.6*
scinti llation dosem eters

35 sta tions Analysis o f  soil samples Mishra and
sampled by  gam m a spee trom etry Sadasivan,

I ta ly 7.2 1365 G round  survey w ith  an
1971
Cardinale

Japan 4.1* -
ionízation cham ber  
Analysis o f  soil samples 
gam m a spe c t iom c try

et al., 1975 
Yamagata and 
Iwasliima,

Poland 5.5 16 sta tions G round  survey with
1975
Pensko, 1966

Switzcrland
sampled gam m a spectrom eters

7.4 not indicated G round  survey with an 
ioni/al ioi i  fh.'iinbcr

Herbst ,  1964

Taiwan 6 .0 - 26 Analysis oí' soil samples Weng e t al.,

United States 4.5 25 areas"*
by gam m a spee trom etry  
Aerial  survey with

19 75
Oakley, 1972

covcrcd gamma spectrom eters

'  ^ V í n r ^ * ? *  U.0S 2r“ tcs in a,ir havc bectl calculatcd from thc average concentration o f^ K
(t r h a )  ílíui ! 11 1,1 sc>‘l iUv conversión fuctors givi-n in T ubk’ 3.

Aj)pri).\luiaíL'ly JO per cent  o í  (he cou ti try 's  popuíntion  reside in tiic arcas siuveyed.

The average air absorbed dose ratos in air indicated í'or each country in Table 4 are 
in thc case of Italy, Japan, Switzerland, thc Federal Rcpublic o f  Germany and thc 
Germán Democrattc Rcpublic, population weighted (to  the extent that the average valúes 
obtaincd m subdivisions o f  the country have been weighted according to their popula- 
ton), m the case of India and Poland, thc figures indicated are reported averages while for 

laiwan the average air absorbed dose rate in air has beca caiculated from the average 
conccntration of  surface soil in « K , 238U and 232Th.

Although the surveys did not take the variation with time into account and differed 
widcly in thc way thcy were conductcd, in tl,c typc of  instrurnentalion used and in the 
number oí measurements, the average air absorbed dose rates obtained in air are all 
included withm the rclatively narrow range of  3.6 to 9.1 jurad h ' 1

The population-weighted average air absorbed'dose rate 'in air for the countries 
iMcd m Table 4 ,¡¡ 4.3 prud h I lie populallon ¡«volved is about 30 per cent o f  tliat of 

the wor d and, on that basis alone, tiiis vaiue could be considered to be representative of 
thc wor d population exposure. The arcas eovered, however, represent only 2 per cent o f  
he total land o the world and are all located in thrcc separate regions of  the Northern 

Henusphere so that it could be argued that the rest o f  the world population might live in

areas where the air absorbed dose rate in air might be much liigher or much lower than 
4.3 ¡irad i r 1. However, the result based on the estima te o f  the world wide average contcnt 
o f  natural radionuclides is 4.6 jurad h ' 1 ( secT ab lc3 )  and Huís, in the absence of 
contradictory evidence, it is felt that 4.5 <urad h ' 1 is a reasonable estímate of  the out-of- 
doors average air absorbed dose rate in air on a global basis.

Variabüity o f  the exposure — Considcrations on the variability o f  the exposure 
around that mean valué may be derived from some o f  thc survevs listed in Table 4. Four 
of  thc countries provided the average doses for the populations o f  their administrative 
subdivisions: thc 50 states and the capital district in the United States, the 11 Lánder in 
the Federal Republic o f  Germany, the 20 regions in Italy and the 22 distriets in Japan. 
The population o f  those subdivisions varíes bctween 0.1 to 20 million people.

The population-weighted distribution of  the air absorbed dose rate in air in the four 
countries is presented in Figures 4 (a) to 4 (d). A normal distribution Fits reasonably well 
the histogram corresponding to the Federal Republic o f  Germany whereas the histograms 
for the other countries are less chracteristic. However, when the data for the four 
countries are combined (Fig. 5), thcy fit rather well a Gaussian distribution with the 
exception of  the Italian regions o f  Lazio and Campania which represent 2.5 per cent o f  
the population involved. The mean air absorbed dose rate for these four countries is 4.85 
jjrad h ' 1 with a standard deviation of  1.1 jurad h"1. Assuming that the distribution holds 
on a global basis, 99 per cent o f  thc world population residing in normal arcas would live 
where the outdoor air absoibed dose rate in air from the primordial radionuclides falls 
bctween about 2 and 8 ju rad li"1. However, it should be borne in mind that this applies 
only to dose rates averaged over population groups of  at least 0.1 million people.

lligh exposure levéis — lt is clcar from Figure 5 that there are regions in the world 
where the population is exposed to outdoor dose rates much higher than expected .The 
mosl latnous are thosc located in India and Bra/.il,

ln the coastal regions of  the Indian State o f  Kerala, therc is a streteh about 160 km 
long and 0.4 km wide characterized by patches of  sand containing monazite with a high 
thorium contení. About '70,000 people iive in the 55 km long coastal strip which includes 
the most concentrated distribution of monazite (Gopal-Ayengar et al., 1972). The air 
absorbed dose rates (f|3 + 7 ) in air measured range up to 4,000 jurad h ' 1 (Gopal-Ayengar 
and Mistry, 1962).

Two typesofh ighbackground  regions have been found in Brazil: the monazite sand 
región along the Atlantic Coast and the zone of volcanic intrusives in thc inland state o f  
Minas Gerais.

The radiation levels in three towns (Guarapari, Meaipe and Cumuruxatiba) built 
over thc monazite sands along the Atlantic Coast were surveyed ¡11 detail by Roscr and 
Cullen (1964). Guarapari is a town of 5,000 people which receives an influx of  about 
10,000 vacationers every summer. In  that town the air absorbed dose rutes in air range 
from 100 to 200 jurad h ' 1 in thc streets and up to 2,000 jurad h' 1 in sclectcd spots on the 
beach (Roser and Cullen, 1964; Penna-Franca et al., 1965). Meaipe is a iislüng village of  
about 300 people where the average air absorbed dose rate in air is about 100 jurad h ' 1. In 
Cumuruxatiba, the average level is 50 /urad I1-1 (Roser and Cullen, 1964).

In the state o f  Minas Gerais, two eruptivo regions have been intensivcly studied: 
P 090S de Caldas and Araxá-Tapira. Near the city of  Pofos de Caldas stands a hill where air



absoibed dose ratcs in air o í  up to 2,800 ¿urad h ' 1 have been reportcd (Penna-Franca ct 
al., 1965). Movvever, this hill has a sniall area and is uninhabitcd. Araxá and Tapira are 
two towns locatcd near volcanic intrusivcs whcre lcvcls up ío  400 ¿¿rad h ' 1 havc becn 
mcasurcd (Roser and Callen, 1964).

I'iy. ‘1. Air absorbed do se ratos in air in (a) thc Federal  R qn ib l ic  o f  G erm any ,  (b) Japan,  (c) It-aly and 
(ti) United States oJ’ America.
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b) INDQOR EXPOSURE

Most individuáis spend a large fraction o f  tiieir time indoors where they are exposed 
to the irradiation arisirtg from the radioactivo content o f  the building materials Table 5 
presents the concen tra ron  o f  natural radionuclides in surveys conducted in the Federal 
Repubhc oi Germany, Sweden, the Soviet Union and the United Kingdorn. For a given 
ype o f  commonly used building material, the range o f  c o n c e n t ra d o r  is very vvide but 
lie average valúes obtained in the four countries are reasonably cióse. Wood and materials 

used lor tl'eiuKil msufatkm are ul a very k,w radioactivo content, natural plaster and 
cunen  t are also on the low side while granitos, cía y bricks and concrete are in the upper

The building materials act as both a source and a shield. The shiclding effecí is most 
cleariy marked in wooden houses for which the source effect is small. Surveys conducted

in the United States (Lowder and Condon, 1965; Lindeken, 1971; Yeates, 1972) and in 
Australia (Yeates, 1973) have sliovvn that the indoor dose on the ground floor o f  wooden 
houses is about 75 per cent o f  that measmed outdoors. One floor upstairs, (iie doses are 
lower by a further 10 to 20 per cent (Yeates, 1972; Lindeken, 1971) For prefabricated 
houses, it has been determined in the study conducted in tiie Federal Republic o f  
Germany that dose rates indoors are also lower than outdoors, the average reduction 
being 7 per cent (Kolb, 1974).

In the other types o f  houses, outdoor radiation is almost completely sliielded by 
the walls. This has been demonsírated in various studies (see, for exarnple, Olilscn, 1971 
and Yeates, 1972), in which it has been observed that the levels are about the same on 
various floors o f  a given masonry building. Thercfore, in those dwellings, the indoor levels 
cannot be compared to  those outdoors unless the building materials are o f  local origin. 
With equal content o f  radioactive substances in the bedrock o f  a given locality and in 
building materials, the dose rate might be expected to be twice as large indoors as ou t­
doors as a result o f  the change from a 2n to a 4n  geometry. Uowever, correction 
coefficients should be applied allowing for the presence of windows and doors (Krisiuk, 
1971). Reports on the direct determ inaron  of those correction coefficients have not 
been found in the literatura.

A good estúnale of  the average indoors lo outdoors dose ratio in masonry buildings 
will hopefully be obtained from the very extensive country-wide study from the Federal 
Republic of Germany in which 30,000 apartments were surveyed. From incúmplete 
results (Kolb, 1974), it seems that the population-weiglited average indoor dose is about 
30 per cent higher than that outdoors (Table 6). Assuming t hat the number of  prefabricated 
buildings is relatively small in the Federal Republic of Germany and th a t .o n  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 o f  the United Kingdom study (Spicrs, 1960), which 
was conducted on a much smaller scale. On the other hand, the corresponding valué 
obtained in the Germán Democratic Republic (Ohlsen, 1971) is much smaller. However, 
this study, although it covered the whole country, involved only 700 dwellings and 
different types o f  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 Germán Democratic Republic is too high.

Estím ate o f  the average indoor level o f  the absorbed air dose rate in air — Assuming 
that the proportion of wooden buildings (dwellings, offices, faetones, shops, theatres, etc.) 
is about 20 per cent o f  the total and taking the average indoor to outdoor dose ratios lo 
be 0.7 and 1.3 for wooden and masonry buildings, respectively, the average indoor air 
absoibcd dose rale in air would be )H per cení hinhei than that ouk lno isand  the woild 
population would be exposed to an average indoor air absorbed dose rate in air of about 
5 . 3 / i r a d l r 1.

Variability o f  the absorbed air dose rate 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 o f  Germany. As in the case of  the outdoor air absorbed rate in air,
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the population-weighted distribution seems to  be normal; the mean valué of  the indoor 
dose would be 6 .7 p iad  h ' 1 and its standard deviation 1.0 prad h ' 1 while the corresponding 
valúes for the outdoor dose would be 4.9 and 0.5 firad h ' 1, respectively. Assuming that 
these figures can be extrapolated to the global scale, it is  tentatively estimated tha t 99 per 
cent o f  the world population is exposed to indoor doses, averaged over more than 0.1 
million people, ranging from 2 to 9 /urad h '1.

Tissue absorbed doses fro m  terrestrial radiación — All the dose rates quoted so far 
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 tha t in air to  convert them  into tissue 
absorbed dose rates free in air. A valué o f  s =  1.10 is correct within ± 1% for photon 
energies between 0.1 and 4 MeV.

The change from receptor-free conditions to  a situation where a person is present in 
the radiation field vvill influence the field 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 shielding will depend upon the location 
of  the organ of  interest and the angular distribution of  the radiation. The conversión 
factor g from the tissue absorbed dose rate free in air to  the organ absorbed dose rate has 
been taken, for all organs, as 0.75 for external outdoor exposurc (2 ir geometry) and as 
0.63 for indoor exposure (3?r geometry).

In order to calcúlate the annual tissue absorbed dose, the fraction o f  the year that 
a person spends out o f  doors lias to be taken into account.

This proportion varíes for different people depending on season, country, age, 
habits and type of  wotk. For the purpose o f  this puper it will be assumed that the time 
spent out o f  doots is about 4-5 liouis per day, i.e, the outdoor occupancy factor is 0.2.

Taking all those factors into account, the average tissue absorbed dose from 
terrestrial radiation for the world population is estimated at:

D =  4.5 10'J (inrad h '1) x 1.1 x 0.75 x 8760 x 0.2 (outdoor exposurc)
+ 5.3 10' 3 (mrad h '1) x 1.1 x 0.63 x 8760 x 0.8 (indoor exposure)
=  5.9 + 25.7 =  31.6 mrad y ' 1

High levels o f  indoor exposure — E levated levels may result from the use ofhighly 
ladioactive building materials in normal arcas or o f  local material in high-radiation arcas.

a) Normal areas

The use of liighly radioactive building materials may lead to clevated indoor 
radiation levels. Tho^e building materials may be of  natural origin, sucli as concrete 
containing aium sliale in Sweden, pumicc stone in the Federal Republic o f  Germany and 
in the Soviet Union, and granito wherever it is used (Table 5). They may also result from 
industrial processes, as is the case of ehemical plaster in the Federal Republic o f  Germany 
and the United Kingdoin, and railing from uraniurn milis in the United Kingdom and the 
United States. As shown in the Swedish study (Hultqvist, 1956), the average doses in 
those buildings are much lower than what would be expected from the radioactive 
contení o f  the material considcrcd as the rest of building materials are usually less active.



b) High radiation arcas

 ̂ Information on the tissue absorbed doses received by the populations living in arcas
o high external terrestrial radiation in India and in Brazil have been attained in both
countries by issumg personal thcrmoluminescent doseineters to a fraction of  the popula-
tion. Gopal-Aycngar et al. (1972) carried out a doshnctric survey on a 55 km long coastai
stop  selectcd on the bases of  high exposure rate, definable gcographical boundaries and
high population density. The average absorbed tissue dose rate for the 70.000 people
rcsiding m the región is cslimatcd at 380 miad y -1 on the basis o f  8,513 individuáis 
surveyed.

On the Brazilian coast, Cullen (1968) deterrnined the average dose rate to a group 
o f  317 inhabitants o f  Guarapari to  be 550 mrad y 1 with a range o f  90 to  2800 mrad y ' 1.

INTERNAL IRRADIATION

Radioactive nuclidcs occurring in our natural environment enter the human body 
mainly through food and water, inhalation being o f  sccondary importance, except for 
radon daughtcrs. The dose rates to particular body organs are idcally derived from 
measured tissue concenirations, although an indircct estimation of  the dose rates can be 
made from studies o f  the distribution o f  the radionuclides in the environment and in dict 
and from knowledgc oí their metaboüc behaviout. Owing to the varying contcnt o f  
nalura! radioactivo iludidos in ihc n ivironment and in d ic t , Ihc levéis o f  radioactivo 
mlakc, and therefore the conesponding coiieentralions in the human body, may vary 
from place to place for clemciits not subjcct lo haemoslasis. In a given location, time 
variation also occur as a rcsult o f  changos in dict.

The natural radioactivo nuclidcs llave been classified into those that are bein» 
contmuaily produced by the interactions of  cosmic-ray partidos with matter (or cosmo* 
gome radionuclides), and (hose that were originally prosent at Ihc fonnation o f  the carth 
(or pmnordial radionuclidcs), with their dccay producís.

1. COSMOGENIC RADIONUCLIDES

U ie  most abundant cosmogenic radionuclide have been presented in Table 1. From 
the point o f  view of infernal radiation doses, only 14C is worth considcring.

Carbón is ono of  the clemcnls Ihal is ossenlial lo all forms of  lifo and Unís is 
involved in most biological and gcochemical processes on carth.

Carbón 14 is prosent in almospheric carbón dioxide, in the terrestrial biosphere, 
and in the bicarbonatos dissolved in tiie ocean. The specific acíivity of natural radio- 
carbon m (he terrestrial biosphere, as measured in wood grown in ihe iiineteeiith century, 
is 6.13 ± 0.03 pCi (gC)'1. As a first approximation, this valué can be taken to be constant 
with time, as the variations in the production rate have only resultcd in variations of a 
lew per cent in wood samplcs in the past 6 ,000  years. Howevcr, during the past decades, 
ít has cxpenenced a slight dcciease, o f  a lew por cent as well, caused by the artificia; 
combustión of  14 C — i roe tossil fuel (Suess effect).

The doses from natural 14 C are thus about the same for all the human population

groups o f  the world. Assuming that the specific activity of natural 14C in the te rrestr| al 
biosphere is 6.1 pCi (gC) '1 and that the carbón contení in the human body is l2 /o  in the 
soft tissues and 14% in bone, the annual doses are calculated to be 0.7 mrad to gonads, 
bone marrow and lungs, and 0.8 mrad to cndosteal surfaccs and small mclusions m bone 
The decrease resulting from the Suess effect can be theoretically estimated at about ¡o 

in 1975 (Baxter and Walton, 1970).

2. PRIMORDIAL RADIONUCLIDES

As indicated above, the primordial radionuclide can be classified into those wluch 
decay directly to a stable nuclide (Table 2) and those belonging to  the three radioactive
series, headed by 238U, 23SU, and 232Th (figure 3).

The only non-series radionuclides of  signiñcance are K and Rb, which have

similar chemical properties.

a) POTASSIUM-40

Potassium-40, which is the major naturally occurring sourcc of  intcrnal radiation 
dose to the whole body, cnters the body mainly through foodstufts. Potassium bemg like 
carbón an essential element, it is under cióse homeostatic control in the body and the 
dose rates from 40 K. can be calculated from its isotopic abundance in the biosphere and
the potassium contení in human lissuc. . . . .

The average polassium contení o f  the whole body varíes as a lunction ol age and 
sex (figure 6). It is highest in adolescent males and lowest in elderly ¡cíñales, the ratio of 
the two valúes being about two. Taking a inca» potassium contcnt in tissues of 0.2 per 
cent and an isotopic ratio of 40K of 0.0118 per cent, the dose rates from K are 
estimated to be 19 mrad y "1 to soft tissues and 15 mrad y ' 1 to bone-limng cells and bone 

marrow.

b) RUBIDIUM-87

Vory litlle is known about the behavior of rubidium in the human environmem. 
The doses. from B7Rb, calculated from its isotopic abundance in the biosphere and the 
concentrations of  rubidium in human tissues, are found to be 0.3 mrad y ' 1 to  gonads and 
lungs and 0.6 mrad y ' 1 to bone surfaccs and bone marrow.

c) URANIUM AND THORIUM SERIES

238 U and 232Th each head a series o f  more than ten nuclidcs which get separated 
through physical, chemical, or biological meaas and therefore are not 111 cquilibrium 
between them in air, water, food, and man. However, the two series can be classified m 
sub-series in which the activitv of  the precursor Controls to a largo degree the activity o 
the decay producís.  For the 238 U series: ( a ) 238U, two short-lived nuclidcs and U: (b) , 
220 R a. which is frequently separated from its precursor, 2 Th, ol no dosunetric 
significance in natural background, and from its decay product, Rn, ’1* an 
isotope ol a noble gas; (c) 222 Rn and its short-lived decay produets (through Po). l lu s
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I'-ip. 6. l’o tassium concen Irat ion in the h um an  body .  T he  u ppe r  curve and circles releí  (o ,ncn the 
m u i  curve .mil tnangk-s (o w om eu .  I lie curvesicpresc .n l  th e  resulis oflO.OOO m easurem ents  (Óber-  
uu.se» and O ns tead ,  1965) the sohd cireles and tm n g le s  802 d e te rm ina t ions  (A nderson ,  1965)  w hüe  

1967)  Clr a ”  trU*ngIcS “ “ t,le rcsults o f  m oasurem ents  per fo rm ed  on 57 subjeets  (Bengtsson,

sub-scrics, important from the point o f  vievv o f  external radiation because o f  the highly 
energetic gamma rays emitted through decay of  2w Bi, is also important from the point 
ot)View o f  internal radiation; (d) the longlived 222 Rn decay p ro d u e ts :210P b ,21uBi and

The Th series has also been classified in three sub-series' (a) 232 TJi by itselP 
(b) tlie scquence 228Ra, 228Ac, 2MTh and 2MRa; (c) 220Rn and its decay p roduets’ 
Because o f  their similarities, 226 Ra and the scquence headed by 228 Ra wiii be treated in 
the same section and “ "R n and its decay produets will be considered with 2,12 Rn. The 
decay chain o f  235 U is not o f  dosimetric significance and will no t  be dealt with here.

(i) URANIUM

234 ^  >̂a‘3er0’ uran*uin assumed to consist o f  238 U in radioactive equilibrium with
2M Ihj 234p a and 234 ^  Qne gramn¡c o f  uran¡um contains 0.33 /iCi o f  each o f  the four
radionuclides.

There is iittle Information o f  the dietary intake o f  uranium, but there is no doubt 
that it is inuch higher than that from inhalation. Valúes o f  l¿ig d ' 1 seem to be typical 
alíhougli a leve! o f  30 /./g d ' ! lias been reported for one arca o f  the Soviet Union.

In man, the concentrations o f  uranium range from 0.1 to 0.9 nanogramme per 
granune oí wet solt tissue, compared to 20—30 nanogrammes per gramme o f  bone ash.

The corresponding dose rates to bone, calculated by the method of  S p icrs(1968) are 0.3 
mrad y ' 1 to the bonc-lining cells and 0.06 mrad y* to the whole marrow; in the 
calculations, howcvcr, uranium was assumed to  be uniformly distributed in the 5000 g of 
mineral bone, or 2700 g o f  ash, although that may not be the case. If the conservativo 
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 o f  100 A¡g n r 3 and a 232Th concen tra ron  in soil o f  6 ppm 
(Table 3), the intake through inhalation is about 1 fCi d '1. There is no direct information 
on the dietary intake of  232Th but an indirect estímate of  about 0.1 pCi d’1 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 increasc with age (Lucas ct al., 1970). The 

average valué for an adult population would be about 1 fCi (g ash) 1 which is about ten 
times less than the levels obtained for 238 U. However, thorium is known to deposit on  the 
endosteum and the dose rates per unit activity o f  thorium in bone are much higher than 
those for uranium if il is assumed that the latter element is uniformly deposited in the 
total mass of the bone. The í'ragmeiitary infoimation on levels and doses from 238 U and 
232Th is summarized in Table 7.

TABLE 7

In takes, levels and doses f rom 73 ’ U and 3311 li

238 U 232 Th 

i rc¡Daily in take:  inhalat ion  5 ng '
diet 1 M! 0 J  pCl

Levels: b o n e  ~u ~  JU "8 .
soft tissues 0-^ ~  °-9 n8 "

20 -  30 ng ( g a s h y 1 1 fCi (g ash)
-I

-I
Tissue absorbed  doses: gonads 0 .03  mrad y

lungs 0 .03  m rad  y ‘
bone  m arrow  0.06  m rad y 0 .08  mrad y
bone-lining ceUs 0.3 mrad y’1 0 .5 m rad  y

-l

(ni) RADIUM

(a) Human intake

Food consumption is in general the most important source of radium intake. The 
average dietary intake of 226 Ra and 228 Ra in arcas of  normal radiation background is 
about 1 pCi d 1 (UNSCüAR, 1972). Typical Ra levels in most components of the dict 
range from 0.1 to i pCi kg' 1 but some individual foods such as Brazil nuts or Pacific 
salmón contain much larger amounts of 226 Ra.



I he contribuíion o f  water to the total intake is in general small when the drinking- 
water supplies are drawn from surface waters. However, 226 Ra levéis o f  1 to 10 pCi l ' ! 
are not exceptional in vvell and mineral waters (Snihs, 1973; Kahlos, 1973; Allegrini, 
1975; Remy, 1968). Available information on the concentrations o f  22SRa in those 
waters is limitcd but it seems that they are an order of magniíudc lower (KaJilos, 1973).

The most famous populated areas in the world with abnormally iiigh concentrations 
o f  thorium and uranium in their soil are located along the coast o f  Kerala in India and in 
the Araxá-Tapira región in Brazil.

The estimated per caput intakes o f  226 Ra and 228Ra of  the Indian population along 
the Kerala coast are 3 and 160 pCi d ' 1, respectively (UNSCEAR, 1972). In Brazil, a 
survey in the Araxá-Tapira región showed that, out of a population o f  1670 people living 
in and around the radioactive anomalies o f  Barreiro and Tapira, only 196individuáis are 
ingesting alpha emitters at a level 5 times or more than that o f  a similar group living in 
Rio de Janeiro. Their intake o f  radium ranged from 10 to 4 0 p C i  d' 1 o f  226Ra and from 
60 to  240 pCi d ' 1 o f  228 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 bono tuniovcr. 
In cortical bonc the initial suiface deposit graduully migralcs to produce a dil’fusc 
distribution throughout thc cutiré bonc mineral (Evans, 1974). About 8 0 - 8 5  per cent of 
radium is thus contained in the skeleton, the remaining fraction being distributed 
approximately uniformly in soft tissues. In the areas o f  normal intake, the 226 Ra skeletal 
concentrations in man range from 4 to 40 fCi (g ash) ' 1 (UNSCEAR, 1972) with an 
aiithmelic average o f  14 fCi (g ash) '1 or about 40  picocurics por skeleton.

The 2"  Ra levels ia man might be oxpected to be lowcr than those of 226 Ra bccause 
of  the shorter half-life o f  the former and the estimated biological half-life o f  radium in 
thc body of  15—30 years. Thus, the bu;ld-up of  2‘8Ra would depend upon the age o f  the 
subjcct and it would be limitcd by its physical half-life to a máximum of  about 50 per 
cent oi that o f  226Ra (NCRP, 1974a). In fací, the average ratio betwecn activites o f  228Th 
and Ra in bone ash was found to vary betwecn 0.25 and 0.5 which, if radioactive 
equilibrium bctween 228Ra and 228Th in bone is assumed, leads to an estimated upper 
limit o f  skeletal burden of  20 picocurics of 228 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 
retcntion tactor in the skeleton as well as in the soft tissues of 0.33 for 222 Rn and of  1.0 
for * R.i, and (b) a uniform concen tra ron  of  radium and its decay produets over the 
total mass o f  mineral bone. In fact, with respect to 228 Ra and its decay produets, it is 
known that a fraction o f  228Th, which is the long-lived alpha-emitter o f  the sequence, 
migratcs to the endosteum (Butler et al., 1970). Thcrefore, the doses froin that sequence 
to bone tissues are somewhat higlier than indicatcd in. Table 8 .

Data on the skeletal burden oí thc pupulations living in the liigh external-radiation 
areas o í  India and Brazil are very scarce. In Brazil, the mean 226 Ra concentration of íecth 
of  the population living in the Araxá-Tapira región has been estimated at 85 fCi (g ash) ' 1

TABLE 8

Kerala, Araxá-Tapira, 
India  Brazil

160 60  -  240*

'  Range fo r  th e  po p u la t io n  group  ingesting a lpha em it te rs  at  a level 5 t imes or  m o re  th a n  th a t  o f  a 
similar group living in  Rio de  Janeiro .

which leads to a skeletal burden of  about 230 pCi if it is assumed that the conccntration 
in teeth is the same as that in bone. In India, the analysis o f  a fémur bone yielded a 226 Ra 
concentration of  143 fCi (g ash) ' 1 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 produets o f  222 Rn (radon) and 220 Rn ( thoron) in air 
constitute the m¡ún componen! of thc lung dose from natural sources.

Radon and thoron are exhaled from. so il , water, building matcrials etc. and bccome 
dispersed in the air in tlic gascousphase. The dccay produets, radon and thoron daughters, 
are produced in the solid phasc as frcc atoms, usually as ions. Very soon, in the order of 
seconds to minutes, they become attached to  aerosol partidos in the air. The physical 
state o f  the activity incluences the deposition and subsequent fate o f  the inhaled activity 
in the respiratory system and consequen tly 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, geograpliical región and height of 
observation.

The radon concentration of  continental air at ground level is o f  the order o f  0.1 pCi 
l ' 1, in coastal arcas and islands 0.01 pCi l ' 1 and in arcas of negligiblc exhalation rates 
sucli as oceans and arctic arcas of the order ul 0.001 pCi l ' 1 (UNSCEAR, 1972).

In continental air, the concentration of thoron at ground level is about the same as 
that of radon.

Intakes, levels and  doses f rom Ra and  1:8 Ra

Daily in take  (pCi)

R e p o r ted  levels in b o n e  
[fCi (g a s h ) '1 ]

Tissuc abso rbed  doses (m rad  y ' 1): 
G onads 
Lungs
Bone m arrow  
Bone-lining cells

226 Ra

Norm al Kerala, Araxá-Tapira , N orm a l
areas India Brazil areas

1 3 10 -  4 0 * 1

14 143 85 7

0 .02 0.2 0.1 0.03
0.02 0.2 0.1 0.03
0.1 1.2 0.7 0.1
0.6 6.6 3.9 0.8



Radon and thoron daughters in air are very scidoni in cquilibrium with radon and 
thoron, respcctively. The cquilibrium factor F is del'ined as the ratio o í  the total potential 
alpha energy of  the daughtcr concentrations to the total potential alpha energy o f  the 
daughters if they were in cquilibrium with radon or thoron, respectivcly. The equilíbrium 
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 atmosphcre of  interest. This equilibrium equivalent radon or thoron 
concentration (EER or EET) is expressed in the unit pCi l ' 1.

The equilibrium factor F for radon has been considered by scveral authors directly 
of  indirectly. The average valúes obtained varied betwecn 0.4 and 0.8 while the extreme 
valúes were in the range 0.08 to 0 .9 .

In this paper, the average F -  valué for radon daughters in outdoor air is taken as 
0.6 resultmg in an average EER valué o f  0.06 pCí l "1 in continental air.

At ground level, the concentrations of  the thoron daughters are in general one or 
two orders oí magnitude lower than those of thoron. Direct measurements of the F — 
valué for thoron daughters are not available. In continental air the measured 
concentrations of  2,2Pb are on average 0.001 pCi r 1 (Blifford et al., 1956, LockJiart et 
al., 1966). This average is based on several long-term measurements (months to years). 
Assuming equilibrium betwecn 212Pb and 212Bi the average EET valué for continental air 
would be 0.001 pCi l ' 1.

b) Doses

Inhalation of  radon and thoron daughters results in an inhomogeneous infernal 
irradiation o f  the respiratory tract primarily in the bronchial región near the hilus o f  the 
lung. The lung cáncer among uranium miners predominantly appearing in the area of  the 
large bronchi (Lundin et al., 1972) presuinably originales in the basal cells in the 
bai,emeiit membrane of  the upper bronchial epithelium, which explains wliy the dose rale 
factor to those cells has been extensively studied, especiaily for mine air. Results of 
calculations by various authors using different models o f  the alpha dose to the basal cell 
layer o f  the critical bronchial región are in the wide range of  0.2 to 10 rad per working 
level montn. A rcasonable valué ior radon daughters would be one rad per working level 
month  in normal mining conditions. It will be assumed in this paper that this valué 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 jurad per pCi h l "1 (EER) 
and to 800 f jrad per pCi h I _1 (EET).

Doses arising from exposure to radon daughters

Applying an outdoor oecupancy factor o f  0.2 and an EER valué o f  0.06 pCi l ' 1 
leads to an annual dose to the basal cells o f  the basement membrane o f  the upper 
bronchial epithelium of  about 5 mrad. The possible range is expected to be 1 - 2 5  mrad in 
dilierent places and for different people.

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

Doses arising from exposure to thoron daughters

With an EET valué of 0.001 pCi l ' 1 and an outdoor oecupancy factor of 0.2, the 
dose to the basal cells of the upper bronchial epithelium is about 2 mrad y"1. The 
corresponding dose to the whole lung is o f  the order of 0.1 mrad y 1 while the dose to 
the gonads would be 2 10‘4 mrad y ' 1 and that to bone marrow and to bone -  lining cells 
would be 3 10'3 mrad y '1.

2. Indoor exposure 

a) Radon daughters

The air concentration of  222 Rn and its daughters indoors depends upon the 
concentration in outside air, upon the 222 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.

222 Rn concentrations are usually higher indoors than outdoors; they are expected 
to be cióse to  the valúes found outside if the rooms are efficicntly ventiiated, 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. Iligh concentrations are found in rooms with very poor 
ventilation, for example in some basements, where the 222 Rn level will be proporlional 
to the emanation rate from the walls, which in turn varies according lo such parameters 
as the origin, nature, and porosity of the building material, and the type of paint or 
covering layer. Between tiróse 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 o f  the inhabitants, and to the emanation rate from the 
walls.

It will be tentatively assumed in this paper that a representative valúes of the 
average 222 Rn concentration indoors is 1 pCi l ' 1 .

The degree of equilibrium of the 222 Rn decay produets indoors is expected to be 
ruled by the ventilation rate, the equilibrium being nearly reached in rooms with poor 
ventilation, and highly perturbed in effíciently ventiiated buildings. In naturally-ventilated 
rooms, the equilibrium conditions should be aboul the same as outside. The 1* — valué is 
here taken as 0.5.

Using an indoor occupancy factor o f  0.8 and a dose-rate factor o f  60 ¡urad h 1 per 
pCi l ' 1 , the absorbed dose rate indoors can be roughly estimated to be 30 ¿urad h ' 1 which 
leads to an annuai dose to the basal cells of the bronchial epithelium oí about 200 mrad. 
The dose to the whole lung would be around 40  mrad y ’1 while those to the gonads, the 
bone marrow and the bone-lining cells would be of the order of 0.3 mrad y ' 1.

Other, usually minor, contributions to indoor exposure, include (he use o f  natural 
gas in kitchcn ranges and space hcaters, and the consumption oí water. An average radon 
concentration of  about 20 pCi l "1 was measured in natural gas distribution lines in the 
United States, resulting in estimated doses to the segmenta! bronchioles o f  0,6 mrad y 1



TABLE 9
222 Rn concen tra tion  in dw eílings (U N SC EA R , 1972)

L oca tio n

Poiand

Sw eden

U nion o f  S oviet 
Socialist R epub lics

U nited  K jngdom

U nited  S ta te s  o f  A m erica : 
B oston  area

N urnber o f  
buildings 

investigated

28
8
6

55
87
83

15

16

T ype o f  building 
an d  building m aterial

A p artm en ts  -  C oncre te  
A ggregate 
Brick

H ouses — W ood 
Brick 
C oncre te  

vincluding alum  shale)
S iiicate brick 
R ed  brick 
C oncre te  
A d obe 
Slag

H ouse
H ouse
Industria! prem isos 
O ffice  buildings

“‘'R n  co n cen tra tio n  222R n co n cen tra tio n  
o u td o o rs  (pCi l ' 1) in d o o rs (pCi l ' 1)

Range

0 .0 6 -0 .1 6
0 .0 6 - 0 .0 9

0 .0 4 - 0 .1 9

O ne-fam ily houses: 0 .0 1 —0.15
iirs t  flo o r (w ood fíam e) 
basem en t (concre te) 

A partm ents-B rick

O ffices and  Iaboratories

T ennessee 

F lo rida

NVw-York

C onverted  fro m  w ork ing  leve! u n its  by  assum ing th a t

l io u se s  — m ost o f  tliem  o f 
c o n c re te  co n stru c tio n

Mean Range M ean

0.31 0 .1 4 - 2 .1 4 0 .4 4
0.08 0 .2 6 - 1 .1 0 0.35

0 .0 8 - 0 .3 7 0 .1 9

0 .3 - 0 .9 0 .54
0 .3 -2 .1 0 .91
0 . 3 ^ . 5 1.86

0 .04

0 .1 2 - 4 .3  
0 .1 9 - 1 .1 0  

0.4 
0 .3 - 1 0 .0  
4 .0 - 8 .0

0 .0 6 -0 .3 1 0 .16
0.13 0.2 - 0 .7 0.4
0.09 0 .0 0 5 - 1 .2 0.3
0.04 0 .0 6 - 0 .3 5 0 .17

0.05
0 .0 0 5 -0 .2 3 0 .07
0 .1 - 0 .9 4 0 .4 0
0 .0 1 - 0 .1 9 0 .0 9

0 .0 2 - 0 .1 0 0.05

0 .1 3 - 4 .8 * 1.40
0 .0 3 - 3 .6 * 1.26

0.13 0 .25

th e  equ ilib rium  ra tio  1 /0 .9 /0 .6

C om m ents

M easurem ents m ade u n d er similar 
c o n d itio n s  o f  ven tü a tio n

F o u r  a ir clm nges p e í  h o u r

A d eq u a te ly  v en tila ted  
In ad eq u a te ly  ven tila ted  
P oor v en tila tio n  
A ir c o n d itio n ed

N u m b er o f  a ir  chanf.es p er hou r; 
o n e  to  th re e  in  th e  basem ent, 
tw o  to  six o n  tlie  fírs t f loo r 

N um ber o f  air changes p er hou r: 
five to  nine 

N um ber o f  a ir changes per hour: 
five to  tw elve. A ir co n d itioned  
build ings

T he v en tila tio n  ra to  w as p robab ly  
iüghcr in  F lo rid a  th an  in 
Tennessee as th e  o u td o o rs  
tem p e: a tu re s w erc  respectively , 
23°C  an d  0°C

TABLE 10

E rtim a ted  average tissue absorbed  doses arising from  in h a la tio n  o f  222 Rn an d  220R n short-iived  decay  p ro d u c ís

T issue abso rbed  doses (m rad  y  )

Source

A ssum ed 
EF.R o r E ET  

co n c e n tra tio n  
( p C i l ' ’ )

T racheo-
b ronch ia l

tree
Lung G onads Bone

manow
Bone- 

lining cells

~R n short-lived  d ecay  p ro d u c ís

1. Q u td o o r exp o su re

2. In d o o r ex p o su re
a. build ing  m ateria ls

b . n a tu ra ! gas

c . w ate r 

20 R n decay  p ro d u c ts

1. O u td o o r ex p o su re

2. In d o o r ex p o su re : 
b u ild ing  m ateria ls

’ T he ex p ec ted  ranges, exclud ing  ex trem e valúes, o f  th e  co n cen tra tio n s  o r o f  th e  doses, a re  given w ith in  paren theses.

0 .06 5 1 0 .007 0 .0 0 8 0 .0 0 8
- 0 .04)

(1 -  25) (0 .2  -  5) (0 .001  --0 .0 3 ) (0 .0 0 2  --  0 .0 4 ) (.0.002 -

0.5 200 40 0.2 0.3 0 .3
3)

(0.05 - 5) (20 -  2000) (4 -  4 0 0 ) (0 .0 2  - 2) (0 .0 3  - 3) (0 .03  -

0 .0015 0.6 0.1 7 10"4 8 10 '4 8 1 0 '4
- 2  10 '

(5 1 0 '4 -  3 1 0 '3 ) ( 0 . 2 - 1 ) (0 .0 3  -  0 .2) (2 1 0 '4 -  1 0 '3 ) (3 Í 0 '4 — 2 i 0 ‘3) (3 10 4

( 1 0 '4 - 1) (0 .04  -  400) (0 .007  -  70) (5 1 0 'S - 0 . 5 ) (5 1 0 '5 -  0 .5 ) (5 1 0 '5 - 0 . 5 )

0.001 2 0.1 2 1 0 '4 0 .0 0 3 0 .0 0 3

0.01 60 5 0 .008 0.1 0.1
■0.6)

(0.001 -  0 .0 6 ) (6 -  4 0 0 ) (0 .5  -  30) (8 1 0 '4 - 0 . 0 5 ) <0.01 - 0 .6) (0 .01  -

'C



Irom kitdien ranges and 2 mrad y ' 1 from space heaters. On thc otlver hand, consumption 
oí' water containing 1 nCi l ’1 o f  radon would load to a dosc from inhalation of  about 30 
mrad y ' 1 to thc .segmental bronchiolcs. It is worlh mentioning that in addilion small 
doses would be ddivered as a result o f  ingestión. Assuming a daily consumption of  0.3 1, 
the annuaJ dose to the stomach would be about 2 mrad whüe the dose to  the whole body 
would be 0.02 mrad.

b) Thoron daughters

Published data on the concentrations of  thoron decay produets in buildings are 
limited. Harley and Pasternack (1973) reported average levels o f  3.6 10'3 pCi l ' 1 o f 212Pb 
and o f  2.7 10' 3 pCi l ' 1 o f  212Bi in a laboratory in New York. In Salzburg, Steinhausler 
e t  al. (1975) found a mean 212Pb concentration of  24 10' 3 pCi l ' 1 , the extreme valúes 
being 0.1 JO' 3 and 62 10' 3 pCi l ' 1 . Taking a typical 212Pb valué to be 10' 2 pCi r 1 and 
assuming radioactive equilibrium between 212Pb and 212Bi, the absorbed dose rate to the 
basal cells o f  the terminal bronchioles is estimated to be 8 ¿ rradh ' 1 corresponding to  an 
annual dose of  around 60 mrad. The dose to the whole lung would be about 5 mrad y ' 1 
while those to  the gonads, the bone marrow and the bone -  lining cells would be 0.008, 
0.1 and 0.1 mrad y ' 1, rcspectivcly.

The various contributions to thc dose arising from inhalation of  radon and thoron 
decay produets are summarizcd in Table 10.

(v) LONG-LIVED DECAY PRODUCTS OF 222Rn: 210Pb-210Bi-210Po

a) Intake by man

Inhalation . The concentrations of  210Pb and 210Po in surface air depend mainly on 
the rate o f  exhalation of  222Rn from the ground and on the latitudinal distribution of 
land and sea arcas. Consequently, they are highest in the températe latitudes o f  the 
northern hemi.spherc. In those regions, the average concentrations of 2,0Pb and 2,0Po 
liave buen estimated at 14 fCi rn‘J (Jaworowski, 1969) and 3.3 ÍCi n f J (Parfenov, 1974). 
Assuming that a human being inhales 20 m J o f  air daily, the corresponding intakes are 
0.3 and 0.07 pCi d ' 1.

Since a cigarette contains about 0.6 pCi o f  2l0Pb and 0.4 pCi o f  2I0Po (Parfenov, 
1974) and that both nuclides are volatile at the burning temperature o f  tobáceo, cigarette 
smoking will lead to a substantial increase in the intake o f  210Pb and 210Po through 
inhalation. l;or a person smoking a paek of  20 ci^arcttes a day, tlu- valúes of  (he cstJmat- 
ed intakes rango from Ü.12 to 2.1 pCi for 2IÜPb and from 1.4 to 6.4 pCi for 210Po 
(Parfenov, 1974). However, it should be pointed out that the conditions of  inlialation 
while smoking are very different from ihose in normal respiration.

Ingestión, In normal arcas, the valúes of  the 2luPb -  210Po intake lie between one 
and ten picocuries per day, the contribution of  drínking water to the total consumption 
being only a !ew per cent. As high level's are observed in thc ediblé fraction of  aquatic 
organisms, the intakes of *10Pb and 210Po in populations living mainly on seafood may 
thus be expected to be much higher titán those of thc populations with a “normal” dict.

Oi
This assumption is confirmed by the valué of thc -10Pb intake in Japan (17 pCi d ).

A much better documented caso of  clevated intakes is that o f  thc tens 
thousands o f  reindeer and caribou breeders in the arctic and sub-arctic regions of the 
northern hemisphere. Thcir main food is the meat o f  these animals which contains un~ 
usually high levels o f  2I0Po as they graze in the wintertime on lichcns which accumulate 
and retain 210Pb and 2l0Po. Table 11 gives estimates o f  thc daily intakes of  those radio- 
nuclidcs by the populations living in reindeer or caribou meat. The 210 Pb intake is not 
inuch higher than that o f  the populations in “ normal” areas but the 210 Po intake is about 
one order o f  magnitude higher, a typical valué being 100 pCi d ' 1 (Parfenov, 1974).

TABLE 11

In takes ,  levels and  absorbed  doses f rom  the 210Pb -  2IUPo sub-series210 r

Daily in take (pCi):  inlialat ion 

dict

Average 2I0Po levels (pCi kg"1): bone
lungs
gonads

Tissue absorbed  doses: gonads 
lungs’
b one  m arrow  
bone-lining cells

N on-sm okers ín 
aieas o f  norm al  
d ic tary  in take

210 l>b) 
i l ü Po)

0.3 ('
0 .07  (

1 10 (3 ,0 l’b 
and 2I0Po)

40
6
6

0.6
0.6
0.3
1.5

Sm okers  in 
areas o f  no rm a l  
dietary  in take

0.4  -  2.4 í 210Pb) 
1.5 - 6 . 5  ( 210Po)

1 -  10 ( 2l0Pb 
and  '2l0Po)

60
15
15

0.9
1.5
0.4
2.2

Reindeer  or 
ca ribou 

breeders

4 - 4 0  (210Pb) 
3 0 - 3 0 0  (210Po)

20Q
60
60

6
6
1.5
7.5

* Est im ates  o f  the absorbed dose to  basal layer  o f  cells in the  bronchial  ep ithel ium  range f rom  12 to  
3 000  mrad y ' 1 .

b) Distribution in man

Lead, bismuth and polonium-210 being the linal decay produets in the 238U series, 
they would be present in the human body even in the abscnce of direct intake. However, 
under normal conditions, the dccay in the body of  226Ra, of 222Rn and of thcir short- 
lived produets does not play a major role In Üic accumulation ol 2luPb and ‘ luP o in  the 
organism.

Areas o f  normal intake. The skeleton contains at least 70 per cent o f  the body 
burden of  210Pb and 210Po. An average valué o f  210Po concentration in areas of  normal 
intake is 37.5 pCi per kg of fresli bone with an 210P o /2l0Pb ratio oí 0.7 leading to a 210Pb 
concentration o f  53.6 pCi kg' 1 (Parfenov, 1974). Since 2I0Po is not osteotropic, it is 
formed in the skeleton through decay of  2t0Pb. The abscnce o f  equilibrium between 
210Po and 2l0Pb is an indication that part o f  thc 2I0Po formed in tlie skeleton is not 
retained there, but is absorbed in the blood and deposited in other organs or excreted



. ' r om llx. b o d y .  I t  is e s t i m a t e d  t h a t  t h e  i n t a k e  o f  2IÜP o  a c c o u n t s  o n l y  f o r  o n e  q u a r t e r  o f  

¡lie 1 Ji , t ' o imd  in t l ic b o d y .  T l i c  r c m a i n i n g  l i n e e  q u a r l c r s  a r e  f o i m e d  f r o m  : " , l, h 

a c a i m u l a l c d  o v e r a  h m g  |>er iod ol  l i m e  m  (he  s k e l e l o n  ( P a i l c u o v ,  1 9 / 4 ) .

Among the sol't tissues, the highest 210Po concentrations are about 15 pCi kg"1 in 
the liver and kidneys followed by the gonads and the lungs where the average valúes are 
about 6 pCi kg"1 . In all those tissues, the 2!0P o /210Pb activity concentration ratio is 
greater than one (Parfenov, 1974).

The total 210 Po contení o f  thc body is estimated to  be o f  the order o f  500 pCi in 
arca- o f  normal intake. This corresponds to an average concentration o f  7 pCi for kg of 
body weight.

The doses from the 210Pb chain depend mainly on tlic highly energetic alpha 
partidos o f  210Po. A t equilibrium, the contribution from the beta emissions o f  210Pb-and 
2,0Bi is only 7.5 per cent o f  that from 210Po and will be neglected here. The doses to 
lungs and gonads are about 0.6 mrad y"' and those to bonc tissues calculaled by the 
-nethod o f  Spiers (1968) are found to be 1.5 mrad y ' 1 for bonc lining cells and 0.3 mrad 
y "1 for the whole marrow. The average whole-body dose is about 0.7 mrad y ' 1.

D iffercnces beW een  smokers and  no-smokers. Analyses o f  differences o f  210Po 
concentrations in smokers and non-smokers show that smoking does no t  increase the 
210Po levels in the human body by a factor o fm o re  than 1.5 except in the lungs where it 
is about 2.5. In view o f  thc fací that thc daily intake from smoking is al least 20 times the 
natural intake from atmosplicric air, thc ralio in thc amounts contained iu thc lungs of
smoivei .......inkers is relativeiy smail. This slrongly suggcsts that 2,0Po inhalcd
during smoking is rapidly removed from the lungs (Parfenov, 1974).

Data on the degree o f  non-unifonnity of  210Po in the individual tissues of  the lung 
are contradsctory. One sehool of thought holds that 210Po can be conecntrated in the 
bronchial epithelium, particularly al points o f  bil'urcatiou (Little e t al., 1965; Radford 
and Hunt, 1964), whereas the other considcrs that thc levels in the bronchial epithelium 
do not exceed those in the alveolar región (Rajcwsky andS tah lhofen ,  1 9 6 6 ;Hill, 1965). 
As a result, thc estímales of  thc absorbed dose to thc basal layer o f  cells o f  thc bronchial 
epithelium range from 12 to 3000 mrad y ' 1 (Parfenov, 1974).

Reindccr or caribou breeden. Mcasurements carricd out on thc blood, placenta and 
bone tissuc o f  inhabitants o f  the northern regions who consume caribou or reitidcer meat 
regularly show levels higlier than those in the populations of  the températe latitudes 
(Holtzjnan, 1966; Blanchard and Moore, 1970; Kauranen and Miettinen, 1969; Persson, 
1975). By npplying thc tissue/placenta ratios derived by Hill (1966) for tlic “norm al” 
populations, it can be estimated that tlic doses to soft tissues of  reindeer herders are 
higlier by a factor o f  10 while the corresponding ratio is only 5 foj bone tissues 
(Parfenov, 1974).

RECAPITULATION OF TISSUE 
ADSORBED DOSES LN “NORM AL” AREAS

Table 12 suniari/.es thc contribution of  natura! sources to thc radiation exposure of 
human populations living in “normal” areas and under “norm al” condiüons. Much higher
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c i e r n a !  doses are rcceivcd hy population groups liviiig at iiig.h altitudes or in regions of 
high natural radioactivity.

In a similar way, a number of  populntion groups are exposed lo elevated internal 
absorbed doses. Such populaíion groups are the caribou or reindeer breeders, or the 
people living in poorly ventilated concrete h o u s e s .

The four tissucs considera! in Table 1 2  are the gonads, the lungs, the bone inarrow 
and (he bone-lining cells. For comparison purposes, Table 12  also includes four tissues the 
estimates in terms o f  dose equivalent.

As a result o f  inhahtion o f 222Rn and 220Rn short-iived decay producís, the dose to 
the cutiré lung is due for a substantial parí to alpha particles and is more than 3 0  per cent 
higher than the doses to the three other tissues. It is worth inentioning tligt in addition to 
the doses included in Table 1 2  yearly doses o í ' the  order or 2 0 0  mrad are received by the 
basal epithelial cells o f  the tracheo-Dronchial tree.
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