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ANNEX A

Exposures from natural sources of radiation
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INTRODUCTION

1. Natural ionizing radiation ariscs in outer space,
where cosmic rays arc formed, and in and on the
carth, where radionuclides normally present in soil,
air, water, food and the body undcrgo radioactive
decay. Penctrating radiations and radioactive materials
pervade the natural environment. The main types of
radiation arc gamma rays, alpha and beta particles,
neutrons and muons. Human exposure occurs by
irradiation from sources outside the body (external
exposurc) and upon the decay of radionuclides taken
into the body through ingestion and inhalation (intcrnal
cxposurc). The asscssment of radiation doses in
humans from natural sources is important because
natural ionizing radiation is the largest contributor to
the collective effective dose reccived by the world’s
population. In this Annex, the expressions "natural
radiation” and "natural radiation background" arc often
uscd 1o refer to "natural sources of ionizing radiation”.

2. Somec of the contributions to the total exposure
from the natural radiation background are quite
constant in space and time and practically independent
of human practices and activitics. This is true, for
cxample, of the doses received from the ingestion of

K, a long-lived radioisotope of an clement that is
homcostatically controlled, and also of doscs from the
inhalation and ingestion of cosmogenic radionuclides,
which are relatively homogencously distributed at the
surface of the globe.

3. Other contributions depend strongly on human
aclivitics and practices and are thercfore widely
variable. In particular, the doses from indoor inhala-

tion of short-lived decay products of radon gas are
influenced by local geology and by building design, as
well as by the choice of building materials and of
ventilation systems. Also, concentrations of the
short-lived decay products are, as a rule, higher
indoors than outdoors. Therefore, people who reside
somewhat above the ground surface in apartment
blocks or who mostly stay outdoors in the open air are
likely to incur far less exposurc to radon than those
who occupy single dwellings or who spend most of
their time in enclosed spaces.

4. Intermediate types of exposurc are those that are
neither widely variable nor relatively constant at the
surface of the globe. Examples arc (a) external doses
from cosmic rays, which vary with altitude and, to a
much lesser extent, with latitude, and (b) cxternal
doses from radiation of terrestrial origin (that is, the
radionuclides present in the crust of the carth and in
building matcrials), which are affected by location and
accommodation.

5. Doses from the inbalation of radon in dwellings
are much greater than those from all other components
of natural radiation. The main cause of high concen-
trations of radon in dwellings is the influx of the gas
from the subjacent earth; high doses are caused by
geological circumstances modified by the manner in
which a dwelling is built and used. Since increasing
attention is being devoted worldwide to both the
radiological and the epidemiological aspects of this
topic, considcrable emphasis is placed in this Annex
on exposure to radon and its decay products in air.
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6.  Sincc the publication of the UNSCEAR 1988
Report  [Ul], further information on radiation
exposures from natural sources, especially with regard
to radon and its short-lived dccay products, has
become available, This Annex updates the evaluation
of exposures presented in the UNSCEAR 1988 Report
[Ul]. The additions and modifications present a
broader view of average radiation exposurcs world-
wide and of the range of levels experienced in particu-
lar locations. The procedures for estimating the tissue
doscs from inhalation of radon short-lived decay
products are under continuing review and the Inter-
national Commission on Radiological Protection
(ICRP) has assigned new radiation- and tissuc-
weighting factors to define the cffective dose [16].
Despite these changes, the overall asscssment of dose
from natural sources of radiation is similar.

7. Radiation exposures from extra-terrestrial sources
(cosmic rays and cosmo%gnic radionuclides) and from
terrestrial sources (40K, Rb and radionuclides of the
uranium and thorium serics) may be said to form the
basic natural radiation background becausc of the rela-

live constancy of exposure. These exposures arc dis-
cussed in Chapters T and 1 in this Annex. Among the
terrestrial radionuclides, the radon isotopes in the
uranium and thorium decay scries play an important
role because of the magnitude of the doscs they
deliver and because of the variability of those doscs.
The radon isotopes are given special consideration in
Chapter II1. Exposures rclated to the cxtraction and
processing of carth materials are considered in Chapter
IV, with the exception of the extraction and processing
of uranium, which is part of the nuclear fuel cycle and
is dealt with in Annex B, "Exposures from man-made
sources of radiation”,

8.  The exposures assessed in this Annex are those
to members of the public. They include the exposures
outdoors and indoors in normal circumstances both at
home and at work. The additional exposures that
people reccive at work becausc they are exposed to
man-made radiation sources or to elevated levels of
natural radiation caused by their work are discussed in
Annex D, "Occupational radiation exposures”.

I. COSMIC RADIATION

A. COSMIC RAYS
1. The radiation environment

9.  Space is permeated by ionizing radiation. The
radiation consists of various charged particles of
various origins and cnergies. All are of concern in
space wravel, and some by creating secondary particles,
lcad to human exposure during air travel and on carth,
with decreasing intensity from the highest altitudes
down to sea level. In this Chapter, emphasis is placed
on the cveryday circumstances of exposure, and brief
reference is made to exposure in space.

10. Radiations in space may be classified according
to origin as trapped particle radiation, galactic cosmic
radiation or solar particle radiation [Al, C1, F1, NI,
S1]. Trapped radiation consists mainly of clectrons
and protons held in orbits around the earth by iis
magnetic field. Galactic cosmic radiation consists
mainly of protons with some helium and heavier ions.
Solar particle radiation has similar composition. These
three classes are described in turn.

11.  Trapped protons and clectrons are in two zones
or radiation belts, onc within and onc outside of 2.8
earth radii at the equator, with greater intensities and
encrgics in the outer zone. There are appreciable
temporal variations in intensities; energies of clectrons

reach several megaelectronvolts (MeV) and encrgies of
protons reach a few hundred MeV. Trapped protons
are more important than electrons for manned missions
in low carth orbit. Although particles trapped in
radiation belts can present a radiation hazard for space
travellers, they do not result in any radiation dose at
ground level.

12.  Galactic cosmic rays are crealed outside the solar
system; they are generally believed to be produced and
accclerated as a consequence of stellar flares, super-
nova cxplosions, pulsar acceleration or the explosion
of galactic nuclei [O9]. There is, however, no
generally accepted theory of their gencration and
acceleration. Cosmic rays in our galaxy have a mecan
residence time of about 200 million ycars, being
contained by the magnelic ficld of interstellar space
[O9]. Encrgics of the cosmic-ray particles arc mostly
between 102 and 105 MeV, but they can rcach much
higher values [S1]. The spectrum is affected by
changes in the magnetic ficlds within the solar system,
causcd by solar activily, wilh maximum intensity at
periods of low activity and vice versa. Of the heavy
ions, called HZE particies (high atomic number and
energy), that are components of the cosmic-ray flux,
iron is the most significant for exposure because of its
relative abundance and high atomic number [L1].
Galactic cosmic rays are also affected by the geo-
magnetic field near the carth, which prevents some
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particles from reaching the atmosphere but is progres-
sively less effective in doing so from the geomagnetic
cquator 1o the poles. This class of space radiation is
the most significant for cxposurc on carth and in
aircraft.

13.  When the primary particles from space, mainly
protons, cnter the atmosphere, those with high energy
interact with nuclei present in the air (nitrogen,
oxygen, argon) to produce ncutrons, protons, muons,
pions and kaons, in addition to a varicty of reaction
products, some of the more important of which, from
thc dosimetric point of view, are 3H, "Be and %’Na.
Thesc high-energy reactions arc called spallation
rcactions. Many of the sccondary particles have
sufficient energy to initiate whole sequences of further
nuclear reactions with nuclei present in the air. A
cascade process is the result [I2]. The properties of
some of the more important cosmic-ray particles are
listed in Table 1 [E6, US].

14. The nucleonic components, protons and neutrons,
are mainly produced in the upper layers of the
atmosphere. The protons are formed mainly in
spallation rcactions, while neutrons are produced both
by spallation reactions and by the so-called
cvaporation of neutrons duc to low-cnergy (p,n)
rcactions. Neutrons lose energy by elastic collisions
and, when thermalized, are capturcd by 1N 10 form
14C. Because nucleons rapidly lose energy through
ionization and nuclear collisions, the nucleonic flux
densily is considerably attenuated in the lower part of
the atmosphere and accounts only for a few per cent
of the dose rate at sea level [US]. The neutron
spectrum covers a wide cnergy range in the Jower
atmosphere, from thermal to 100 MeV and more, but
the high-energy ncutrons are most significant because
of their high fluence 1o cquivalent dose conversion
cocfficients.

15. Pions and kaons bave short lives and essentially
decay in the atmosphere before reaching ground level.
The clectromagnetic cascade is initiated from photons
produced in the decay of neutral pions. These photons
create clectron-positron pairs and Compton electrons,
which in tum produce additional photons by
bremsstrahlung and positron-clectron annihilation. As
the number of shower particles increascs, their average
energy decreases. Finally, the majority of clectrons
will drop 1o cnergies where collision losses dominate
and the cascade will dic out [I2]. Except in the lower
layers of the atmosphere, electrons are main sources of
ionization [US]. On the other hand, muons, which
have a small cross-section for interaction with atomic
nuclei and a mean life of 2.2 us before decay,
penetrate into the lower layers of the atmosphere and
are the main constituent of cosmic rays at sea leve]
[US]. Most muons occur in the energy range
0.2-20 GeV, with a median value of 2 GeV [N2].

16. Solar particle radiation, as the name implics,
comes from the sun. Particles of very low cnergy arce
generated continuously, but more cnergetic particles
are cmitled more copiously during magnetic disturb-
ances. Large emissions associated with flares, called
solar particle events, occur occasionally during the
aclive period of the 11-year solar cycle [H1]. Encrgics
are usually between 1 and 100 McV but can be an
order of magnitude higher. Such events arc important
in low carth orbit, but anomalously large solar particle
events, which occur about once a decade, may be of
vital importance for manned missions beyond the
magnctosphere, Although the fluence rate of solar
particles over several years excecds the fluence rate of
galactic particles, solar particles are less significant for
radiation exposurc in the atmosphere, because most
have insufficient energy to penetrate the ecarth’s
magnetic {ield. The emission of solar particle radiation
follows the 11-year solar cycle, reaching a maximum
during increascd solar activity and a minimum during
the period of the quiet sun. Because the less energetic
galactic cosmic-ray particles are deflected away from
the solar system by the magnetic irregularities
transported by the solar particle radiation, an 11-year
modulation of the galactic cosmic-ray flux density at
the earth is produced, the cosmic-ray flux density
being lowest during times of maximum solar activity
and vice versa (Figure I).

2. Factors affecting dose

17. To estimate human doses from cosmic rays, it is
necessary to consider the effects of altitude, latitude
and shiclding.

(a) Altitude

18. The absorbed dose rates in air from the directly
jonizing and indirectly ionizing (ncutron) components
of cosmic ray are shown in Figure I as a function of
altitude at a geomagnelic latitude of 50° N. These
results are based on numerous measurements on the
ground and aboard aircraft, which were compiled in
the UNSCEAR 1977 Report [U4]. During periods of
maximum solar activity, dosec rates of the ionizing
component are reduced about 10% at 10 km altitude
and to a lesser degree at sea level.

19. The dose rates from ncutrons, the dominant
indirectly ionizing component, are much less than
those due to the ionizing component, but they increasc
more rapidly with altitude, peaking at 10-20 km. The
variations during the solar cycle are greater, with
decreases in the dose rates of a few tens of per cent at
an altitude of 10 km during solar maxima and to a
lesser degree at sea level.

20. The values of the production rate of cosmic ray
ions at sea level reported after 1960 for mid- and
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high-latitudes show relatively good agreement, with a
cluster of values around 2.1 cm™ s and extremes at
1.9 and 2.6 em™ 57! [U3]. Since 1977, the Committee
has consistently adopted a valuc of 2.1 em3 571 for the
purposcs of computing the absorbed dose rate from the
directly ionizing component. Assuming that cach ion
pair in moist air requires 33.7 ¢V to be produced, the
absorbed dosc rate in air is 32 nGy h™! at sca level at
mid- and high-latitudes. Since the dose is delivered
mainly by muons, for which the radiation weighting
factor is unity [16], this numerical value may also be
taken for the cquivalent dose rate in the open.

21. The cosmic-ray neutron flux density at sea level
is small and difficult to measure, mainly because the
neutron encrgy spectrum cxtends over a very wide
range, from fractions of eV to tens of GeV. At 50° N
latitude, the neutron flux density is about
0.008 cm? 57! at sca level [H2, H12]. A range of
cstimates of equivalent dose rates from 1.4 to
33 nSv bl were reported in the UNSCEAR 1988
Report [U1] for different computational geometries
and exposures. The lowest values are found for low
latitudes (24° N) [N23], suggesting the presence of a
substantial latitude effect, even at seca level. In the
UNSCEAR 1988 Report, the average effcctive dose
cquivalent rate was taken to be 2.4 nSv bl Changes
to the radiation-weighting factor were recommended
by the ICRP in 1991 [I6]. Considering the ncutron
energy spectrum, those changes lead to an increase of
about 50% of the effective dose rate from neutrons
[H20]. The average effective dose rate from cosmic-

ray ncutrons at sca level is, therefore, estimated to be
3.6 nSv bl

(b) Latitude

22, Lower-cnergy charged particles are deflected
back into space by the earth’s magnetic field. This
cffect is latitude-dependent, so that a greater flux of
low-energy protons reaches the top of the atmosphere
at the poles than in cquatorial regions. Thus, the
ionization produced in the atmosphere is also latitude-
dependent. This latitude cffect increases with altitude;
at sea level, the cosmic-ray absorbed dosc rate from
the directy ionizing component gradually declines to
90% of its high-latitude value between 40° and the
geomagnelic equator [T11]. For example, the
cosmic-ray absorbed dosc ratc in air has been found to
be 27-31 nGy h'! a1 Hong Kong (latitude 22.3° N)
[T11) and 28 nGy h"! at Shcnzen, China (latitude
22.6° N) [Y1). These figures are to be compared to
the value of 32 nGy h! obscrved at high- and
mid-latitudes.

(c) Shielding

23, Ordinary buildings such as houses and offices
provide some shiclding against the direclly ionizing

component of cosmic rays, but data arce still scarce;
the magnitude of the effect depends on the structure
and composition of the buildings. Limited mecasure-
ments and calculations, summarized in the UNSCEAR
1988 Report [U1] and clsewhere [N2], give shiclding
factors from 0.96 for small wooden houses to 0.42 for
substantial concrete buildings. Calculations for muons
yicld dose reductions ranging from 10% to 30%
compared to the value in a reference room, when the
parameters  affecting exposure (size of building,
thickness of structural clements, proximity to other
buildings) are varicd within reason [F2]. Without more
information on shiclding and on the nature of build-
ings, the same universal shiclding factor of 0.8 is
retained as before [U1]. Itis recognized, however, that
there may be 25% uncertainty associated with this
value.

24. Information on the shiclding cffect of ordinary
buildings on the neutrons in cosmic rays is more
limited than for muons, although the broad spectrum
must be affected to some degree, with virtually no
attenuation by a shingle roof, for instance, and an
order of magnitude attenuation by a substantial
concrete element [N3]. In this Annex, no account has
been taken of the shielding effect of the neutron
component.

3. Exposures

(a) Ground level

25. With the conventional indoor occupancy factor
of 0.8, that is, the fraction of time persons are deemed,
on the average, to be indoors at home and at work
(U1}, the annual effective dose from the dircctly
jonizing component of cosmic rays is estimated to be
240 uSv at sca level. Since the shiclding effect is
ignored for the neutron component of cosmic rays, an
occupancy adjustment is not nceded. The annual
effective dose from the neutron component of cosmic
rays is approximately 30 uSv at sca level. The
uncertainty in this estimate is, clearly, appreciable.

26. To estimatc the population-weighted annual
cffective dose from cosmic rays at ground-level,
account needs to be taken of the variation of the
effective dose ratc with altitude and of the distribution
of the world’s population with altitude. Analytical
cxpressions have been developed for the general
relationship between annual dose and altitude for both
the directly and indirecily ionizing components [B1]:

E(2) = Ej(0)[ajexp(-oy2) + byexp(Bz)] (1)

where E, is the cflective dose rate in uSv a’! for the
directly jonizing component; Ei(0) is the refercnce
value at sea level, 240 uSv a’l: 2 is the altitude in km;
ay = 0.21; oy = 1.6 km'}; b, = 0.80; B, = 0.45 kmL,
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En(z) = En(0)exp(ay2) (2
EN(@) = EN(0)[byexp(By 2)] 3

with cquation (2) applying for z < 2 km and cquation
(3) applying for z > 2 km, where EN is the cffective
dosc ratc in uSva’l for the indircctly ionizing
component from ncutrons and Ey(0) = 30 uSv als
oy = 1.0 km']; by = 2.0; and By = 0.70 km'!l. These
cquations may be applied to estimate doses from
cosmic rays at habitablc clevations around the world.
They include an allowance for shiclding, as described
above.

27. The distribution of the world population by
altitude and urbanization has been analysed [B1], with
some simplifying assumptions. When the foregoing
equations arc applicd and the two components
summed, the distribution of collective effective dose
with altitude is obtained. The annual value of the
average effective dose worldwide is estimated to be
380 uSv, with the directly ionizing and indirectly
ionizing components contributing 300 xSv and 80 uSv,
respectively. The global value of the collective
cffective dosc is about 2 10% man Sv, some 90% of
which occurs in the northern hemisphere by virtue of
the population distribution. Somecwhat less than
one fifth of the collective dose is attributable to China,
when account is taken of both population and
elevation [H13, N22J.

28. Since human habitations arc mostly at lower
altitudes, about onc half of the collective dose is
received by the two thirds of the world population that
lives below 0.5 km. The one fifticth (approximately)
of the population living above 3 km reccives a
disproportionate onc tenth of the collective dose.
Table 2 lists average annual doscs from cosmic rays
with the scparate contributions of the directlly and
indirectly ijonizing components indicated. In bigh
altitude cities the increasing importance of neutrons
with elevation is cvident. There is considerable
variability in total dose. The annual value in La Paz,
for example, is five times the global average. In round
terms, annual values of the effective dose from cosmic
rays range from 270 to 2,000 u4Sv, with a population-
weighted mean of 380 uSv.

(b) Air travel

29. Flight pattem and duration are the principal
determinants of cosmic-ray doses to aircrew and
passengers. Modern commercial aircraft have optimum
opcrating altitudes ncar 13 km, but {light paths are

assigned according to usc and safety requirements, and
adequate data do not scem to be available for flight
patterns [W1]. In the UNSCEAR 1988 Report [U1], a
representative operating altitude of 8 kin was assumed,
because of the predominance of short-travel flights,
wilth an average speed of 600 km bl. Alternative
assumptions are also made; for example, an altitude of
9 km and a speed of 650 km h'! were used for an
assessment in the United Kingdom [H3], and an
altitude of 7 km is indicated for flights by United
States carriers lasting less than an hour and 11 km for
longer flights [O9]. Computational codes have been
developed to allow calculating radiation levels
throughout the atmosphere (sce, e.g. [09]), and
additional measurement expericnce is being acquired
(see, c.g. [N12, R8, S30]). For a given altitude, dosc
rates for flights over the poles are substantially greater
than those for flights over equatorial regions.

30. An international digest of air traffic statistics is
published routinely {I3]. Data for 1989 show that
1.8 10" passenger-kilometres were flown in that year,
which translates into 3 10° passenger-hours aloft. With
an effective dose rate of 2.8 uSv bl at 8 km,
calculated using cquations (1) and (3), the collective
cffective dosc from global air travel is about
10,000 man Sv for the year. Worldwide, the annual
value of the per caput effective dose due to air travel
is, therelore, about 2 uSv; in North America it is
around 10 uSv. These values are small in comparison
to the estimated annual per caput cffective dose at
ground level of 380 uSv.

31. Alimited number of supcrsonic airplancs operate
commercially and cruise at about 15 km. Doses on
board are routincly determined with monitoring
equipment. Effective dosc-equivalent rates are
generally around 10 uSv b, with a maximum around
40 uSv h! [U1]. In two years from July 1987, the
overall average on six French airplanes was
12 u#Sv b'l, with monthly values up 1o 18 uSv b'!
[S11]; in 1990, the average was 11 uSv h'! and the
annual dose to aircrew was about 3 mSv [MI16].
During 1990, the average dosc rate for about 2,000
flights by British airplanes was 9 uSv b, with a
maximum value of 44 uSv b [D4]. The equivalent
dose rates so far reported in this paragraph do not take
into account the changes in the radiation weighting
factors for ncutrons that were recommended by ICRP
in 1991 [16]). The effective dose rates, estimated with
the new radiation weighting factors for the ncutron
component, arc higher than the numerical valucs
rcporied above by about 30%. The monitoring
equipment serves to wam of solar flarcs so that the
airplanes can be brought to Jower altitudes. This is a
very small sector of the commercial air transport
industry.
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B. COSMOGENIC RADIONUCLIDES

32. Cosmic rays producc a range of radionuclides in
the atmosphere, biosphere and lithosphere by a variety
of nuclear reactions. The four most important
radionuclides in terms ol dosec are 3H, 7Bc. ¢ and
22Na, and the most important mechanism of human
exposure is ingestion.

33. Thc most significant of the four radionuclides
considered is '*C. The assessment of its contribution
1o the dose from natural sources is uscful for the
derivation of doses from man-made environmental
releases of **C. The annual natural production of
¢ is 1 PBq and the specific activity of He s
230 Bq per kg of carbon, leading to an annual
cffective dose of 12 uSv [U4]. The spatial variability
of the dose from YC is not radiologically signif-
icant.

34. Annual effective doscs to adults from the
ingestion of 3H, "Be and 2*Na in food and water have
been derived from estimated average annual intakes
[N2, U3, U4], applying standard coefficients for dose
per unit intake [[4, N5] and assuming an equilibrium
situation. The annual effective doses obtained for
those thrce radionuclides are much smaller than that
for 1*C. The annual intakes and effective doscs for the

four cosmogenic radionuclides are summarized in
Table 3.

C. SUMMARY

35. Cosmic rays, which originate in space, and solar
particles enter the carth’s atmosphere and begin a
cascade of sccondary interactions and decays. The
resultant ionization is a {unction of both altitude and
latitude. The ionizing component of cosmic rays
produccs, on average, an absorbed dose rate in air of
32 nGy bl at sca level in thc mid-latitudes,
corresponding to an cffective dose rate of 32 nSv hl.
The neutron component of cosmic rays results in an
cffective dose rate of 3.6 nSv h'l, The intensities of
both components increase with altitude, more so for
the ncutron component

36. Taking into account shiclding by buildings for
the ionizing component and the distribution of world
population with altitude, the population-weighted
average annual cffective dose from cosmic rays is
380 uSv. The cffective dose rate received during a
commercial flight is about 3 uSv h'l; the per caput
annual cffective dose for the world population due to
air travel is 2 uSv.

37. Exposures to cosmogenic radionuclides, produced
by cosmic ray interactions in the atmosphere, result
primarily from ingestion and arc relatively uniform
throughout the world. The radionuclides include 3H,
7Bc, 4C and #Na. The annual cffective dose from
Hcis 12 USv. Exposure from the other radionuclides
is negligible.

II. TERRESTRIAL RADIATION

38. Only nuclides with half-lives comparable with
the age of the earth (or decay products, whose
concentrations are governed by them) exist in
terrestrial materials, In terms of dose, the principal
primordial radionuclides arc 0K (half-lifc: 1.28 10°
a), °Th (half-life: 1.41 10'0 a) and 38U (half-life:
4.47 10° a). Of secondary importance are §7Rb (half-
life: 4.7 1010 a) and By (haif-life: 7.04 108 a). The
thorium and uranium radionuclides bcad scries of
scveral radionuclides, many of which contribute to
human exposurc. The decay serics headed by 238 and
32Th were illustrated in the UNSCEAR 1988 Rc.gort
[U1]; the radionuclides in the series headed by =3y
are less impontant from a dosimetric point of view.
There may be some local departure from secular
radioactive cquilibrium in the series because of
physicochemical processes in the earth, such as
]lggching ggd cmanation. The mass ratio of natural

U 1o ~°°U is about 0.0073 and the activity ratio
0.046. A slight degrec of spontancous fission occurs in
the uranium series. Both *°K and ¥’Rb undergo beta
decay to stable species.

39. Natural radionuclides are also present to varying
degrees in the air, in water, in organic materials and
in living organisms. Human beings are therefore
exposed to external and internal irradiation by gamma
rays, beta particles and alpha particles with a range of
energies. The main circumstances of external and
internal exposurcs are considered in this Chapier.
Scparate consideration is given in Chapter 111 to the
inhalation of the radon isotopes in the uranium and
thorium serics.

A. EXTERNAL EXPPOSURE
1. Outdoors

40. Exposure 1o gamma rays from natural
radionuclides occurs outdoors and indoors. Surveys by
direct measurements of dose rates have been
conducted during the last few decades in many
countries. They are summarized in Table 4 and
illustrated in Figure Il. For the doses outdoors three
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fifths of the population of the world is represented.
National averages range from 24 10 160 nGy h'l. The
population-wcighted average is 57 nGy bl This is
little different from the value of 55 nGy ! estimated
in the UNSCEAR 1988 Report [U1].

41. In the open, much human exposure occurs over
paved surfaces, but some also occurs over soil; it is
determined by the activity per unit mass of the
principal radionuclides in the superficial layer. Large
surveys of natural radionuclides in surface soils were
carricd out in the United States [M1] and in China
[N22]; the results are presented in Table 5. Samples
were taken from fallow land. Variability is quite
marked. Similar mean values for uranium and radium
are reported for the United States and China, but the
mecan values for thorium and potassium are somewhat
higher in China than in the United States, and the
distributions are wider.

42. In the UNSCEAR 1988 Report, the average
concentrations of >>2U and 23?Th in soil were taken to
be 25 Bq kg'! for each radionuclide. Although it is
difficult to estimate average concentrations for the
wide distributions presented in Table 5, it seems that
40 Bq l\cg'1 would be a better estimate of the average
concentration of 28U and 23*Th in soil. Data on the
concentrations of naturally occurring radionuclides in
various types of soils in the Nordic countries,
presented in Table 6, are in agreement with the
revised estimate.

43, The dose rates per unit activity concentrations of
radionuclides have been calculated; for example,
Monte Carlo calculations give the kerma in air for
terrestrial gamma rays [P2, S12]. Since the mass
cnergy transfer and absorption coefficients for air are
not notably different in the energy range of interest
here, these coefficients may be deemed compatible
with those for absorbed dose rate in air used in the
UNSCEAR 1988 Report [Ul, B3]. When these dose
factors, which are included in Table 5, are applied to
the radionuclide concentrations in soil, the average
dose rates in air are 72 and 55 nGy bl in China and
the United States, respectively. According to Table 4,
the population-weighted average absorbed dosc in air
for China was 62 nGy bl and that for all countrics
reporting survey results 57 nGy bl Since human
habitations are mostly in areas of sedimentary geology
and since radionuclide concentrations in bedrock and
overburden are similar in such circumstances [W2],
the values from Table 5 in the narrower range, 10-
200 nGy bl may be considerced to be broadly typical
for the worid population. Areas of high activity arc
discussed later.

44, The water content of the soil and snow cover can
affect absorbed dose rates in air. On the whole,

increasing water content and snow cover reduce dosc,
but these are second-order phenomena [D3, F3, G2]
when averaged over a ycar in temperate zones with
moderate precipitation. In extreme climates with heavy
snow cover, however, the reduction may be as much
as 20% [S5, S35]. The addition of phosphate fertilizer,
discussed in Scction IV.C, may cause a second-order
increase in dosc rate [P3).

45. Areas of markedly high absorbed dose rates in
air around the world are associated with thorium-
bearing and uranium-bearing materials. Mincral sands
containing monazite are prime examples of the former.
Absorbed dosc rates in air from gamma rays ncar
separated monazite may reach 10° nGy h! depending
on geometry [M6]. It is not surprising, therefore, that
dose rates over sands can be remarkable. Two such
arcas are well known: on the Arabian Sea coast of
Kerala in India, where dose rates in air range from
200 to 4,000 nGy h! [S6, S7] and on the Atlantic
coast of Espirito Santo in Brazil, where dose rates in
air range from 100 to 4,000 nGy h! approximately
[P4]. Radiation exposures duc to mining and milling
of mineral sands are discussed in Section IV.D.

46. Other areas of high background radiation have
also been identificd. On the Nile Delta, dose rates in
air arc estimated to range from 20 to 400 nGy b [EZJ
and on the Ganges Delta from 260 to 440 nGy b°
[M7]. Dose rates in air of up to 12,000 nGy h! have
been reported over thorium-bearing carbonatite in an
arca near Mombasa on the coast of Kenya [P6]. An
arca of volcanic intrusives in Minas Gerais, Brazil,
with mixed thorium and uranium mineralization, has
dose rates in air roughly from 100 to 3,500 nGy bt
[P17]. Ramsar, on the Caspian Sea in Iran, has dose
rates up to 30,000 nGy h™ because of thorium and
uranium deposition by hot springs in travertine [S33].
Many granite arcas have elevated natural radiation
levels [M2, W10]. Localized dose rates in air around
100,000 nGy b! have been found over uraniferous
rocks in Sweden [S8]. Dose rates associated with
uraniferous phosphate deposits are appreciably lower;
on the phosphate lands of Florida, they range from 30
to 100 nGy b {N2].

2. Indoors

47. During the last decade, several surveys have
been made of the dose rate in air from terrestrial
gamma rays inside dwellings. The results are included
in Table 4. Over a third of the world population is
represented. The surveys are not quite as complete as
outdoor investigations. National averages range from
2010 190 nGy b with a population-weighted average
of all the data being about 80 nGy b, This value is
somewhat higher than 70 nGy b'!, sclected in the




T i

NG DS Frre oo A=

ANNEX A: EXPOSURES FROM NATURAL SOURCES OF RADIATION 41

UNSCEAR 1988 Report [U1] as representative far
indoor exposurc worldwide.

48. In comparing the indoor and outdoor averages,
it is scen that the overall effect of surrounding
building materials is to incrcase the dose rate
40%-50%. As indicated in Table 4 and illustrated in
Figure 111, the ratio of indoor to outdoor dosc rates
varies from 0.8 to 2.0. In only two countrics, Iceland
and the United States, are average absorbed dose rates
indoors judged to be less than outdoors. This ratio is
sensitive to the structural properties of dwellings
(materials, thicknesses and dispositions) and is of
limited utility for estimating cxposures in particular
cases from outdoor data. However, the relatively
narrow range of the indoor-outdoor ratio reflects the
fact that building materials arc usually of local origin
and that their radionuclide concentrations are similar
to those in local soil. The building materials act as
sources of radiation and also as shiclds against outdoor
radiation. In wooden and lightweight houses, the
source effect is negligible and the walls are an
incfficient shield with respect to the outdoor sources
of radiation, so that the absorbed dose rate in air could
be expected to be somewhat lower indoors than
outdoors. In contrast, in massive houses made of
brick, concrete or stone, the gamma rays emitted
outdoors are efficiently absorbed by the walls, and the
indoor absorbed dose rate depends mainly on the
activity concentrations of natural radionuclides in the
building materials. Under these circumstances, the
indoor absorbed dose rate is generally higher as the
result of the change in source geometry, with the
indoor-outdoor ratio of absorbed dose rates in air
between 1 and 2.

49. There is considerable uncertainty in estimates of
indoor dose rates. It is clear that the dose rates in
masonry dwellings are appreciably higher than in
wooden ones, as explained in the previous paragraph.
For improved estimates of doses, it would be
necessary to bave data for representative housing stock
around the world. Data for houses in warm climates
are underrcpresented in Table 4; these may be
constructed very differently from houses in cold
climates. It is cxpected that the percentage of houses
that are largely made of wood and other lightweight
materials is greater in warm climates than in cold
climates, so that for the same average absorbed dose
rate in air outdoors, the average absorbed dose rate in
air indoors would be lower in warm climates than in
cold climates. This needs to be confirmed by
measurements. Such an important source of human
exposure should be quantified more cxtensively.

50. The dose rates in masonry dwelling are
determined by the characteristics of the masonry
materials: 30 g em? of masonry, for example,

provides 90% of the gamma rays from an infinitely
thick source {N2]. If construction malerials with
clevated concentrations of natural radionuclides are
uscd, dosc rates in air indoors will be clevated
accordingly. Somc mecasurements have been made of
dosc rates in relation to building matcrials.
Mecasurements in Sweden gave values of about
230 nGy h'!, on average, in houses with outside walls
made of lightweight concrete, some of which
contained uraniferous alum shale [M9, M27].
Mecasurements in former Czechoslovakia gave values
approaching 1,000 nGy h™! in houses with outside
walls containing uraniferous coal slag [T3].
Measurcments in a granite region of the United
Kingdom, where some of the houses are made of local
stone, gave 100 nGy bt [W3]. Estimates for houses
made with mud blocks in Jamaica reach 200 nGy b
{P18]. Tt is uscful, therefore, to calculate the effect of
using building materials with different activity
characteristics.

51. In round terms, the activitics per unit mass of
0 226Ra and B2Th in building materials Ay, Ap.,
and Aq, are typically 500, 50 and 50 Bq kg}}i,
respectively [N10]. If the dose cocfficients given in
Table 5 are applied, it is possible to construct an
activity utilization index that facilitates the calculation
of dosc rates in air from different combinations of the
three radionuclides in building materials. This may
then be weighted for the mass proportion of the
building materials in a bousc. The activity utilization
index is given by the expression

Cy C C
K fK + Ra fRa + _Thf“ Wm (4)
Ak AR, Ay

where Cy, Cp, and Cq, are_actual values of the
activities per unit mass of ¥K, 226Ra and 2Th in the
building materials considered (Bq kg’l); fx, g, and
fqy, are the fractional contributions to the dose rate in
air from the standard or typical concentrations of these
radionuclides; and w_ is the fractional usage of the
building materials in the dwelling with the activity
characteristic. For full utilization of typical masonry,
the activity utilization index is unity by definition and
is decmed to imply a dose rate of 80 nGy bl In
Table 7, illustrative cxamples are given of the use of
the activity utilization index.

52. To estimatc the effect of using atypical materials,
it is necessary to determine the fractional utilization by
mass, identify the associated dose rate and then
subtract the corresponding dosc rate for typical
masonry. Thus, 0.5 utilization of granite would
increase the dose rate by 70 - 40 = 30 nGy b! and
0.5 utilization of alum shale would increase it by
390 - 40 = 350 nGy b!. One quarter utilization of
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phosphogypsum  would cause an incrcase of
50 nGy h'!, but a similar fraction of natural gypsum
would lcad 10 a decrease of 15 nGy h!. Because of
the simple irradiation geometry and rounded parameter
valucs, this approach is only very approximate, but
there is some experimental confirmation [E3}, and it
docs describe the circumstances mentioned carlier.

53. In Kcrala, some of the more radioactive stretches
of sand have concentrations of 4OK, 226Ra and 32Th
of 100, 1,000 and 7,000 Bq kg™!, respectively [L6],
which would lead, according to the [oregoing
formulation, to 5,000 nGy hloin dwellings, since
structurces there provide litde shiclding against gamma
rays {rom the ground. Mcasured dose rates in air in an
carlier survey approached 4,000 nGy h'l, with an
arithmetic mean aroend 700 nGy b! for the
population on the segment of the coast with the most
radioactive sand [S6]. Large-scale surface mining and
subsequent refilling with monazite-free tailings have,
however, reduced the cxtermal radiation fields
substantially, eg. at some locations from
4,000 nGy b 10 300 nGy b}, and improvements in
socio-economic conditions have resulted in structural
modifications of the hutments, which have reduced

indoor external radiation exposures by a factor of 3
[P6].

54. Somc of the short-lived decay products of 222Rn,
always present in  air, emit gamma rays. A
semi-cmpirical analysis for a single-family house
yiclded an absorbed dose rate in air of 0.01 nGy bl
per unit activity concentration of radon progeny at
cquilibrium  expressed  as Bq m3 [M10]. For
20 Bq m3, a representative  activity concentration
indoors, the dosc ratc would be about 0.2 nGy h'l,
which is rclatively trivial in relation to dircct gamma
rays from the building matcrials and the dose to
human lungs from alpha particles cmitted by the other
radon progeny. Anothcr semi-cmpirical estimate for
gamma rays from radon progeny outdoors yiclded an
increment of 0.5% per Bq m3 over the fluence rate of
photons directly from the earth [N11]. For an cqui-
librium cquivalent concentration outdoors of 8 Bq m?3,
this implics a dose rate increment of 2 nGy b!, that
is, a few per cent of the prevailing dose rate from the
carth. Montc Carlo calculations [F12] substantiate
these estimates.

3. Dose

55. In the UNSCEAR 1988 Rcport [Ul], a
coefficient of 0.7 Sv Gy'! was used to convert
absorbed dose in air to effective dosc equivalent. This
refers to adults and is based on an analysis in the
UNSCEAR 1982 Rcport [U3] of cxperimental and
calculational data on environmental exposure to

gamma rays. A more recent assessment [P19, S§12)
provides cocfficients for exposure to terrestrial gamma
rays nol only for adults but also for children and
infants, Reference data are given in Table 8. The
overall value is not altered appreciably by weighting
for the typical radionuclide composition of soil. These
results were derived from Monte Carlo calculations (or
mathematical phantoms, those for adults being based
on ICRP Reference Man [I5] and those for the
younger persons on computed tomographic data for
paticnts. In round terms, thercfore, the conversion
cocfficient of 0.7 Sv Gy'l still seems to be suitable for
adults [Ul]. Because of the circumstance of
irradiation, it scems unlikely that the conversion
coc(ficient to cffective dose would differ appreciably
from this value.

56. The assumption has been made in previous
UNSCEAR Reports [Ul, U3, Ud] that the indoor
occupancy factor is 0.8, implying that 20% of time is
spent outdoors, on average, around the world. There is
no way at prescnt of validating this assumption, but
the indications are that 0.8 is low for industrialized
countries in temperate climates, where an appreciable
fraction of time is spent indoors in structures other
than the home [N2, W3], and high for agricultural
countrics in warm climates, where a substantial
fraction of time is spent out of doors even at night
[ES]. As more information becomes available, it may
be possible to refine the estimate of the occupancy
factor, but at present there is no basis for changing the
conventional value.

57. With values for the conversion cocfficient to
effective dose (0.7 Sv Gy’l) and the occupancy factor
(0.8), it is possible to combine outdoor (57 nGy h'])
and indoor (80 nGy h'!) exposures to terrestrial
gamma rays lo cstimate the average eflcctive dose.
The arithmetic annual mean worldwide, weighted for
population, is 0.46 mSv, somewhat higher than the
value for cosmic rays (0.38 mSv), the other
component of c¢xternal exposure to natural radiation
sources. For children and infants, the values are about
10% and 30% higher.

58 It is of interest to present some national
estimates of avcrage annual effective dose from
terrestrial gamma rays. This is done in Table 9. The
underlying assumption in each case that the effective
dose equivalent and the effective dose are numerically
the same for this circumstance. The values range (rom
0.23 to 0.65 mSv, with a median value of 0.40 mSv,
The population-weighted value for these 13 countries
is 0.45 mSv, in agreement with the result quoted in
the previous paragraph.

59. To complele the consideration of the cxternal
component of natural background exposure, the doses
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from cxternal irradiation by ecnvironmental beta
particles should be mentioned, although these mainly
affect the superficial tissucs of the body. Calculations
for soil show that the absorbed dosc rate in air {rom
beta particles is similar at the surface of the ground to
that for gamma rays, but that it drops to 20% of the
latter at 1 m above the surface [O4). Furthermore, the
dosc throughout the organs of the body generally is
about two orders of magnitude less than the dosc to
the skin. Similar circumstances exist indoors. The
absorbed dose rate from airborne beta emitters is
comparable to that from surface emission indoors and
about an order of magnitude less outdoors. If these
relationships are applicd to the average values for the
absorbed dose rates from gamma rays outdoors and
indoors, the annual absorbed dose to the skin from
beta particles is estimated to be about 0.2 mGy
overall. The contribution to dose from beta particles
from the surfaces of particular materials, such as the
mineral sands in Kerala, would be much more [S7].

B. INTERNAL EXPOSURE

60. Aftcr cosmic rays and terrestrial gamma rays, the
third clement of basic background exposure is that
from long-lived natural radionuclides in the buman
body, which arises from inbalation and ingestion.
Potassium-40 and the uranium and thorium series
radionuclides are trcated scparately. Radon is
considered in Chapter III,

61. Data on *K in the buman body are well
cstablished, mainly from direct measurements of
persons of various ages [I5, US] but also from the
analysis of post-mortem specimens [F13]. At the age
of 30 years, approximately the median for
industrialized countries [U11], the body content of
potassium is about 0.18%, at 10 years about 0.2%, and
is assumed to be the same at 1 year, these being the
averages for the sexes. Potassium is under homeostatic
control in the body, although there are discase states
that affect the level. The isotopic abundance of K is
1.18 10, With an average specific activity of
55 Bq kg'! of body weight and a rounded conversion
cocfTicient of 3 uSv a”! per Bq kﬁ;l [N2], the annual
cffective dose cquivalent from "K in the body is
165 uSv for adults, most of the dose being delivered
by beta particles. The value for children is 185 uSv.

62. Doses from radionuclides in the uranium and
thorium series, on the other hand, reflect intake to the
body with diet and air. In previous UNSCEAR
Reports [Ul, U3, U4, US5], doses were estimated from
measured activities in tissues and appropriate
dosimetric coefficients, but intake data were also
provided. In this Anncx, intake data are translated to
commitied effective doses for adults and also for
children and infants, so as to indicate the effect of

intake with age. Although the dctermination of dose
from concentrations in tissue is more direct, the data
on intake provide a good secondary indication.

63. A rcference food consumption profile s
presented in Table 10. This is based on the normalized
average consumption rate adopted by WHO [Wd],
derived from the food balance sheets compiled by the
Food and Agriculturc Organization (FAO) [F4]. These
cstimates refer to raw, unprepared products with no
account taken of losses in distribution and utilization;
conscquently, average values are usually overesti-
mates. Data on food consumption by age arc usually
obtained from nutritional studies, but becausc the
information is rather limited, rclative rather than
absolute values arc best inferred [V2]. In Table 10,
therefore, the average values [W4] are adopied for
adults, and the consumption rates for children and
infants arc taken to be two thirds and one third of the
adult values, except for milk products, which are
higher than unity [V2]. Intakes of water, both directly
and in beverages, are based on reference [CRP water
balance data [15]. The tabulated values are compatible
with other assessments [C4, N13, Ul]. There are, of
course, departures from the reference consumption: the
Chinese dict, for example, is low in milk, the African
diet in lcafly vegetables [W4] and the Indian dict in
meat [R11]. Cereal consumption, on the other hand, is
much the same in all types of dict. The nominal nature
of the data in Table 10 and the resulting uncertainties
in the dose estimates must be stressed. Reference
ICRP breathing rates [I5] are also given in Table 10.

64. The next step is to cstablish reference activity
concentrations in dietary materials and air. The values
for food and water in Table 11 rcly heavily on data
for northern temperate latitudes [F5, LS, N2, P5, P20,
S13, S14, S44] and are compatible with data in the
UNSCEAR 1988 Report [U1]; fish, for which data are
scarce and disparate, includes a 10% admixture of
invertebrates [C5, J7]. All food values are for wet
weight. Reference concentrations in air in Table 11 are
from the same sources [F5, LS, N2, Ul] and are
deemed to apply outdoors and indoors.

65. Information on cffective dose per unit intake of
activity of naturally occurring radionuclides by adults
is given in Tabie 12 [I4]; it is based on the biokinetic
modecls of ICRP. It is assumed in this Anncx that the
doses per unit activity intake for natural radionuclides
are not age-dependent.

66. Avcrage age-wcighted annual intakes by
ingestion and associated cffective doses have been
estimated using the fractional distribution of adults,
children and infants of 0.65, 0.3 and 0.05, respecti-
vely; the results are presented in Table 13. The intake
values are gencrally similar to those in the UNSCEAR
1988 Report [U1], although the 2%Po value is




44 UNSCEAR 1993 REPORT

somcwhat higher, mainly because fish and, in
particular, invertebrates were included. The dominant
radionuclides are 21%Pb and 2'%Po, There is a scarcity
of environmental data for 2'Pa and 227Ac [K10, V7],
but if they were present to the same degree as 235y,
the overall effective dose would be increased by
ag roximatcly 1%. Along the same line, the intake of
z has been assumced to be equal to that of 232y,
In fact, the intake of 228Th should be greater, because
of some ingrowth of that radionuclide in foodstuffs
following the decay of 228Ra [L11]; this ingrowth,
which is difficult to quantify, would result in an
increase in the overall effective dose of less than 2%.

67. Table 13 includes analogous information for
inhalation. The values are similar to those in the
UNSCEAR 1988 Report [Ul]. The dominant
radionuclide is 21%Pb. Tt may bc noted that smokinfg 10
cigarcttes a day would double the intake of 20p,
[N2]. The decay products of 35U would, once more,
add about 1%.

68. The doses from reference annual intakes of the
long-lived series radionuclides can be compared to the
annual doscs re-estimated from the UNSCEAR 1988
Report [Ul] with the new ICRP tissue weighting
factors [I6). For wuranium and thorium scries
radionuclides, the effective doses are 62 uSv
committed from annual intake and 130 uSv annually
from avcrage body content. For 40K the same doses
are 170 and 180 uSv, respectively. The total effective
doses arc 230 uSv by intake and 310 uSv by body
content. The results are fairly consistent and support
the validity of the intake estimation metbod. The
advantages of this method over that based on post-
mortem analyses are that therc are more data on
activilics in foodstuffs than in human tissues and that
it facilitates the estimation of doses from high intakes
of activity in unusual circumstances. It is recognized,
however, that there are large uncertainties in the
values of the dose cocfficicnts, mainly owing to
uncertaintics in the values of the gut absorption
fractions (also called {}) for many radionuclides. These
uncertaintics may arise for a variety of reasons,
including the chemical naturc of the radionuclide
ingested, biological variability in humans and
cxtrapolation from animal data when human data are
sparse. It would be desirable to carry out more post-
moricm  analyses of tissues to dectermine natural
radionuclide concentrations, as such analyses would
allow a more direct assessment of the absorbed doses.

69. The variability of activity concentrations in foods
is clearly shown in Table 14, where sclected
information on eclevated levels is prescnted. The
reference values can be exceeded by orders of
magnitude. In the volcanic area of Minas Gerais,
Brazil [A4, A8, L10, V3] and in the mineral sands

arca of Kcrala, India [L6], there is evidence of cxcess
activity in milk, meat and grain, leafy vegetables, roots .
and fruits. In the granitic arca of Guandong, China,
excess aclivity has been reported in foodstuffs such as
rice and radishes {Z1]. Mention might also be made of
the elevated levels of #%Po in yerba maté, a plant
used to make a beverage in South America [C15), For
radiological  significance, however, the most
pronounced increase over reference levels occurs in
the Arclic and sub-Arctic regions, where 210pp, and
10p4 accumulate in flesh of reindeer and caribou [(H7,
P7], an important part of the diet of the inhabitants of
those regions. Reindcer and caribou feed on lichens,
which accumulate these radionuclides from the
atmosphere. If the annual consumption of reindeer and
caribou meat is taken into account [K3], it is possible
to evaluate the cffective dose from this intake.
Assuming the reference intakes for other foods and
water apply, the overall dosc from ingestion is
estimated to be about 300 uSv for adults. This is one
example of a community exposed under unusual
circumstances.

70. Sclected information on elevated levels of
activity concentrations in potable waters is shown in
Table 15 with values for some bottled mineral waters
and ground waters. These elevated levels are to be
compared with the reference levels presented in
Table 11. As with foods, reference values are
exceeded by orders of magnitude. Bottled waters in
Brazil includc some from arcas of high natural
1adiation levels [P8]. The results for France [M19, PS,
P9, R12, R13, R14, S11] represent all the principal
sources of mineral waters in that country.
Commercially available waters were widely sampled
in Germany [B12, G4, G5]. The sclection of Portu-
guese waters was broadly representative [B6]. An
extensive survey in Sweden of public and private
water supplics [K4] yiclded high levels of 22%Ra in
some wells with an average of 45 mBq kg™ in water
from deep-bored wells. In Finland, remarkably high
concentrations have been discovered in wells drilled in
bedrock throughout the south of the country near
Helsinki [S15]. If allowance is made for the extra dose
from these waters with otherwisc reference intakes, the
overall value of the committed effective dose becomes
550 uSv for annual intakes by adults. This is another
example of a community with unusual circumstances
of cxposure.

C. SUMMARY

71. Natural radionuclides of significance in soil, air,
water and living organisms include YK and the
isotopes of the B8y and 22Th decay chains.
Exposures occur by external irradiation and from
internal irradiation following ingestion or inhalation of
the radionuclides.
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72. The dose rate in air outdoors from terre-
strial gamma rays in normal circumslances is around
57 nGy hl. National averages range from 24 o
160 nGy h''. Soil and survey data yicld similar valucs.
Communities living on mincral sands may well
be exposed at two orders of magnitude more. The

gamma-ray dosc rate indoors is cstimated to be

80 nGy bl the population-weighted mean  of
measured values worldwidc, and the range of reported
national averages is 20-190 nGy !, These results arc
in accordance with values inferred from outdoor
measurements and the concentrations of radionuclides
in building materials. Applying a cocfficient of 0.7 Sv
Gy™! 1o convert absorbed dose rate in air to effective
dose and using an indoor occupancy factor of 0.8, the
world-wide average annual effective dose from
external cxposure to terrestrial radionuclides is
0.46 mSv.

I11.

74. Exposure to radon is the most significant element
of human irradiation by natural sources. It is dis-
tinguished from the other three elements of basic
background because exposure varics markedly in
ordinary circumstances and because high exposures
may be avoided with comparative ease. The most
important mechanism of exposure is the inhalation of
g]gg short-lived decay products of the pring‘i’pal isotope,
““Rn, with indoor air. Concentrations of **?Rn and its
progeny are usually higher in indoor air than in
outdoor air; exceptions are in tropical areas, where
222Rn concentrations in well-ventilated dwellings arc
essentially the same as in outdoor air.

75. There are three natural isotopes of the radio-
active element radon: *!°Rn (actinon) in the 235y
series; 220Rn glhoron) in the 22Th series; 2pn
(radon) in the 2*8U scries. Because of the low activity
concentrations of 23U and the short half-life 0[219Rn,
this isotope is not significant for human exposure.
Because of its short half-lifc, 2’°Rn is of concern only
where the concentration of 23%Th is high. Owing to its
relatively long half-life, 222Rn is the most significant
isotope, and there is much information on it. Table 16
gives the alpha decay propertics of 220Rn and ?22Rn
and their short-lived decay products [B7, M11].

76. Radon is a noble gas with slight ability to form
compounds under laboratory conditions [S16]. The
density of radon is 9.73 g 1"l a1 0° C [WS]. There is
very littlc radon in air, typically about one atom per
10 atoms of air indoors, and so it does not stratify.
Its solubility in water at 0° C is 510 em® I'' decrea-
sing 10 220 cm® I’ a125° Cand 130 em® 11 a1 50° C.

73. Effective doses resulting from intake of natural
radionuclides in air, food and water may be
dctermined from mcasured concentrations in the body
or cstimated from concentrations in intake materials.
The worldwide average committed dosc from annual
intakes is estimated to be 0.23 mSv, of which
017 mSv is from “K and 0.06 mSv from
radionuclides of the 238U and 232Th serics. Variations
in cxposures occur from variations in the latter
component. Communitics receiving higher effective
doses include consumers of reindcer meat (average
annual cffective dose: 0.3 mSv) and consumers of
decp well water in some locations (average annual
effective dose: 0.5 mSv). Litle information cxists on
the wvariability of dose from the inhalation of
long-lived activity in air, but inhalation is dominated
by radon isotopcs and their short-lived decay products,
which are the subject of the next Chapter.

RADON

A. SOURCES AND MOVEMENT

1. Production in terrestrial materials

77.  The production of >*%Rn and **2Rn in terrestrial
materials depends on the activity concentrations of
228Ra and **Ra present. Indicative values for these
radium isotopes in soils may be inferred from Table 5.
Some values for rocks, taken from extensive analyses
[C14, W6], arc given in Tables 17 and 18. On
average, granites arc high in radium, basalts are low
and sedimentary and metamorphosed rocks have
intermediate values. In the main, the results are fairly
consistent with the soil values, although exceptional

values of 22°Ra do occur in some detrital sedimentary
rocks [AS].

78. Earth materials may be envisaged as a porous
matrix through which fluids can move. To be free to
do so, radon must first emanate from the mineral
substance into the pore space. This is brought about
mainly by the recoil of radon atoms on formation,
with a typical range of 20-70 nm in mincrals, and by
molccular diffusion [T4]. Emanation is thought to be
amplified by the superficial disposition of radon
precursors and the damage caused by radioactive
decay. The fraction of radon formecd that enters the
pores has variously been called the emanating power,
the ratio, the cocfficient and the fraction. Values of the
emanation fraction, as it is called here, for various
earth and building materials are given in Table 19.
The results relate to 2>’Rn and are supported by other
studies of soils [B13, M20, M21]. Relatively litte
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information cxists for Z'ORn, but similar values would
be expected because of the physical processes
involved.

79. Moisture  and temperature  affect  radon
cmanation. The presence of water increases the
probability that the recoils will terminate in the pores
rather than the matrix and that more radon will
therefore be available for movement [T4], but this
trend is later reversed as the water content grows.
Increasing temperature  also incrcascs cmanation,
probably because of reduced adsorption, but the
mechanism and magnitude of this effect are not as
well undcerstood or quantified [S18]. Of the two, the
moisture cffect is the more significant.

2. Diffusion

80. The movement of radon in porous material is
brought about by concentration and pressure gradients;
the mechanisms of movement arc molecular diffusion
and forced advection [N14]. Both are modificd by
radioactive decay. Consideration here is limited to the
movement of radon from the ground into the open
atmospherc and from the ground and building
clements into confined spaces such as dwellings.
Attention is first given to diffusion.

81. If carth is regarded as a porous mass of
homogencous material semi-infinite in extent, the flux
density of radon at the surface J (Bq m" s") is
given [U1] by the expression

Jp = Cprahpa (P[D,/ (hgy 1 ©)

where Cp, is the acnvny concentration of 2%5Ra in
carth material (68q kg, AR, is the decay constant of
222Rn (2.1 10 s°1); [ is the cmanation fraction for
carth malcnal p is the density of carth material
(kg m” ) D, is lhc cffccllvc diffusion cocfficient for
carth malcrla] (m®s 1) and ¢ is the porosity of the
carth material. The first four parameters in the
cquation comgnsc the volumetric production rate of
radon (Bq m ) the cxpression in brackets is the

dilfusion length.

82. If a building clement, such as a wall or floor, is
similarly regarded as a scmi-infinite slab of porous
maltcrial, the flux density of radon from one side is
given [U1] by the expression

05

Jp = Cratpra (P[D./ (Mg, ©)] (6)
anhd [D,/ (g, £)]°

where d is the half-thickness (in metres) of the

clement and the other symbols refer to the same

paramecters as in cquation (S), but where the values are

for the building material rather than the carth material.
The two cquations arc the samc apart from the
hyperbolic term, which takes into account the finite
thickness of the slab and has a valuc less than unity.

83. Sincc diffusion dominates over advection as the
mcchanism by which radon cnters the atmosphere
from the surface of the carth [N14], it is possible to
calculate the flux density by using appropriate values
for the parameters in cquation (5). Values of Cp, are
in Table 5 and values of f, D, and ¢ in Tablc 19.
chrcscnlallvc values arc Cy, = 40 Bq kgl =02
D=5 107 m? s71: ¢ = 0.25. The value of p is about
1,600 kg m3, and Ay = 2.1 10'6 ‘L. These yicld an
estimate for Jy of 0. 026 Bq m? 5! somewhal higher
than the weighted value of 0016 Bqm™ 251 from
measurcments over various soils [W7] but quite closc
to the average value of 0.022 Bq m™ s estimated for
Australia [S36] and compatible with lhc indications for
sedimentary arcas of France [R15]. It must be noted,
however, that the calculated value of JD is critically
dependent on the value adopted for Cp, and that the
mcasured value is critically dependent on the
weighting procedurc for soil type. The volumetric
production rate, glvcn by the first part of the equation,
is about 0.027 Bq m3 s\,

84. For building clements, the flux density due to
diffusion may be calculated by substituting the
appropriate values in equation (6). Such values of CRf
f,D, and € arc in Tablcs 7 and 19: Cp, = 50 Bq kg™;
f—OlD = 1108 m? sl e = 0.15. As before, Apn
= 21 lO'g 'l, and the valuc of p is taken to be
1,600 kg m3; for elements 0.2 m thick, d is 01 m,
These yicld an estimatc for Jy of 0.0015 Bq m? !
and a volumeltric production rate of 0.017 Bq m3 s,
Whereas the production rate is comparable to the
volumetric value for carth material, the flux density
from a building material element is about an order of
magnitude less. Volumetric production rates for radon
inferred from measurements on laboratory specimens
of ordinary concrete arc in accordance with the
calculated value, but the rates for natural gypsum and
ordinary clay bricks arc lower than cstimated [C6, J2,
T5, Ul]. Most mcasurcments of radon flux density
have been made on laboratory specimens of building
malerials; since these have a much higher
surface-to-volume ratio than building elements, the
results underestimate the flux density in practical
circumstances [C6]. Some measurcments on sections
of building elements do, however, give results that are
fairly compatible with the calculations for ordinary
concrete and ordinary clay bricks but appreciably
lower for natural gypsum [B9, P10, S20].

85. As in the UNSCEAR 1988 Report {U1], a model
building is defined so as to illustrate the relative
jmportance of the various sources of radon indoors. A
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simple masonry structure is envisaged with a volume,
V, of 250 m3 and a surface arca, Sp, of 450 m2. The
characteristics broadly reflect construction in lemperalc
climates. An air exchange rate of 1 h! s postulated.
The rate U of radon entry from the building clements
(Bq m-3 h1) is given by the expression

U = (3.6 10° Spip)/V @

where Jp is defined in cquation (6). The resulting
value of U is almost 10 Bq m’ h'!. Without a
masonry floor, the rate of entry by diffusion from bare
carth would be about 37qu'3 n!, this being
calculated by substituting the surface arca of the floar,
Sg = 100 m?, for Sg and 0.026 Bq m™ 5! for Jp in
cquation (7). An intact concrete floor 0.2 m thick
would. however, reduce the rate of entry by a factor
of about 14 [C7, U1} to 2.6 Bq m b™!, which is
comparable to the contribution from such a floor
clement.

86. Tt should be recognized that floors are unlikely
10 be intact and that holes and cracks greatly facilitate
the entry of radon. The effect of cracks has been
modeclled in a mathematical sense for a stylized pattern
of penetrations through a floor clement [D6, L8]. With
an array of 1 cm widc cracks every 1 m through a
0.2 m thick floor and a diffusion coefficient of
5107 m® s} for the underlying earth, the rate of entry
by diffusion is about 20% of that from bare carth
[D6], implying 7.5 Bq m3 bl which in turn implies
a flux density, averaged over the whole floor, of
0.0052 Bq m% s'L. In the reference building, therefore,
1% discontinuity in the floor permits 20% diffusion
from the carth.

3. Advection

8&7. Attention is now tumned to the forced advection
(also frequently called convection) of radon from the
carth into a building. This is causcd by the slightly
negative pressure differences (underpressure) that
usually cxist between the indoor and outdoor
atmospheres. Two mechanisms are mainly responsible,
wind blowing on the building and heating inside the
building [N15]. Other mechanisms, such as changes in
barometric pressurc and necgative pressure causced by
mechanical ventilation, may also be significant [N14].

88. Wind creates a negative pressure drop across the
shell of a building. The magnitude of the drop is
determined by the configuration of the building and
varies with the square of the windspeed; in a light
breeze, it may be a few pascals [N14]. Outdoor air is
therefore drawn inwards through gaps in the shell or
through the subjacent carth with radon entraincd. The
rapidity with which a pressure drop is transmitted

depends on the permeability of the ground and can
vary from scconds for sand to wecks for clay [N14].

89. Hcatalso creates a pressure drop across the shell
of the building with the gradient towards the higher
temperature, This phenomenon, usually called the
stack cffect, also draws air through and under the
shell. The drop is proportional to the temperature
diffcrences [F7]; for 20° C, it also amounts 1o a few
pascals. In secvere climates, however, it would be
much more and in tropical climates much less. The
overall cffect of both mechanisms is assumed 1o create
3 pressure difference, Ap, of about 5 Pa [R4].

90. If a masonry floor is intact, advection from the
carth cannot take place. The presence of cracks in the
clement  allows  advection, however, and a
mathematical model has been used to determine the
influx of radon [D7]. As with diffusion through cracks
[D6], the finite difference method is used to solve
numecrically the steady-statc transport equation for
advection. Apart from Ap, the parameter of prime
importance is the permeability, k, of the subjacent
earth material, which varies in value through scveral
orders of magnitude from a low of 10716 m2 for fine
clay 1o a high of 108 m? for coarse gravel [N14).

91. Application of the model to a floor element with
an array, as before, of 1 cm wide cracks every 1 m,
yiclds ratios between the advective and diffusive
influxes for a range of permeabilities [W8]. These
ratios vary from about unity at lower permeabilities to
an order of magnitude greater when k is about
10" m? and then decline towards unity again at
higher permeabilities. Extension of the modecl to a bare
carth floor yiclds estimates of influx for lower and
intermcediate permeabilities, but the method breaks
down at higher permeabilitics. When these results are
applicd to the model building for an underpressurce of
5 Pa, they give the flux densitics in Table 20, which
are avcraged over the whole arca of the floor. They
should be compared to the diffusive flux densities of
0.0052 Bq m2s? for the cracked floor and
0.026 Bq m™ s for the bare carth estimated carlier.
Values of the {lux density similar to those shown in
this Table would be obtained for similar values of the
product kAp within the underpressure range 1-10 Pa
|D7].

92. Radon cntry rates by advection are calculated
from cquation (7) by again substituting Sg = 100 m?
for Sj3 and by replacing the diffusive {lux density by
the advective valucs in Table 20. The outcome is also
shown in Table 20. Entry rates vary from zcro for an
impermcable floor element, through 10 Bq m3 h! for
a cracked floor on earth matcrial of low permeability,
to 274 Bq m> b’! for a barc floor of fairly high
permeability. The decline in rates at the higher
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permeabilities is due to the depletion of radon in the
carth necar the walls of the building by the passage of
fresh air [D7, W8). Il an intermediate permeability of
10 m? for sandy-silty carth material is decmed to be
typical and accordant with the diffusion cocfficient
adopted carlier, it becomes clear from the Table and
from the carlier paragraphs that advection is likely to
dominatc over diffusion as a source of radon in
buildings under common circumstances.

93. It is possiblc to cstimate an upper value of the
cniry rate by advection from the earth in a simple
manner if the fraction ¢ is known of the air exchange
rate for the building that takes place through the earth.
It is given by the expression

U = 00, [(Cp, fp)/e] ®

where A, is the air exchange rate (1 h'l) and the other
symbols represent the same quantities as before with
the same values. The terms in brackets refer to the
radon concentration in equilibrium with radium at
depth in the earth; their conjoint value is about
5104 Bg m3. A value of 0.02% for ¢ would yicld an
cntry rate of 10 Bq m~ b™! for the model building and
thus match the contribution by diffusion from the
building elements. Values of ¢ two orders of
magnitude greater may be realized {S21] for solid
floors on the earth, sometimes called slab on grade.
This simple analysis does not, however, take into
account the depletion of radon near the surface of the
carth.

94, It must be stressed that entry by advection is
quite dependent on the configuration of the floor and
that any estimate of an illustrative value is quite
uncertain. Even for the simple slab on grade of the
model building, structural details and the nature of the
underfill make estimating difficult. For suspended
floors, entry is severely influenced by the degree to
which the living space is decoupled from the earth.
For buildings with basements, the difficulty is
compoundcd by the extensive arca of contact between
the structural elements and the backfill or earth. Much
still remains to be done to clarify these issucs [G10,
H15, M22, N16, R4}, and it must be realized that
reliable estimates of indoor radon concentrations are
best obtained from measurements of radon in air.

4. Infiltration

95. Fresh air enters a building through open doors,
windows and ventilators and through inadvertent gaps
in the superficial shell. Although the term infiltration
properly refers to the passage of air through small
openings, it is used here to describe the overall degree
of direct exchange between outdoor and indoor air.

Outsidc air brings with it radon, usually at a Jow
concentration.

96. Concentrations of radon outdoors are detcrmined
by the flux density from the carth and by dispersion in
the atmosphere; both are affected by metcorological
conditions. There are pronounced diurnal variations,
mainly because of changes in atmospheric stability,
and pronounced scasonal variations, mainly because of
changes in patterns of air mass circulation. Water
masses such as lakes and occans make a negligible
contribution to the atmospheric inventory of radon
[N17]. On the basis of exhalation data, NCRP [N2]
estimated the average outdoor concentration over
continents to be 8 Bq m3. Hourly measurements over
several years at an inland and a coastal site in the
United States yielded average values of 8 and
4 Bg m [F8], respectively, but successive quarterly
measurements with integrating devices nationwide at
50 sites gave 15Bqm™ [H16]. Year-long
measurements with integrating detectors throughout
the United Kingdom gave a population-weighted
average of 4 Bqm™ [W3]. Integrating devices
deployed in an urban area of Japan also yielded a
ycar-long average of about 4 Bq m™, with seasonal
variations from 2.6 to 6.1 Bq m [M23]. Summertime
measurements across Canada gave 11 Bq m? in the
eastern provinces and 56 Bq m? in the prairie
provinces, which were particularly dry and where the
levels were reduced by a factor of 5 in the following
summer [G11]. Protracted measurements in France
showed 60 Bq m? in sedimentary regions, with
marked temporal and spatial variations throughout the
country [R15]. Whereas a tentalive estimate of
5 Bq m?> was made for the population-weighted
parameter worldwide in the UNSCEAR 1988 Report
[Ul], the developing evidence, cspecially for
continental as opposed to island air, suggests that it is
probably closer to 10 Bq m™,

97. With a direct air exchange rate, A, of 1 bl and
an outdoor concentration, ¥, of 10 Bq m'3, the rate of
entry of radon to the reference building by infiltration
is the product of the two values, 10 Bq m3 bl

5. Transfer from water and natural gas

98. As noted carlicr, radon is soluble in water. It
follows that water supplics bring radon indoors and
that some de-emanation of the water occurs, thus
contributing to the radon cntry rate, sometimes 10 an
appreciable degree. Concentrations of radon in water
vary markedly. Supplies may be classified broadly as
surface water, groundwater or well water, As shown
in Table 21, radon concentrations in these classes
differ by an order of magnitude, and utilization also
varies considerably [N18, OS]. Surface waters with the
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lcast radon but the greatest variability in cancentration
[H5, H6, N15] arc used the most. The weighted
average of the radon concentrations for the reference
sct of supplics is somewhat above 10,000 Bq m3 but
not unlike the estimate for the United States [C8). [n
the UNSCEAR 1988 Report [U1], a reference value of
1,000 Bgq m> was adopted, but it was noted that
countrics such as Finland and Swecden had
population-weighted averages of over 30,000 Bq m
[K4, S15}. Comprchensive surveys of well water {rom
southern Finland yiclded a median concentration of
210,000 Bq m? and isolated values approaching
50 MBq m3 [78]. It is assumed in this Annex that the
worldwide average concentration of radon in water is
10,000 Bq m™>.

99. Radon is slowly removed from still water by
molecular diffusion, but agitation and hcating cause
walcr to de-emanate rapidly and trans{er the gas to the
indoor air. The transfer factor for buildings, defined as
the ratio of the concentrations of radon in water and
air, has becen determined both experimentally and
analytically. Values arc distributed log-normally, but
the average is about 10*. For 10,000 Bq m~ in waler,
this implics 1 Bq m3 in air; for an air exchange rate
of 1 h'l, this implics a radon entry ratc of
1 Bq m b'! to the model building.

100. In the interest of completeness, natural gas is
mentioned as a potential source of radon. It contains
various concentrations of the radioactive species,
determined mainly by the geology of the gas ficld and
the dclay in transmission to the user. When it is
burmed indoors, the radon is rclcased. In the
UNSCEAR 1988 Report |U1], an cntry rate of
0.3 Bq m3 b to the modcl building was dcemed
appropriatc. This estimate still seems to remain valid,

6. Entry rates

() Radon

101. Radon entry rates for the model building are
summarized in Table 22, and the relative importance
of the various sources of radon in a temperate climate
is illustrated. It will be recognized from the preceding
text that the selection of illustrative values is rather
arbitrary, since it depends on the values chosen for the
paramelters that determine the significance of the
various mechanisms of entry. Nevertheless, the overall
entry rate is not greatly at variance with that inferred
from radon mcasurcments in many buildings in
temperate climates. With a contribution of over 50%,
mostly from forced advection through discontinuities
in the floor, radon cntry {rom the subjacent carth
dominates over all other sources. Diffusion from the
building clements is also important, as is the
infiltration of outdoor air, but the other sources are

relatively unimportant. Table 22 focuses atlention on
the importance of advection in such typical
circumslances; the text emphasizes its importance in
atypical circumstances where high radon levels occur
indoors. In tall blocks of dwellings, however, the carth
contribution would virtually disappcear the overall entry
ratc would at lcast be halved, and the percentages
would be altered accordingly.

102. If a building with dimensions similar 1o thosc of
the model but of non-masonry construction is
cnvisaged for a tropical climate, it is possible o
cstimate the entry rate of radon by crudcly adjusting
the data in Table 22. Diffusion from building elements
virtually disappears, but diffusion {rom the subjacent
carth may contributc 37 Bq m> bl because board
floors would not appreciably impede the ingress of
radon. Advection from the earth may also disappcar
with calm air, balanced temperature and high
ventilation. On the other band, the contribution from
infiltration would increase twofold, to 20 Bq m3 h'l,
with a direct air exchange rate of 2 b'l. The other
mechanisms would remain unimportant. Overall,
therefore, the cntry rate of radon under such
conditions should not be much different from that in
Table 22, although the individual percentages would
change.

(b) Thoron

103. There is less information on entry rates of thoron
into buildings. Since the precursors of 2Rn and
222Rn have about cqual activities in carth and building
materials (see Tables 5, 6, 17 and 18), the rates at
which the two isotlopes arc produced are also about
cqual. It is usually assumed that the emanation fraction
is the same for cach.

104. By definition, the diffusion coefficient is the
same for both isotopes, so the diffusive flux density in
terms of activity is proportional to the square root of
the decay comstants (0.0126 s for thoron and
2110¢s? for radon) implying a value 77 times
higher for thoron. The measurcd values for thoron,
about 1 Bgq m2?s! from earth materials and
0.05 Bgm> s from building materials [D11, F6,
NI19, S19, 8§36, U3}, reflect this ratio, although there
is considerable variability in the value,

105. As for advection, the flux density should, in
principle, be the same for both isotopes in malcrials
with the same permeability, if all the atoms produced
arc forced to the surface [N19]. Overall, the rate of
entry of thoron into a building with unfinished walls
and floors is likcly 1o appreciably exceed that of
radon. However, owing to its short half-lifc of 55
scconds, only the superficial layers of walls and {loors
contribute to the rate of cmiry of thoron into a
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building, so that covering the Noors and walls with
plastic materials, tiles or paint is likely 10 reduce the
ratec of cntry of thoron by at least an order of
magnitude. This cffect was indircctly demonstrated in
Japan, where indoor mcasurements generally detected
high concentrations of thoron (up to 400 Bq m™3) ncar
unfinished soil walls, but no thoron near walls covered
by plastic or by paint [D2].

106. From the relatively few measurements of thoron
outdoors [N19, S23, U3] it would appear that activity
concentrations of thoron at or very near the surface of
the earth exceed those of radon. As altitude increascs,
however, the situation reverscs because of the disparity
in decay constants. A representative value of
10 Bq m?3 might be chosen for head height, which is
the same as the value adopted carlicr for radon. With
a dircct exchange rate between outdoor and indoor air
of 1 b}, the rate of entry to the model building by
infiltration is also about 10 Bq m™ bl

107. The average rate of entry of thoron to a building
from all mechanisms is crudely estimated in this
Annex lo be similar to that of radon, i.e. about
50 Bq m3 bl This estimate is highly uncertain.

B. EXPOSURE
1. Indoor concentrations
(a) Radon

108. It is possible 1o estimate the actlivily
concentration x (Bq m'3) for the model building {rom
the expression

x = U/, + Agy) ©)

where the symbols refer to quantities defined
previously. With U (the radon entry rate) =
49 Bq m™ bl (Table 22), A, = 1 b! and Ap, =
0.00756 h!, the value of ¥ is 48.6 Bq m™3. In round
terms, therefore, one would generally expect radon gas
concentrations of about 50 Bq m? in masonry
buildings in temperate climates and 30 Bq m? in
tropical timber buildings. With thoron, however, the
decay constant of 45.4 b!, rather than the air
exchange rate, determines the concentration: for U =
50 Bq m3 bl x=1DBq m™> of thoron gas. It should
be noted that the indoor radon and thoron
concentrations calculated from cquation 9 represent
averages throughout the building. Because of its short
half-life, thoron does not become uniformly
distributed. Strong gradicnts of thoron concentration
have been predicted and observed according to
distance from the wall [D2, D9, K15]. In any case,
because of the large uncertainties in the estimation of
the rate of entry of thoron into buildings, it is not

recommended to use equation 9 to predict the indoor
thoron concentration; it is better to rely on direct
measurcments of indoor concentrations, discussed in
Scction I11.B.1.b.

109. It is now appropriatc to compare expectation
with observation. Although most large surveys are of
radon gas concentration, Xg,, some surveys have been
conducted of the decay products. The paramecter of
interest in the latter case is the equilibrium cquivalent
concentration (EEC) of radon xg, and the two
quantitics arc related through the cquaibrium factor F,
defined by the expression

whc:)clxﬁq is 0.1057((lj + 0.515%, + 0.;]80)(3. The
symbols , %2 an represent the activit
cznccntrat‘i)glns t:(mePo, 22(43Pb ar?d 214Bi; the constanti
are the fractional contributions of each decay product
to the total potential alpha energy from the decay of
unit -activity of the gas [I7]. By analogy, the
equilibrium equivalent concentration of thoron is 0.913
X + 0.087 x, where %; and %, now represent the
activily concentrations of 212pp, and 212Bi.

110. Many surveys have been made during the last
decade of radon concentrations in dwellings. An
extensive compilation was included in the UNSCEAR
1988 Report [Ul]; it is updated here by the
information in Table 23. Data are now available for 35
countrics representing almost two thirds of the world
population. The list is not comprehensive; some
scattered observations for other countries are omitted,
and summary results for a few countries with
advanced radon programmes may. not have been
available. The purpose here is not to record all such
data, but to select information that is representative of
the various countries. The distribution of the survey
data of Table 23 is illustrated in Figure IV.

111. Whereas early surveys were based on discrete
sampling of radon dccay products, usually called grab
sampling, because it lasted a matter of minutes,
surveys of substance are now made by sampling radon
gas for extended periods of time, several days for
charcoal detectors and several months for track ctch
detectors. Mass surveys of radon decay products are
not feasible because the equipment and human
resources required to conduct them would be very
costly.

112. A satisfactory national survey might be defined
as one in which measurements of adequate quality are
made throughout a ycar in the living and sleeping
rooms of a stratified sample of at least 1 in 10,000 of
the housing stock. Not many surveys meet these
criteria. Some are not large enough; many arc made in
the rooms with the highest radon levels; some are

—_———— I
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biased 1o arcas of the country with high radon
concentrations; most do not follow a statistical design.
As a resull, any estimate of a representative or typical
world value is quite uncertain. Distributions of radon
concentrations  are usually reported as  being
log-normal, although departures are sometimes secn,
Arithmetic mcans arc frequently cited or may be
calculated from the geometric mcan and standard
deviation. Extreme values are often given.

113. Owing to thc large populations of China and
India, the results for these countries weigh heavily in
the cstimation of a worldwide radon concentration.
Definitive national surveys have not yet been
conducted, but the population-weighted mean of
somcwhat disparate and developing data for China
[C10, RS, Ui, Z2] is about 20 Bqm [P21].
Exploratory data for India [S37], pending the
completion of a national survcy, suggest an arithmetic
mean of 57 Bq m3, with lower values in cities such
as Bombay [M12] and higher values in cities such as
Nagpur [S24] and an cquilibrium factor approaching
0.4 [S25]. A national residential radon survey [M24,
010, U12] recently completed in the United States
vielded an arithmetic mean of 46 Bq m™, which is
consistent with the outcome of a structured survey in
the state of New York [P11].

114. Results from several studies in southern Europe
have become available. Generally radon values are
lower than in northern Europe: for example, only 3.2%
of the 244 Spanish dwellings investigated in Madrid
and Barcelona exceeded 200 Bq m3 [G1]; only about
20% were above 100 Bq m™ in a Turkish survey of
400 houscs in Istanbul [K14]; and about 5% of
Portuguese dwellings had average radon concentrations
in excess of 200 Bq m3 [F14]. However, in laly the
use of natural building materials (wffs, pozzuolana)
with elevated 238U activity concentrations ranging up
to 400 Bq kg™ can result in elevated indoor radon
levels in the arcas concerned (arithmetic average:
93 Bq m™ [B16]). Frequently, seasonal changes are
scen to have a pronounced effect on indoor radon
concentrations in southern climates, with winter values

up to 80% higher than corresponding summer values
[B16, G1].

115, Little information is available for large parts of
Africa and for tropical regions in the Americas, Asia
and Oceania. For well-ventilated buildings, indoor and
outdoor radon concentrations should be essentially
equal; thus, indoor radon levels should be lower in
tropical arcas than in tempcrate arcas if the outdoor
radon concentrations arc similar [M12, S25]. The
limited results available for Egypt and Thailand [C23,
H18] show that, for well-ventilated buildings in
tropical areas, indoor radomn concentrations are
approximately equal to those measured outdoors;
furthermore, a gradual increase in the ratio of indoor-

to-outdoor radon concentration from low latitudes
(23° N) to tempcrate latitudes (40° N) has been
observed in China [P21}. However, Figurc V, where
the average indoor radon concentrations from Table 23
arc plotted against the latitude of the countries or the
main population centres, shows a considerable scatter,
as well as some average indoor radon concentrations
at high latitudes that are similar to those at low
latitudes.

116. The different results of radon concentrations with
latitude may be duc to local gcology, atmospheric
conditions or building design. Local geology and
atmospheric conditions may result in outdoor radon
levels that are high in low latitudes and low in high
latitudes. For example, the average outdoor radon con-
centration measured in Bangkok [C23] is 40 Bq m™,
while that in the United Kingdom is 4 Bq m™ [W3].
Such a diffecrence alters the indoor-to-outdoor
concentration ratio for most dwellings. Also, the
sharply contrasted rainy and dry seasons in tropical
areas may influence the annual average of the indoor
radon concentration in a manner that is not clearly
understood. Finally, the design of traditional sub-
Sabaran houses explains the relatively high radon
concentrations in that region [O6].

117. In the UNSCEAR 1988 Report [U1], a popula-
tion-weighted value of 40 Bq m™ was adopiced for the
arithmetic mean worldwide. This value still appears to
be representative. Given the gross uncentainty in this
value and the climatic complications, the degree of
agreement with the estimate for the model building is
probably more coincidental than conclusive. It is clear
that additional research and measurements are needed
in tropical areas in order to estimatec more accurately
the worldwide average of indoor radon concentration.
It is hoped that more data from countries at low
latitudes will become available from a radon survey
programme that is being initiated by IAEA [S22].

118. Because of the trend away from the measurement
of radon decay products, there is no new information
of substance on the value of the equilibrium factor F
indoors; it is taken, as before, to be 0.4 [Ul). The
position is much the same for outdoor air; the previous
value of 0.8 is also adopted here. In terms of equi-
librium cquivalent concentration, thercfore, the world-
wide values of the arithmetic mean, population-
weighted, are about 16 Bq m-3 indoors and 8 Bq m
outdoors.

119. For the major surveys in tempcrate climates, the
value of the geometric standard deviation is typically
2.5. This may be somewhat high for tropical climates,
but any adjustment would be arbitrary, and so it is
considered to be generally valid. The arithmetic mean
of the radon gas concentration is 40 Bq m3, and the
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geometric mean is about 26 Bq m™. The correspon-
ding valucs of the cquilibrium equivalent concentration
arc 16 Bqm™ indoors (arithmetic mcan) and
10 Bq m3 (gcometric mcang. Estimates of the 98th
percentiles  are 200 Bq m™  for the radon gas
concentration and 80 Bq m> for the cquilibrium
cquivalent concentration. It can thus be suggested that
about 2% of dwellings worldwide may have
concentrations in excess of these values. Further, about
0.02% of dweclilings may be in excess of 800 Bq m.
Concentrations far in cxcess of 800 Bq m3 are,
however, frequently reported in the literature; values
morc than an order of magnitude pgreater arc
somctimes encountered, which may reflect the
possibility of positive divergence from a log-normal
distribution at higher concentrations [N20]. Competent
authorities who have considered the effects of human
cxposure to radon in homes are gencrally agrced on
the desirability of taking action at concentrations
exceeding 400 Bq m?3 |O8]; worldwide, a few homes
in a thousand probably cxceed that level. Remedial
mcasures in those houses will reduce the number of
persons exposed to high doses from the inhalation of
radon progeny but it will not change significantly the
average levels.

(h) Thoron

120. Limited information on thoron concentrations has
been reported since the publication of the UNSCEAR
1988 Report [Ul]. A representative value of
10 Bq m™~ was adopted carlicr for thoron gas in
outdoor air. Equilibrium cquivalent concentrations of
about 0.1 Bq m™ have been adopted elsewhere [N2,
N19, N20], somewhat lower than the previous valuc of
0.2 Bq m™ [U1). Estimalces of the gas concentration
indoors point to around 3 Bq m™3 [N20, S23}, and
limited surveys of the equilibrium ecquivalent
concentration [C16, D8, G9, M14, M25, N19, P21,
R1, S23, T7, W3], taken together, indicale about
0.3 Bq m3, again somcwhat lower than the previous
value of 0.5 Bq m3 [Ul]. There is considerable
uncertainty in these figures, poinling to a nced for
systematic mcasurements.

(¢) Average concentrations

121. The foregoing estimates of the concentrations of
radon and thoron in outdoor and indoor air are
summarized in Table 24. Both the gas and equilibrium
cquivalent values are given. They arc intended to
represent the population-weighted arithmetic means
worldwide, but it is nccessary to bear in mind that
considcrable uncertainty attaches to them, mainly
because of the general paucity of data for thoron and
some gcographical bias in the origins of the radon
data. They are, nevertheless, robust and round enough
to allow calculating the radiation doses from inhalation
for the gas and decay products.

2. Dose

(n) Inhalation

122. Exposurc to radon, thoron and their progeny
comes mainly from the inhalation of the decay
products of radon and thoron, which deposit
inhomogencously within the human respiratory tract
and irradiate the bronchial cpithelium,. Comparcd with
the lung dosc from inhaled decay products, the dose
contribution from the inhaled radon (or thoron) gas
itsclf, which is soluble in body fluids and tissucs, is
small under normal conditions of e¢xposure. The two
contributions to the annual cffective dose are
considered in turn,

123. Conversion coefficients relating average annual
concentrations to effective dosc equivalent were
presented in the UNSCEAR 1988 Report [U1] for
radon and thoron progeny. These were based mainly
on a comprehensive report on lung dosimetry
published in 1983 [N21] and other earlier analyscs [I7,
J3]. Parallel and later developments were recognized,
however, that pointed to the need for a re-evaluation
of the radon dosimeuy [J4, N17, V4].

124. Dose to lung tissues decpends, among other
things, on the fraction { of the total potential alpha
encrgy associated with lﬁc mixture of decay products
not attached to the ambicnt acrosol [N21]; as the value
of f_ increases, so does the dose. Values from 0.04 10
about 0.20 have been found in scveral dwellings in the
United Kingdom [J5, S27]. A similar range was
determined in several Norwegian dwellings [S28]. For
a Japanesc dwelling, bowever, the range was 0.031 to
0.064, with an arithmetic mcan of 0.043 [K6],
reflecting perhaps the different lifestyle [H8). In
Germany, the arithmetic mean for many rooms
without additional aerosol sources was 0.096, whercas
for a few with cigarette smoke it was 0.006 and for
outside air, about 0.02 [R9]. A study in a test dwelling
in Germany yiclded values around 0.1, but ranging
below 0.01 as a result of smoking [R10]. A review of
these and other data leads to a value of around 0.1
[P16]. Further results reveal 0.077 [H21] and 0.20
[S46] for single-family dwellings and 0.086 as an
average for five dwellings [T13]. Such valucs may be
contrasticd with those from 0.02 1o 0.03, adopted
previously for dosimetric purposcs |18, N21, Ul}; they
appear to be about three times greater indoors, the
implication being that the cquivalent dose 1o the
bronchial epithelium might be somewhat larger than
previously estimated [J11].

125. The ratc of attachment of radon decay products
to the ambient acrosol incrcases as the acrosol
concentration increases [P12]). With other acrosol
conditions constant, therefore, a higher aerosol
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concentration means a jower value of {_ and a lower
dosc. In dwellings, the acrosol concentration generally
increases as the infiltration rate of outside air
decreases, with the result that the values of [ and
dose also decrease. For a given concentration of gas at
a {ixed value of f_, the dosc increases as the value of
the cquilibrium f};clor F increases; the value of F,
however, increases with decreasing infiltration rate.
The effects of ) and F on dose, with other acrosol
conditions constant, arc therefore counterbalanced.

126. Concurrent measurcments of [ and F {IS, P13,
R9, R10, S28] dcmonstrale that values of fp are
negatively corrclated with values of F. Concumrent
mcasurements  of decay product concentrations,
infiltration rates and size distributions of ambient
acrosols in rooms [V4, V5] and the usc of a room
modcl [P14] to estimate the value of the unattached
fraction also substantialed the inverse relationship
between [ and F [P16]. Further calculations of doses
to lung tissues with two reference dosimetry models
[N21] showed that the gas conccnliration was an
adcquate indicator of cffective dose equivalent; a
conversion cocfficient of around 50 uSv a’l
per Bq m> of radon gas was deemed appropriate
[V5]. A similar conclusion had been reached in an
carlicr assessment [J5] and was supported by a later
analysis [H9]). On the other hand, a more recent
assessment indicates that the coefficient may be
around 25 uSv al per Bqm™ [J10]. Given the
preponderance of radon gas measurements as opposed
to decay product measurcments in  surveys of
dwellings, there is some merit and much convenience
in applying such a conversion cocfficient directly to
the resulls, but unanimity is lacking on thc most
appropriate value to use,

127. The dosimetry of radon and decay products is
under review to account for the introduction of the
new ICRP recommendations [16] and to develop a new
dosimetric model for the respiratory tract [B2).
Dosimetrists are considering new physical information
on the indoor acrosol, new insights into the regional
sensitivity of the respiratory tract and the new tissue
weighting factors.

128. For the purposes of this Anncx, it scems
rcasonable 10 keep the dose cocfficients that were
adopted in the UNSCEAR 1988 Report. In that
Report, an indoor exposure to radon at a concentration
of 40 Bq m3 was estimated to correspond to an
annual effective dose cquivalent of 1.0 mSv as a result
of the irradiation of tissues of the respiratory tract by
the radon progeny. This is numerically equivalent to
an effective dosc cocfficient of 25 uSv a’! per Bg m>
of radon gas for indoor exposure, assuming an
occupancy factor of 0.8 (7,000 hours spent indoors in
a year), or to 3.6 nSv per Bq h m3 of radon gas.

129. When the cffective dose cocfficient is expressed
in terms of cquilibrium cquivalent concentration (EEC)
of radon, the result is slighdy different from that
adopted in the UNSCEAR 1988 Report, because the
EEC of radon is cstimated in this Annex to be
16 Bq m™ instcad of 15 Bq m™, as in the carlicr
Report, the radon gas concentrations being the same.
Expressed in terms of the EEC of radon, the cffective
dose coclficient is found to be 3.6 x 40 + 16 = 9 nSv
per Bg h m3 for EEC of radon instcad of 10 nSv per
Bqhm3, as in the UNSCEAR 1988 Report. The
value 9 nSv per Bq h m™ for EEC of radon is also
uscd in this Anncx to estimate cffective doses resul-
ling from the inhalation of radon progeny outdoors.

130. It is convenient at this point to consider the
doses from the inhalation of radon gas in somewhat
more detail. Since the gas is soluble in body fluids and
tissues, it is transported throughout the body. Doses
arc delivered from the decay of the gas itself and the
shont-lived deccay products. Equivalent dose rates to
some tissues of interest from constant inhalation of the
gases at concentrations of 1 Bq m™3 are 1.2 nSv bl in
fat, 0.75 nSv h'! in lungs and 0.094 nSv h! in bone
marrow from radon and 0.004 nSv bl in fat,
0.58 nSv h! in lungs and 0.039 nSv bl in bone
marrow from thoron [J3]. The effective dose rates are
0.17 nSv b! from radon and 0.11 nSv b! from
thoron. The resulting annual cffective doses per unit
concentration in air are 1.5 uSv per Bq m™3 of radon
and 0.96 uSv per Bq m™> of thoron. These values are
supported by a more recent asscssment [P15]. The
relatively high dose rate from radon in fatty tissue is
due to the high solubility of radon. In an carlier
investigation [H10}, the distinction was madce between
fatty and normal marrow; the ratio of the dosc rates
was about 5. From thesc dose coefficients it may be
estimated that the equivalent dose to the marrow from
the worldwide average value of radon and thoron is
about 0.03 mSv a'l, an order of magnitude less than
the cquivalent dose from cosmic rays.

131. The dose cocfficients corresponding to the
inhalation of the thoron progeny arc taken to be the
same as those adopted in the UNSCEAR 1988 Report,
namely 10 nSv per Bq h m"3 for outdoor exposure and
32 nSv per Bq b m™ for indoor exposure.

132. The effective dosc cocfficients related 10 the
inbalation of radon gas, thoron gas, radon progeny and
thoron progeny are summarized in Tabic 24. Annual
cffective doses cormresponding to the worldwide
average concentralions are ecstimated from those
cffective dosc coefficients, assuming average
occupancy factors of 0.2 for outdoors and 0.8 [or
indoors; the results are included in Table 24. The
average annual clfective dose from inhalation of radon
and its progeny is estimated to be 1200 uSv, while the
dose from thoron and its progeny is about 70 uSv.
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(b) Ingestion

133. When internal exposures were considered in
Scction ILB, the dose from the ingestion of radon in
water was not included. These doses are estimated
here. Application of a modified ICRP model to the
ingestion of radon in water [K7] leads to a value of
108 sv Bq™! for the committed effective dose per unit
intake, with virtually all of the dose coming from the
gas rather than the decay products. Doses to children
and infants, scaled from body masses, arc
2108 sv Bqand7 108 sy Bq!, respectively. Since
radon is readily lost from water by heating and
bottling, the consumption of interest here is that of
water direclly from the tap. Annual intakes by adults
and children arc about 501 and 75 1, with 100 | by
infants when scaled by metabolic rate [[5]. The
estimate for adults is supported by other statistics
[H11}. For the reference concentration of 10,000
Bq m™ adopted earlicr, the annual effective doses are
5 uSv to adults, 15 uSv to children and 70 uSv to
infants. Assuming that a representative population
consists of 5% infants, 30% children and 65% adults,
the population-weighted average annual effective dose
from ingestion of radon is about 10 uSv, which is
small in comparison lo doses from the inhalation of
radon or thoron progeny. However, persons who
consume dcep well waters with the reference
concentration of 10° Bq m"3 will incur doses an order
of magnitude greater. This gives an indication of the
range expericnced by communitics with atypical
supplies.

C. SUMMARY

134. Radon and its decay products make the most
significant contribution to exposures from natural
radiation. In particular, levels indoors can build up
following entry from subjacent soil, building materials
and the infiltration of outdoor air. Extensive national

surveys have been conducted to determine both typical
and cxtreme jevels in houses.,

135. The population-weightcd average radon
concentration is 40 Bq m™ indoors. Most of the data
are from temperate regions. Average levels outdoors
arc 10 Bq m™ in continental arcas and somewhat less
in coastal regions. Levels indoors in tropical regions
should be comparable to outdoor levels in considera-
tion of construction materials and probable ventilation,
but more data arc nceded to substantiate this. The
cquilibrium factors to determine cquilibrium equivalent
concentrations (EEC) arc taken to be 0.4 for indoor
cxposure and 0.8 for outdoor exposure. The popula-
tion-weighted average EEC radon concentra-tions are
therefore estimated to be 16 Bq m3 indoors and 8 Bq
m3 outdoors.

136. The dosimeltry of radon and its decay products is
at present under review, and uncertainty prevails about
a conversion cocfficient suitable for deriving the effec-
tive dose from the concentration. In this Annex, the
cffective dosc cocfficient that was adopted in the
UNSCEAR 1988 Report for inhalation of radon pro-
geny has been kept; in numerical terms, the effective
dose from 1 Bq h m™? radon EEC is estimated to be
9 nSv for both indoor and outdoor exposures. The
average annual cffective dose from the inhalation of
radon progeny outdoors is estimated to be 8 Bq m™
(EEC) x 9 nSv h'! per Bq m3 (EEC) x 0.2 (occu-
pancy) x 8760 h a’! = 0.13 mSv. For radon indoors,
it is 16 Bq m (EEC) x 9 nSv b’} per Bq m™ (EEC)
x 0.8 x 8760 h a”! = 1.0 mSv. The dosc from inhaled
radon that becomes dissolved in tissues is estimated to
be [(10 Bq m™ x 0.2) + (40 Bq m™ x 0.8)] x 1.5
uSv a’l per Bq m™3 = 0.051 mSv. Thus, the total
cstimated average annual effective dosc is 1.2 mSv.
The corresponding annual effective dose from inbala-
tion of thoron and its decay products is 0.07 mSv. An
additional annual effective dose to adults of
0.005 mSv is estimated to result from ingestion of
radon,

IV. EXTRACTIVE INDUSTRIES

137. The cxiraction and processing of carth materials
affect exposure to natural radiation of the general
public when these carth materials, or their industrial
products or by-products, contain above-average
concentrations of natural radionuclides. The earth
materials that are considered in this Annex exclude
uranium, which is discussed in Annex B, "Exposures
from man-made sources of radiation". In the industrial
processes associated with the extraction and processing
of earth materials, the hazard from radiation is
generally small compared to that from other chemical

substances, so radiation is not systcmatically
monitored. The assessment of such exposures is based
on sketchy information derived from isolated surveys.
This Chapter reviews the information available on
radiation exposures from four types of activity: (a)
combustion of coal; (b) other encrgy production from
fossil fuels; (c) use of phosphate rock: and (d) mining
and milling of mincral sands. Except for the Section
on mining and milling of mincral sands, this Chapter
essentially summarizes the review presented in the
UNSCEAR 1988 Rcport [Ul], as very little new
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information has since been published. Collective
cffective doses committed from atmospheric dis-
charges of radioactive materials are cstimated using
the crude models described in the UNSCEAR 1982
Report [U3].

138. In order to allow their comparison with the doses
from natural radiation background, the annual per
caput cffective doses resulting from the extraction and
processing of carth matcrials have been estimated. In
doing so, crude assumptions have been made about the
dynamics of the dose ratc and the duration of the
practice considered. It is emphasized that all estimates
of dosc resulting from the extraction and processing of
carth materials are fraught with large uncertainties.

A. ENERGY PRODUCTION FROM COAL

139. The world production of coal, expressed in coal
cquivalent for energy purposes, was 3.1 x 10%2 kg in
1985, the main producers being China, the republics of
the former Soviet Union and the United States [U13].
A large fraction of the coal extracted from the carth is
burned in electric power stations; about 3 x 10° kg of
coal is required to produce 1 GW a of electrical
cnergy. In the UNSCEAR 1982 Report [U3], the
Committee estimated the average concentrations of
0K 238y and 2*2Th in coal to be 50, 20, 20 Bq kg™,
respectively, based on the analysis of coal samples
from 15 countries, and noted that the concentrations
varied by more than two orders of magnitude. The
results of an extensive survey of coal from China,
which produces 20% of the world’s total, point 10
concenirations that are aﬂ)rcciably higher: 104, 36 and
30 Bq kg‘1 for “K, #%U and B2y, respectively
[P22]. The higher concentrations of natural
radionuclides in coal from China do not result in
substantial increases in the worldwide averages, which
are little more than educated guesses, but they do
allow a betler assessment of the doses due to the uscs
of coal in China. Radiation exposures occur through-
out the fuel cycle, which consists of coal mining, the
use of coal and the use of fucl ash.

1. Coal mining

140. Members of the public are exposed 1o the radon
present in the exhaust air of coal mines. Since there
are currently no measurcd data on the emission of
radon from coal mines, the Committee, in the
UNSCEAR 1988 Report [U1], used two different, very
crude approaches to estimating the annual releases of
radon from coal mining all over the world; the figures
obtained were 30 and 800 TBq, leading to collective
effective doses per year of practice of 0.5 and
10 man Sv, respectively. Dividing by the world

population of 5.3 10° yiclds an annual per caput
cffective dose of 0.1-2 nSv.

2. Use of coal

141. There are vast differences in the relative use of
coal in various countrics. In the OECD countrics,
which account for about onc third of the world’s coal
production, 68% of the coal produced is burned in
clectric power stations, 30% in coke ovens and other
industrial operations and 2% in dwellings [U13]. In
China, 25% of the coal produced is burned in electric
power stations, 59% in other industries and 16% in
dwellings [P23]. Assuming that the usage distribution
of coal in China is representative of the distribution in
countries that arec not members of the OECD, the
average worldwide usage of coal is as follows: about
40% is bumed in electric power stations, 10% in
dwellings and 50% in other industrics. When coal is
burnt, the naturally occurring radionuclides arc
redistributed from underground into the biosphere. The
resultant doses from burning coal in power stations
and in dwellings are considered below. There is not
enough information on the releases of radionuclides
from burning coal in other industries to assess this use
of coal.

(a) Coal-fired power plants

142. Coal is burned in furnaces opcrating at up to
1,700° C in order to produce electrical energy. In the
combustion process, most of the mineral matter in the
coal is fused into a vitrified ash. A portion of the
heavier ash, togetber with incompletely burned organic
matter, drops to the bottom of the furnace as bottom
ash or slag. The lighter fly ash, however, is carmried
through the boiler, together with the hot flue gases and
any volatilized mineral compounds, to the stack,
where, depending on the efficiency of emission control
devices, most is collected while the rest (escaping fly
ash) is rcleased to the atmosphere. Owing mainly to
the elimination of the organic content of the coal,
there is approximately an order of magnitude
enhancement of the concentrations from coal 1o ash.
Conscquently, the natural radionuclide concentrations
in ash and slag from coal-fired power stations arc
significanlly  higher than the corresponding
concentrations in the earth’s crust. Arithmetic averages
of the reported concentrations in cscapi? fly ash are
265 Bq kg™ for *OK, 200 Bq kg™ for 38U, 240 Bg
kg'1 for >*6Ra, 930 Bt} kg'! for 20pp, 1,700 Bq kg~
for 210pq, 70 Bq kg for Z2Th, 110 Bq kgl for
228Th and 130 Bq kg for 2*8Ra ([U3), Annex C,
paragraph 11).

143. The amounts of natural radionuclides discharged
10 the atmosphere from a power plant depend on a
number of factors such as the concentrations in coal,
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the ash content of the coal, the temperature of
combustion, the partitioning between bottom ash and
fly ash and the cfficiency of the emission control
device. In the UNSCEAR 1988 Report [Ul], the
Committce estimated the amounts of radioactive
matcerials discharged 1o the atmosphere for typical old
and modern plants. The resulting normalized collective
effective doses were 6 and 0.5 man Sv (GW a)™ for
typical old and modern plants, respectively. Data from
China indicate that because of higher-than-average
concentrations of natural radionuclides in coal,
rclatively low filter efficiencies (90%) and high
population densitics around the plants, the normalized
collective cffcctive doses arising from atmospheric
releases of radioactive matcerials from plants there is
approximately 50 man Sv (GW a)! [P22]. Assuming
that, worldwide, onc third ol the clectrical energy
produced by coal-fired power plants is from modem
plants, with another third from old plants and the
remaining third from plants with characteristics similar
to those in China, the average normalized collective
cffective dosc is 20 man Sv (GW a)'l.

144. According 1o the dose assessment mcthodology
uscd in the UNSCEAR 1988 Report, about 70% of the
cffective dose resulting from atmospheric releases of
natural radionuclides from old plants is due to the
inhalation of long-lived radionuclides as the cloud
passcs. The remainder of the effective dose is due to
external irradiation from radionuclides deposited on
the ground and to the ingestion of foodstuffs
contaminated by radionuclides dcposited on the
ground. It is assumed that the dcposited activity
becomes unavailable to the vegetation, with a mean
life of 100 years for all the natural long-lived
radionuclides. On the whole, the effective dose per
unit release is delivered at a rate that decreases slowly
over a century or so.

145. Assuming that (a) 3 10'? kg of coal is produced
in a ycar; (b) 40% of the coal production is bumed in
clectric power stations; and (c) 3 10° kg of coal is
required to produce 1 GW a of clectrical cnergy, the
annual clectrical cnergy produced by buming coal
worldwide is 400 GW a. The collective cffective dose
per year of practice is therefore cstimated to be
20 man Sv (GW a)! x 400 GW a = 8,000 man Sv.

146. Crude assumptions arc necessary to derive the
annual per caput cffective dose from the coliective
cffective dosce per year of practice. If it is assumed
that similar amounts of radioactive materials have
been released into the atmosphere by coal-fired power
plants year after year for the last century or so, then
the collective effective dose per year of practice would
be approximately equal to the annual colleclive
effective dose. In fact, coal has been used for about a
century to produce electrical cnergy, but information

is lacking regarding the magnitude of the
cnvironmental rcleases during that time. Given the
large uncertainty associated with the estimate of the
collective effective dose per year of practice, it is
assumed in this Anncx that the annual collective
effective dose has the same numerical value as the
collective cffective dose per year of practice. The
annual per caput effective dose is obtained by dividing
the annual collective cffective dose (8,000 man Sv) by
the current world population (5.3 109); the result is
about 2 uSv.

(b) Domestic use

147. Another significant use of coal is for domestic
cooking and heating. No information has been found
in the litcrature on the environmental discharges of
natural radionuclides from this source. The usc of coal
for cooking or healing in privatc houses may,
however, be estimated to result in high collective
doses since chimneys are not cquipped with ash
removal systems and the population densitics around
sources of cmission are generally high.

148. Assuming that the concentrations in smoke are
equal to thosc in coal and that 3.5% of the coal is
emilted as smoke, the annual worldwide atmospheric
releases caused by the domestic buming of coal are
estimated to be 0.7 TBq of “°K and 0.3 TBq of cach
of the radionuclides of the 238U and 23>Th serics
(radon and thoron excepted); these figures become 20
times greater if it is assumed that the concentrations in
smoke are equal to thosc in ash and that the coal
burned has a 5% ash content, Taking the average
population densitics around the houses to be 10% km™
leads to collective cffective doses committed from
yearly worldwide use of coal in the range of 2,000-
40,000 man Sv. This cstimate is highly uncentain, as
it is not supported by any discharge or environmental
data.

149. It is assumed that the annual collective effective
dose to the world's population is in the same range as
the collective cffective dose per ycar of practice
(2,000-40,000 man Sv). It follows that the annual per
caput cffective dosc attributable to the use of coal for
domestic cooking and heating would be 0.4-8 uSv.

3. Use of fuel ash

150. Large quantities of coal ash (fly ash and botlom
ash combined) are produced cach year throughout the
world. In the UNSCEAR 1988 Rcport [Ul], the
Committee estimated that about 280 million tonnes of
coal ash arc produced annually in coal-fired power
stations. Coal ash is used in a varicty of applications,
the largest of which is the manufacture of cement and
concrete. It is also used as a road stabilizer, as road
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fil}, in asphalt mix and as fertilizer. Data on the
various uscs of coal ash in scveral countrics have been
reported [G8). About 5% of the total ash production
from coal-burming power stations is used for the
construction ol dwecllings; this rcpresents an annual
usage of 14 million tonnes.

151. From the radiological point of view, the use of
coal ash in building materials, which may aflect
indoor doses from cxternal irradiation and the
inhalation of radon decay products, is the most
significant. With respect to external irradiation, the
Committee estimated in the UNSCEAR 1988 Report,
on the basis of measurcments made by Stranden [S47],
that the usc of concrete containing fly ash for
constructing dwellings would result in additional
annual cffective doses of 70 #Sv and 30 uSv in
concrete and wooden houscs, respectively. Taking the
amount of fly ash concretec to bc 1.3 tonnes in a
wooden house and 4 tonnes in a concrete building and
assuming that an average of four persons live in cach
house and that the lifetime of the house is 50 years,
the collective effective dose arising from external
irradiation attributable to the annual use of fly ash for
constructing the dwellings is cstimated to be about
50,000 man Sv.

152. The annual collective cffcclive dosc to the
world’s population depends on the number of dwell-
ings built with concrete containing coal ash during the
last 50 years. Assuming that the practice of building
dwecllings with concrele containing coal ash began 25
ycars ago and that 14 million tonnes of coal ash have
been uscd cach ycar for that purpose, the annual
collective cffective dose to the world’'s population
from external irradiation from that source is balf the
collective cffective dose per ycar of practice, or
25,000 man Sv. The corresponding annual per caput
cffective dose is 5 uSv.

153. There are conflicting views on the impact of the
usc of fly ash on the dosc from inhalation of radon
decay products. According to some investigators, the
indoor dose should be higher in a house with {ly ash
concrete than in a bousc built with ordinary concrete
[B4, S45]; according to other investigators [S47], the
indoor dose should be lower, while another group
concluded that there should not be any significant
change [U14, V9]. In this Annex, as in the UNSCEAR
1988 Report, it is assumed that the usc of fly ash in
building materials does not result in any additional
dosc duc to the inhalation of radon deccay products.

B. OTHER ENERGY PRODUCTION

154. In addition to the use of coal in power plants to
generale electrical energy, other mincrals, including
oil, peat and natural gas, as well as gecothermally
heated water, arc also used for this purpose. The

natural radionuclides in these materials, the amounts
relcased and the resultant doscs arc considered in this
Scciion.

1. 0il

155. Oil has a large number of fucl applications, the
most important being for road transport vehicles, for
the gencration of clectrical encrgy and for domestic
heating. Approximately 3 x 10'2 kg of crude
petrolcum is produced in the world annually. In power
plants, about 2 x 10° kg of oil is nceded to produce
1 GW a of clectrical energy. As the ash content of oil
is very low, oil-fired power plants arc usually not
cquipped with efficient ash removal systems. On the
basis of limited measurements, the Committee in the
UNSCEAR 1988 Report cstimated that the amounts of
radioactive matcrials discharged from oil-fircd power
plants are similar to those from coal-fired power plants
fitted with efficient acrosol control devices; the
resulting collective effective dose is about 0.5 man Sv
(GW a)’l. About half of the cffective dose results
from inhalation during passagc of the cloud and the
other half from external and internal irradiation from
dcposited activity. Assuming that 15% of the
worldwide production of crude petroleum is bumed in
clectric power plants, the collective effective dose per
year of practice is about 100 man Sv. The annual
collective cffective dosc is tentatively estimated 1o be
50 man Sv, comresponding to an annual per caput
cffcctive dose of 10 nSv.

2. Peat

156. Pcat is burned to produce cnergy in scveral
countrics, notably in Finland and Sweden [C14].
Concentrations of natural radionuclides in peat arc
usuaily similar to those in coal, but rclatively high
concentrations have been found to occur. In the
UNSCEAR 1988 Recport, the Commitice tentatively
estimated the normalized collective effective dose due
to atmospheric rcleases from peat-fired power plants
1o be 2 man Sv (GW a)'l. Since no information has
been made available to the Committee on the
worldwide production of electrical encrgy by burning
peat, the collective effective dosc per year of practice
bas not been estimated.

3. Natura! gas

157. Like oil, natural gas has many applications. The
main ones are domestic hecating, the gencration of
electrical encrgy and as a source of heat in various
industries. The annual worldwidc production of natural
gas is about 10" m>. Radon concentrations in natural
gas at the well may vary widcly around a typical value
of 1kBgq m3, Owing to radioactive decay during
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transfer and storage, the radon concentrations at the
plant should be smaller; in the absence of data,
however, no decrease has been assumed. Since about
2 x 10° m? of natural gas must be burned to produce
1 GW a of clectrical energy, the corresponding radon
cmission is approximatcly 2 TBq and the normalized
collective cffective dosc is 0.03 man Sv (GW a)'l.
Assuming that 15% of the world production of natural
gas is burned in clectric power plants, the collective
cffective dosc per year of practice is about 3 man Sv.
The annual collective cffective dose has the same
value, Icading to an annual per caput effective dose of
about 1 nSv.

4. Geothermal energy

158. Geothermal energy is produced in Iccland, Ialy,
Japan, New Zcaland, the Russian Federation and the
United States. Geothermal cnergy makes use of hot
steam or water derived from high-temperature rocks
dcep inside the carth. Most of the activity found in
geothermal f{luids is due to the uranium decay chain.
Isotopes of solid clements may occur in released water
or land-fill, but only radon, which is released into the
atmosphere when the water or stcam contacts the air,
is considered here. From measurements in Italy and in
the United States, the Commiittee, in the UNSCEAR
1988 Report, estimated the average discharge of radon
per unit energy generated 1o be 150 TBq (GW a)'l and
the corresponding collective cffective dose to be
2 man Sv (GW a)'l. Since the annual production of
electrical energy by gcothcrmal cnergy is about
1.5 GW a, the annual worldwide production of
geothermal energy would yicld an annual collective
effective dose of approximatcly 3 man Sv and an
annual per caput clfective dosc of about 1 nSv.

C. USE OF PHOSPHATE ROCK

159. Phosphate rock is the starting material for the
production of all phosphate products and is the main
source of phosphorus for fertilizers. It can be of
scdimentary, volcanic or biological origin. The world
production of phosphate rock was about 130 million
tonnes in 1982, the main producers being China,
Morocco, the former Sovict Union and the United
States. Concentrations of natural. radionuclides in
phosphate rock were reviewed in the UNSCEAR 1977
and 1982 Reports [U3, U4]. Concentrations of 2*>Th
and YK in phosphate rocks of all types are similar to
those  observed normally in  soil, whereas
concentrations of 238U and its decay products tend to
be clevated in phosphate deposits of sedimentary
origin. A typical concentration of 38y in sedimentary
phosphate deposits is 1,500 Bq kg™, Uranium-238 and
its decay products are gencrally found in close
radioactive equilibrium in phosphate ore.

160. Exposurcs of members of the public result from
cffluent discharges of radionuclides of the B8y decay
series into the cnvironment from phosphate rock
mining and processing; from the use of phosphate
fertilizers; and from the use of by-products and
wasles.

1. Phosphate processing operations

161. Phosphate processing operations can be divided
into the mining and milling of phosphate ore and the
manufacture of phosphate products by either the wet
process or the thermal process. Wet-process plants
produce phosphoric acid, the starting material for
ammonium phosphate and triple supcrphosphate
fertilizers; in that process, phosphogypsum is produced
as waste or by-product. Thermal process plants
produce elemental phosphorus, which is in turn used
primarily for the production of high-grade phosphoric
acid, phospbate-based detergents and organic
chemicals. Waste and by-products of the thermal
process are slag and ferrophosphorus.

162. In the UNSCEAR 1988 Report [Ul], the
Committee estimated the collective cffective dose from
one year of discharge of radioactive materials into the
atmospherc by phosphate industrial facilities around
the world to be about 60 man Sv. Maximum annual
individual effective doses were estimated to be about
40 uSv in the vicinity of an elemental phosphorus
plant in the Netherlands, while equivalent doses in the
lungs for individuals near six elemental phosphorus
plants in the United States were calculated to range
from 0.05 to 6 mSv.

163. Collective effective doses resulting from
discharges into surface waters seem to be more
important than those from atmospheric releases. In the
Netherlands, all phosphogypsum produced by fertilizer
plants (2 million tonnes per ycar) is discharged into
the Rhine [KI16]; these annual discharges, which
contain about 0.4 TBq of 28U, 2 TBq of Z26Ra,
0.7 TBq of 210Pb and 2 TBq of 2!%o, were cstimated
to result in maximum annual individual effective doses
of 150 uSv and in a collective effective dose of
170 man Sv per ycar to the Dutch population via the
ingestion of seafood, 210p, being the main contributor
to the dose [K16]. In Spain, about 0.4 million tonnes
per year of phosphogypsum produced in a phosphoric
acid and fertilizer plant is discharged into the estuary
of the Tinto and Odiel rivers |C17]; the annual
effective dose to the critical group is estimated to be
60 uSv, the main pathway to man being the consump-
tion of fish and crustacea [C17). In France, over
3 million tonnes of phosphogypsum has been dumped
into the Seine cstuary [P1], but the corresponding
radiation exposures have not been estimated.
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2. Use of phosphate fertilizers

164. The concentrations of natural radionuclides in
phosphate fertilizers were reviewed in the UNSCEAR
1982 Report. For a given radionuclide and type of
fertilizer, the concentrations vary markedly from one
country to another, depending on the origin of the
com;oncnts. Generally, the concentrations of “K and
of 2>Th and its decay products are always low, and
the concentrations of the radionuclides of the 238U
decay series are 5-50 times higher than in normal soil.
Typical values are 4,000 and 1,000 Bq per kg P,O¢
for 238U and 226Ra, respectively. The annual world
consumption of phosphate fertilizers is about
30 million tonnes of P,Os. The worldwide use of
phosphate fertilizers constitutes one of the most
important sources of mobile 226Ra in the environment
[I6].

165. The amounts of fertilizer applied annually in the
United States have been reported to range from about
30 kg P,Oq per hectare for barley, wheat and oats to
about 150 kg P,Os per hectare for potatoes and
tobacco [N4]. The annual application of phosphate
fertilizers regrescnts less than 1% of the normal soil
content of 23U, Assuming an accumulation in the soil
during the past 100 years, the mean additional
absorbed dose in air above fertilized ficlds is about
1 nGy b, a small fraction of the normal natural
background from terrestrial sources of about
60 nGy hl. Small additional doscs also occur from
the ingestion of foodstuffs grown on fertilized
agricultural land. In the UNSCEAR 1988 Report [U1},
the collective effective dose resulting from the
worldwide use of phosphate fertilizers during one year
was roughly estimated to be 10,000 man Sv. Given the
long duration of the practice at approximately the
same rate, the numerical value of the annual collective
dose is taken to be the same; the annual per caput
cffective dose would be about 2 uSv.

3. Use of by-products

166. The main by-products of phosphate industrial
activities are phosphogypsum in wet-process fertilizer
plants and calcium silicate slags in thermal process
plants. Phosphogypsum cumently has several
commercial applications in the United States, including
(a) as a fertilizer and conditioner for soils where
peanuts and a varicty of other crops are grown; (b) as
a back-fill and road-base material in roadway and
parking lot construction; (c) as an additive 1o concrete
and concrete blocks; (d) in mine reclamation and (c)
in the recovery of sulpbur [C12]). The amount of
phosphogypsum currently used for the above purposcs
in the United States represents about 5% of the totl
amount produced [C12]. In Europe and Japan,
phosphogypsum has been used extensively in cement,

wallboard and other building materials. Significant
radiation exposurcs may occur if such by-products are
uscd in the building industry.

167. Large quantitics of phosphogypsum (about
100 million tonnes per year) arc produced in wet-
g){gccss phosphoric acid plants. The concentration of
““"Ra, which dcpends on the origin of the s)hosphalc
ore processced, is typically about 900 Bq kg™, Most of
the phosphogypsum is considered waste and is cither
storcd in ponds or stacks or discharged into the
aquatic cnvironment.

168. Phosphogypsum is used to some extent in the
building industry as a substitutc for natural gypsum in
the manufacturc of cement, wallboard and plaster.
O’Riordan et al. [O1] estimated the additional doses
that would be received by the occupants of a
residential building in which 4.2 tonnes of by-product
gypsum would have replaced the cstablished materials.
The additional absorbed dose rate in air from external
irradiation was estimated to be 0.07 4Gy h™', while the
annual effective dose from inhalation of radon progeny
was assessed at 0.6 mSv. Similar values of the annual
effective dose from inbalation of radon progeny were
estimated by O’Brien et al. [O2]. If it is assumed that
5% of the by-product gypsum is used as building
material in dwellings, on average four persons live in
each dwelling, and the mean life of a dwelling is
50 years, the collective cffective doses resulting from
one year of worldwide use of phosphogypsum in the
building industry are estimated to be 10° man Sv from
external imadiation and 2 10° man Sv from the
inhalation of radon progeny. These estimates are
highly uncertain and need to be confirmed by
measurcments in dwellings that have been constructed
using known amounts of phosphogypsum.

169. The practice of using phosphogypsum in building
materials is at least 50 years old [F9], but information
is lacking on the amounts that have been used, If it is
assumed that 5% of the current annual production
(about 100 million tonnes) has becn used in building
materials in each of the last 50 years, it is found that
60 million houses of the current housing stock,
sheltering about 5% of the world’s population, have
phosphogypsum included in their building materials.
However, this figure seems to be too high. If it is
instead assumed that 1% of the world’s population
lives in dwellings that include phosphogypsum in their
building materials, the annual collective effective dose
is estimated to be 5 10* man Sv. Dividing by the
world’s population of 5.3 10° yiclds a per caput
annual cffective dose of about 10 uSv,

170. Calcium silicate slag may be used as a
component of concrete. Measured concentrations in
slag samples range from 1,300 to 2,200 Bq kg'l of
226Ra [B11, M26]. Results from an indoor survey
indicate that the gamma absorbed dose rate in air can
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be as high as 0.3 uGy n! above background in
dwecllings constructed of concrete slabs containing
43% by weight slag [B11]. In a similar survey carricd
out in Canada, absorbed dosc rates of up lo
0.2 Gy I were obtained [M26].

D. MINING AND MILLING
OF MINERAL SANDS

171. Mincral sands, also called heavy mincrals, are
dcfincd as thosc sands that have a specific gravitly
above 2.9. They originate from croded inland rocks,
traces of which were subscquently transported by
surface waltcers towards the sca, where they were
deposited by the combined action of wind, waves and
sca currents. These mincral sands may occur under
water, form part of sca, be part of the dunes or occur
inland within a few tens of kilometres of the coast
|[K17). Countrics where mincral sands are mined
include Australia, Bangladesh, Indoncsia, Malaysia,
Thailand and Vict-Nam.

172. Either dry mining or dredging techniques are
cmployed in the mining of mincral sands deposits. The
hecavy mincrals are extracted from the ore in two
stages. In the first stage, a heavy mineral concentrate
is extracted in a wet, gravity scparation process. In a
second stage, individual minerals arc separated from
the hcavy mincral concentrate by means of dry
clectrostatic and magnetic techniques.

173. The hcavy minerals of major commercial
importance are ilmenite (FeOTiO,), altered ilmenite,
called leucoxene (Fe,05°Ti0O,), rutile (TiO,), zircon
(ZrSiO,), monazite [a rare carth phosphate (CcPO,
YPO,)] and, to a lesser extent, xcnotime [a yl_}ri’um
phos1phatc (YPO,)]. Typical concentrations of B2y
and 238U in Australian heavy mincral sands, which are
presented in Table 25, are much greater than the
worldwide average concentrations in soils and rocks
[K17].

174. Heavy mincrals have numerous applications. The
titaniferous mincrals, once they have been processed
into titanium oxide (TiO,), arc used as a pigment in
paints, paper, plastics, cosmetics and ceramics. Rutile
is made into titanium metal and then usced, for
cxample, in aircralt frames and jel engines. Zircon,
and the associated mincrals zirconia and zirconium, is
uscd in the production of ceramics, refractory, foundry
and abrasive materials, catalysts, paints, fuel cladding
and structural materials in nuclear reactors. Monazite
and xcnotime rare earth mincrals are used, for
example, in the clectronics, illumination and glass-
making industries, in the production of magnets,
supcrconductors and ceramics and as chemical
catalysts and alloying agents in metallurgy [K17].

175. Information on exposures of members of the
public resulting from the mining and milling of
mincral sands is extremely scarce. In an assessment of
an Australian plant, members of the public who
worked on a property adjacent to the plant site were
estimated to receive a dosc slighly greater than
1 mSv a’!, auributable mainly to external irradiation
from heavy mincrals spilled on the property [A9].
Away from the site, the main contribution to the dose
reccived by members of the public results from the
inhalation of dust from the plant; the highest doscs
were estimated to be about 0.25 mSv a”! for five
persons located 1.5-2 km from the plant [A9]. If the
management of the plant is aware of the radiation
impact of mineral sands and takes measures to control
their emission, the doses will be much lower. In a
study of potential radiation doscs arising from a
proposed mincral sand mine and processing plant in
Australia, it was shown that doscs to the critical group
could be as low as a few uSv a™! [H19].

E. SUMMARY

176. The extraction and processing of earth malcrials
expose the gencral public to additional natural
radiation when the earth materials, or their industrial
products or by-products, contain above-average
concentrations of naturally occurring radionuclides.
Since very little information is available to assess
those additional exposures, the rclated dose estimates
arc highly uncertain.

177. Somec of those carth materials (coal, oil, peat
etc.) arc used to produce electrical energy by non-
nuclear means. It is estimated that the production of
1 GW a of clectrical cnergy results in collective
effective doses of 20 man Sv from the use of coal,
2 man Sv from the use of peat and geothermal water
or stcam, 0.5 man Sv from the use of oil and 0.03
man Sv from the use of natural gas (Table 26). Taking
into account the worldwide production of clectrical
cnergy in coal-fired power plants, the corresponding
annual per caput effective dose is about 2 uSv. Annual
per caput cffective doses from other non-nuclcar
means of clectrical cnergy production are much lower
(Table 27).

178. Mineral sands, defined as those sands with a
specific gravity greater than 2.9, usually exhibit
concentrations of 23Th and 28U that arc much
greater than the worldwide average concentrations in
soils and rocks. Information on exposures of members
of the public resulting from the mining and milling of
mineral sands is extremely scarce; annual effective
doses reccived by critical groups may be about 1 mSv.
Annual per caput effective doscs have not been
estimated.
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179. The highest annual per caput cffective doses to
the public from the  extractive  industrics are
estimated 1o result from the use of phosphate by-
products by the building industry (10 uSv), ihe
domestic usc of coal [or cooking and heating
(0.4-8 uSv), the usc of coal ash in building matcrials

(5 #Sv) and the usc of phosphate fertilizers (2 uSv).
The annual per caput cffective dosc cstimates are
summarized in Table 27. The overall annual per caput
clfective dosc arising from the cxtraction and

processing of carth materials is estimated to be about
20 uSv.

CONCLUSIONS

1R80. Natural sources of ionizing radiation pervade
the cnvironment and causc cxposures 1o all human
beings. There are four main components of these
cxposures: cosmic rays, terrestrial gamma rays,
ingested or inbaled long-lived radionuclides and
inhalcd radon isotopes. The first three may be said to
form the basic natural radiation background because of
the relative constancy of exposure. Exposures to radon
and its decay products are much more widely variable.
Radon gas diffuses from soils and building materials
upon the decay of trace levels of radium that are
naturally present. The levels of radon can build up,
particularly in indoor closed spaces.

181. Doscs from natural sources of radiation have
been cvaluated for general, worldwide geographic and
geological conditions that result in normal doscs and
for unusual or atypical conditions that result in
increased doses. The estimates of dosc are for adults
or for an age-wcighted population if the doses to
children and infants are significantly diffcrent.

182. The average annual effective doses worldwide
for cach of the four componcnts of natural cxposurc
arc summarized in Table 28. For the three basic
components, the annual value is 1.1 mSv, The inhala-
tion of radon and thoron progeny results in an aver-

age annual cffective dosc of 1.3 mSv. The overall
average annual effcctive dose is found to be 2.4 mSv.
Small changes have been made in the various
components of the cffective dosc; however, the
compensatory cflect of these changes is such that the
1otal remains the same as in the UNSCEAR 1988
Report.

183. The importance of the inhalation of radon
progeny is apparent from Table 28. Tt is the single
most significant mechanism of human exposure to
natural radiation in terms of both the average dose and
the spread of doses. In middle and high latitudes, it is
also the most amenable to control by building design,
materials sclection and ventilation. However, in low
latitudes, litde control can be cxercised when outdoor
and indoor atmospheres are not much different.

184. Radiation exposures resulting from the extraction
and processing of carth materials have also been
considered. These exposures are relatively small in
comparison with the ovcrall exposure from natural
sources of ionizing radiation. The average annual
cffective dose worldwide arising from the extraction
and processing of earth materials is cstimated to be
about 20 uSv. Because data related to those exposurces
arc scarce, this dose estimate is highly uncentain.
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Table 1
Pruperties of some cosmic-ray particles present in the earth's stmosphere
(16, US]
Class Name Mass (McV) Mean life (s) Principal mode of decay
Hadrons
Nucicons Proton {r 938.2 Stable Stable
Neutran {n) 939.5 1.01 10° pre+y,
Mesons Pion (=9 139.6 2.55 10 Htv,
=9 1349 1.78 10710 Y+y
Kaon (K% 493.7 1.23 10
Xy) 4977 0.91 10°1° B,
(K 497.7 57108 x+x
Leptons
Muon 7] 105.6 2210 ey 4y,
Electron () 0.511 Stable Stable
Neutrino ~v) 0 Stable Stable
v) 0 Stable Stable
Photons
Photon (¥) 0 Stable Stable
Table 2
Average annual exposures (o cosmic rays
Population Altitude Annual effective dose (uSv)
Location
(millions) (m) Ionizing Neutron Total
High-altitude cities
La Paz. Bolivia 1.0 3900 1120 900 2020
Lhasa, China 0.3 3600 970 740 1710
Quito, Ecuador 11.0 2840 690 440 1130
Mexico City, Mexico 173 240 530 290 820
Naizobi, Kenya 1.2 1660 410 170 580
Denver, United States 1.6 1610 400 170 570
Tehran, Iran 715 1180 330 1o 440
Seca level 240 30 270
World average 300 80 380

Table 3

Annual intakes by ingestion of cosmogenic radionuclides and efTfeclive doses to adults

Radionuclide Intake (Bq al) Annual effective dase (uSv)
H-3 500 0.01
Be-7 1000 0.03
C-13 20000 12
Na-22 50 0.15




Table 4

Surveys of absorbed dose rates in air from terrestrial gamma radiation

Outdoors

Indoors

Population ; i’:::::x Ref.
Countrylarea in 1990 Year Number Absorbed dose rate (nGy K! ) Year Number Absorbed dose rate (nGy k™) 0
of o of of outdoors
(1 o) sSurivey measuremenis Average Range Survey measuremen(s Average Range
Algeria 25.0 1991 35 sites 70 60-80 B17]
Australia 16.9 1992 8 sites 93 64-123 1990 3367 103 111 [C11, 1L4]
Austria 76 1980 > 1000 ® 43 20-150 1980 1900 7 1.65 (TY
Belgum 99 1987 M2 e 43 13.58 1989 300 58 1.35 (D1, S34§
Bulgaria 9.0 3670 4 70 48-96 1210 75 5793 1.07 (V6]
Canada 26.5 1984 33 areas 24 18-44 (G2}
Chile 13.2 1988 7 sites 60 30-90 (53)
China 1120 1991 8805 / 62 2-341 1991 8805 99 11-418 1.60 [¥22)
Taiwan Province 20 1989 155 sites 57 17-87 [C2)
Cuba 10.6 1990 54 sites / 42 26-53 [S48]
Denmark 51 1980 14 sites & 38 17-52 1987 489 63 1.66 [N6, $9, S10]
Egypt 52.4 1992 162 sites 32 B-93 1991 80 142100 [H22, 1)
Finland 5.0 1980 , 65 1983 g0t 1.23 {L3)
France 56.1 1985 s1a2* 68 10-250 1985 5798 75 110 [M3, R2|
German Dem . Rep. 16.2 1991 2000 55 <4-430 1977 158 70 127 (L9}
Germany, Fed Rep. of 61.3 1978 24739 4 53 4-350 1978 29996 70 1.32 {B10]
Greece 10.0 1990 724 sites 42 (54]
Hong Kong 59 1990 27 sites 76 37-113 (L2
1992 76 sites * 160 100-230 1992 194 190 70-290 1.17 |T12]
Hungary 10.6 1987 123 sited! 55 20-130 1987 123 B4 10-200 1.53 [NT7)
Iceland 0.25 1982 - 28 11-83 1982 23 14-32 0.82 (E1]
India 853 1986 28007 ss 20-1100 [N8)
Indonesia 184 1986 ' 55 47-63 (S31]
Treland 3.7 1980 2847 a2 <1-180 1985 223 62 10-140 1.48 M4, M8]
ftaly 57.1 1972 1365 57 7-500 1991 1500 86 151 (€3, C13]
Japan 123 1980 1127 49 5-100 1984 135 50! 1.02 (A2, A3|
1991 12 sites 66-144 [M23]
Luxembourg 0.4 1991 110 40 (K8]
Namibia 1.8 1991 27 120 80-260 1991 156 140 120-160 1.17 [532)
Netherlands 15.0 1985 1049 32 10-60 1985 399 64 30-100 2.02 (1. V1)
New Zealand 34 1988 716 20 <1-73 (R3]
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Table 4 (continued)

Qutdoors Indoors Ratio
Population . Ref.
Countryfarea in 1990 Year Number Absorbed dose rate (nGy Wt ) Year Number Absorbed dose rate (nGy h") indoors
of of of of fo
owdoors
(! ()6) survey measurements Average Range survey measurements Average Range

Norway 4.2 1977 234 73 20-1200 1965 2026 95 1.30 [82, 510]
Mexico 88.6 1986/1991 12/ 78 42-140 (o]
Paraguay 43 1991 ! a6 38-53 [F11)
Philippines 62.4 1991 1300 56 31-118 {D10)
Poland 38.4 1980 352 sites ! 37 15-90 1984 1351 42:120 (K1, N9|
Portugal 10.3 1991 y 85 9-226 1991 1351 105 37-244 1.24 |AT)
Romania 240 1979 27 81 32210 [T2]
Spain 9.2 1991 1053 46 25-83 1991 100 68" 1.48 (Q1, Q2)
Sudan 25.2 1991 ¢ m 53 26-690 (ES)
Sweden 8.4 1969-1980 & 56 41-69 " 1975-1978 1298 110 20-460 1.96 [M35, M9]
Switzerland 6.6 1964 100 % 60 [H4]
United Kingdom 572 1988 25 areas © 34 8-89 1988 2300 60 1.76 |G3, W3}
United States 249 1972 46 13-100 1991 247 37! 0.80 |M18, 03]
Population-weighied average 57 83 1.44

®  Ground survey with calcium sulphate thermoluminescent dosimeters and an ionization chamber.

b Ground survey in populated arcas with a Geigar-Miller counter.

¢ Ground survey with tharmoluminescent dosimeters, gamma spectiometers and jonization chambers.

4 Ground survey with scintillation detectors.

" Acrial survey with a scintillation detector.

! Ground survey with scintillation detectors and ionization chambers.

: Ground survey with ionizatica chamber and gamma spectrometer.

Ground survey with thermoluminescent dosimeters.

Ground survey with energy compensated Geiger-Miller counters.
Ground survey with ionization chambers,

Estimated.

Calculated.

60% counlry coverage.

Range of country averages.
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Table §

Activity concentrations of nutural radionuclides in soll and ahsorbed dose rutes in nir

Conceniration (Hq k!'l) Dase coefficient © Dase rate (nGy K
Radionuclide
Mean b Range (nGy b per Bq kg™!) Mean Range
China [N22]
K-40 SBO = 200 12-2190 0.0414 24 0.5-90
Th-232 series 49 = 28 1.5-440 0.623 K| 0.9-270
U-238 scries 40 = 34 1.8-520 - ¢
Ra-226 subserics =22 24-430 0.461 17 1.3-200
Toral n 2-560
United States [M1)
K-40 [U1] 370 100-700 0.0414 15 4.29
Th-232 series 35 4-130 0.623 2 2-81
U.238 series 35 4-140 . ¢
Ra-226 subseries 40 8-160 0.461 18 474
Total 55 10-200
¢ Reference [P S12).
b Arca-weighted mean for China; arithmetic mean for the United States.
¢ Dose from 26Ra subserics.
Table 6
Activily concentrations of natural radionuclides in various types of soil in the Nordic countries
[C14]
Activity concentration (Bq kg'')
Type of soil - N
oK 2%Ra D21
Sand and silt 600-1200 5.25 4-30
Qay 600-1300 20-120 25-80
Moraine 900-1300 20-80 20-80
Soils conlaining alum shale 600-1000 100-1000 20-80
Table 7
Estimated absorbed dosc rates in air within masonry dwellings
Concentration Activity Absorbed dase rate in air for indicated fractional
.1 (1,4 r g . )
Material (Bq kg*') wilization mass of building material (nGy k') Reference
Cx Cre Cn index © 10 0.75 0. 0.25
Typical masonry 500 50 50 1.0 80 60 40 20 [N10]
CGiranite blocks 1200 90 80 1.9 140 105 70 35 {N10]
Coal ash aggregate 400 150 150 24 180 138 90 45 v
Alum shale concrete 770 1300 67 9.0 670 500 390 170 [N10]}
Phosphogypsum 60 600 20 39 290 220 145 70 [N10}
Natural gypsum 150 20 5 0.25 20 15 10 5 [N10)

a

Assuming full utilization of the materials (w,, = 1).
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Table 8
Conversion cocfficients from air kerma to effective dose for terrestrial gamma rays
[P19, S12]

Conversion coefficient (Sv per Gy)
Radionuclides
Adults Children Infants
K-40 0.74 0.81 0.95
Th-232 series o 0.81 0.92
U-238 series 0.69 0,78 0.91
Overall 072 0.80 0.93

Table 9
National estimates of the average annual effective dose from terrestrial gamma rays

Country Effective dose (mSv) Reference
Bulgaria 0.45 [ve]
Canada 0.23 ™N2)
China 0.55 [N22]
Denmark 0.36 (C14}
Finland 0.49 [C14]
Germary 0.41 [B10, K9, L.9)
Japan 0.32 [A6, F10)
Norway 0.48 [C14, S10]
Spain 0.40 Q2]
Sweden 0.65 M9, S10]
United Kingdom 0.35 [H3)
United States 0.28 N2)
USSR 0.32 B3
Population-weighted world average 0.45
Table 10
Reference annual intake of food and air
(1S, W4]
Food consunption (kg a’!)
Intake
Adults Children Infants
Milk products 105 110 120
Meat products 50 35 15
Grain products 140 90 45
Leafy vegetabies 60 40 20
Roots and fruits 170 110 60
Fish products 15 10 S
Water and beverages 500 350 150
Brealhing rate (nd a’)
Iniake
Adulis Children Infants
Air 8000 5500 1400
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Table 11
Reference activity concentrutions of naturul rudionuclides in food and air
Activily concentration (mBq kgl
Intcke - - .
a2y 20q3, 25, 210p, 2A0p, 3 28, 280 sy,
Milk products 1 0s 5 40 60 0.3 5 03 0.05
Meat products 2 2 15 80 60 1 10 1 0.05
Grain products 20 10 80 100 100 3 60 3 1.0
Leafy vegetables 20 20 50 30 30 15 40 15 1.0
Roots and fruits 3 0.5 30 PAJ 30 0.5 20 . 0.1
Fish products 30 . 100 200 2000 - - - -
Water supplies 1 0.1 0.5 10 s 0.05 0.5 0.05 0.04
Activity concentration (uBq m)
l”‘ak‘ k! 2 2 232, ), bk
By By 25003 20, 20p, Aop, 22y, 280, 2873 25,
Air 1 0.5 [ 500 50 1 1 1 0.05
Table 12
Committed effective dose per unit activity intake of natural radionuclides (or adults
{14]
Ingestion Inhalation
Radionuclide
Fractional transfer to blood | Dase coefficiert (uSv Bq') Class of solubility Dase coefficient wSv Bg'l)
U-238 0.05 0.025 Y 30
U-234 0.05 0.03 Y 30
Th-230 0.0002 0.07 Y 50
Ra-226 0.2 0.2 w 2
Po-210 0.2 1 D 2
Po-210 0.1 0.2 D 1
Th-232 0.0002 0.4 Y 200
Ra-228 0.2 03 W 1
Th-228 0.0002 0.07 Y 100
U-235 0.05 0.03 Y 30
Pa-23] 0.001 2 w 200
Ac-227 0.001 2 w 300
Table 13
Avcrage age-weighted annual intakes of natural radionuclides and associated effective doses
Ingestion Inhalotion
Radionuclide
Intake (Bq) Dase (45v) Intake (mBq) Dase (uSv)
U-238 49 0.12 6.9 0.21
U.234 4.9 0.15 6.9 021
Th-230 25 0.18 s 0.18
Ra-226 19 38 35 0.01
Pb-210 32 32 3500 7.0
Po-210 55 11 350 0.35
Th-232 1.3 0.52 6.9 1.4
Ra-228 13 39 6.9 0.01
Th-228 1.3 0.09 6.9 0.69
u.235 0.21 0.01 04 0.01
Totsl 52 10
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Table 14

Elevated values of aclivity concentrations of natural radienuclides In foods

Activity concentration in fresh food (mBq lg’))

Food Country Radionuclide Ref.
Range Arithmetic mean
Cows’ milk Braz! Ra-226 29-210 108 [A4]
Pb-210 5-60 45 [A8]
Chicken meat Brazl Ra-226 37-163 86 [L10]
Ra-228 141-355 262
Beef Brazil Ra-226 30-59 44 [L10])
Ra-228 78-111 96
Pork Brazil Ra-226 1-22 13 fL10}
Ra-228 93-137 121
Reindeer meat Sweden Pb-210 400-700 550 P7
Po-210 - 11000
Cereals Indis Ra-226 up to 510 174 L6}
Th-228 up to 5590 536
Com Brazil Ra-226 70-229 118 v3)
Pb-210 100-222 144
Rice China Ra-226 250 [Z1}
Pb-210 570
Green vegetables India Ra-226 325-2120 1110 [L6]
Th-228 348-5180 1670
Carrots Brazl Ra-226 329-485 411 V3]
Pb-210 218-318 255
Roots and tubers India Ra-226 477-4780 1490 LS)
Th-228 70-32400 21700
Fruts India Ra-226 137-688 296 [L6]
Th-228 59-21900 2500
Tuble 15
Elcvated values of activity concentrations of natural radionuclides in potable waters ofl various sources
Activity concentration (mBgq I‘l)
Sowrce Counnry Radionuclide Reference
Range Arithmetic mean Geometric mean
Boltled waters Brazil Ra-226 <10-130 27 [P8)
Pb-210 <50-190 n
France U-238 up to 2000 60 P5, P9, Si1)
Ra-226 up to 2700 60 [R12, R13, R14,
Th-232 - <40 M19)
Germany U.238 <1-140 4.4 [B12,
Ra-226 <1-1800 25 G4, G5)
Po-210 33-53 9.0
Po-210 04-89 1.8
Indonesia Ra-226 <160 2 - [S31)
Portugal Ra-226 <3.2185 26.7 [B6)
Pb-210 2392 18.5
Ground waters Finland U-238 up to 74000 4200 {S15)
Ra-226 up to 5300 440
Pb-210 up 1o 10200 430
Po-210 up to 6300 220
Sweden Ra-226 22460 45 13.7 [K4)
Yugoslavia Ra-226 0.5-510 60 - [K11]
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Tuble 16
Alpha decay propertics of 22020 and *22Rn with short-lived decny products
|B7, Mi1]
20, 22Rn
Radionuclide Branch (%) Half-life Energy (MeV) Intensity (%) Radionuclide Half-life Energy (MeV) Intensiry
(%)
Rn-220 S5s 6.9 100 Rn-222 38244 5.49 100
Po-216 0.15s 6.78 100 Po-218 3.04 min 6.00 100
b-212 10.64 h B.y - Pb-214 26.8 min B.y .
Bi-212 60.6 min 6.05 25 Bi-214 19.7 min 8.y .
6.09 10 Po-214 163.7 us 7.69 100
Po-212 64 304 ns 8.78 100
T-208 36 3.10 min By -
Table 17
5
Activity concentrations of 226Ra and 2*Ra in various types of rock
[We]
Conceniration (Bq kg" )
Type of rock Example *4Ra Ra,
Arithmetic mean Range Arithmetic mean |, Range
Acid intrusive Granite 8 1-370 111 0.4-1030
Basic extrusive Basalt 1l 0.4-41 10 0.2-36
Chemical sedimentary Limestone 45 0.4-340 60 0.1.540
Detrital sedimentary Qay, shalc, sandstone 60 1-990 50 0.8-1470
Metamorphosed igncous Gneiss 50 1-1800 60 0.4-420
Metamorphosed sedimentary Schist 37 1-660 49 0.4-370
Table 18
Activity concentrations of natural radionuclides in various types of rock in the Nordic countries
(C14)
Activily concenrration (Bq kg")
Rock 1y,
e K Z6Ra DIrn
Normal granite 600-1800 20-120 20-80
Thonum- and uranium-rich granite 1200-1800 100-500 40-350
Gneiss 600-1500 20-120 20-80
Droxite 300-1000 1-20 440
Sandstone 300-1500 5-60 4-40
Limestone 30-150 5.20 1-10
Shale 600-1800 10-120 §-60
Middie Cambrian alum shale 1000-)800 120-600 §-40
Upper Cambrian or Lower Ordovician alum shale 1000-1800 600-4500 B-40
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Table 19

Parameters of emanation and diffusion of 222Rp from the carth and from bullding materals

Maierial Representative value Range Ref.
Emanation fraction
Rock (sicved) 0.084 ¢ 0.005 - 0.40 (B8]
Soil (various) 0.23° 0.02 - 0.83 D5}
Brick (clay) 004t 0.02 - 0.1 [S17)
Concrete (ordinary) 0.15° 0.1 -04 [S17}
Gypsum (natusal) 008 ¢ 0.03 0.2 (S17)
Porosity
Eanh 0.25 0.01-0.5 [F6, H14,
Building materials 0.15 0.01-0.7 05, S19)
DifTusion coefMicient (m?2 l")

Ganh 5107 1010 [F6, H14,
Building materials 110 10°1h10¢ 05, S19]

Arithmetic mean.
Inferred from range.

¢ Inferred from range and mix.

Table 20

Flux density from the convection of radon and the resultant entry rales into the
underpressure of § Pa with varying permeability of the subjacent earth

mode! building caused by an

Flux dersity (Bq m s71) Entry raie (Bqg m h)
Circumstance Permeability (m®) Permeability (mf)
il 10! 10! 107 10° w? [ g0 | 10 | 107 10°
Cracked floor * 0.0071 0.0078 0.014 0.078 0.043 10 1 20 112 62
Bare carth 0.028 0.030 0.043 0.19 0.085° 40 43 62 274 122°

With an array of 1 em aacks every 1 m of floor. Values averaged over whole floor.
Trend sdjustment of published data [W8].
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Table 21
Average radon concentrations and percentage vtilizatlon of water supplies
[N18, 05]
Concentration (Bq m'J) Utilization (%)
ype of supply .
United States United Kingdom Reference value United Sates United Kingdom Reference value
Surface water 1300 1000 1000 50 66 60
Ground water 11500 30000 10000 32 34 30
Well water 208000 < 1000000 100000 18 <1 10
Table 22
Hlustrative radon entry rates for the model masonry building in a temperate climate
Sowrce of radon Mechanism Erury rare (Bq m ) Pacersage
Building clements Diffusion 10 21
Subjacent earth Diffusion 1.5 15
Advection 20 41
Outdoor air Infiltration 10 20
Water supply De-emanation 1 2
Natural gas Consamption 03 1
All sources and mechanisms 49 100




Table 23

Radon concentrations in dwellings delermined in indoor surveys

Year Number of Radon concentration (Bq m™ Geomerric
Countrylarea of Type of suney Duration of exposure dwellings standard Ref.

survey surveyed Arithmetic mean Geometric mean Murimum value deviation
Algeria 1987 Exploratey 60 days 50 32 137 [O9)
Argentina, 3 cities 1990 Preliminary 180 32 31 127 20 [G6]
Australia 1990 National 1 year 3413 12 8.7 423 2.1 (L4)
Austria, Salrburg 1980 Local Grab samples 29 - 15 190 - [S40, S41)
Belgum 1991 National 6 months 450 48 4000 (V8]
Canada 1977.1980 National Grab samples 13413 34 14 1724 3.6 [L7)
Canada, Nova Scotia 1990 Regonal 3 months 19 108 . 5920 3.6 119]
China, seven provinces 1989 Regional 3945 24 20 378 2.2 [22)
China, Sechuan 1990 Regonal 1967 19 17 170 1.7 [C10)
China, Shenzhen 1986 Regonal 69 16 14 54 2.0 [RS)
Czechoslovakia 1982 National Grab samples 1200 140 ° . 20000 - | T6, 18]
Denmark 1985 National 6 months 496 47 29 560 2.2 [S9, U15)
Egypt 1991 National 39 9.0 24 [K12)
Finland 1982 National 1 month 8150 90 64 - 3.1 [C19, C21)
France 1988 National 60 days 2006 62 41 4687 21 [R6, R7]
Germany (former Fed. Republic) 1984 Regonal 3 months 5970 49 40 . 1.8 [S29]
Germany, Cottbus 1989 Regional 3 months 67 as 23 153 2.5 |L9)
Germany, Saxany and Thuringia 1990 Exploratexy 3 days 5000 270 190 115000 2.4 {L9)
Germany (former Fed, Republic) 1991 Regional 3 days 1040 57 34 3100 29 {K13]
Ghana, Legon 1990 Exploratery 9 months 25 340 [06]
Greece 1988 Exploratury 6 months 73 52 492 [G7]
Hong Kong 1991 Regionat 140 4] 140 [T9]
India 1991 Exploratory 3 months 1208 57 42 214 2.2 [S37)
Indonesia 1991 Exploratory 165 12 120 [S31]
Iran. 4 cities 1988 Exploratory 90 days 12t 82 3070 1S26]
Ireland 1987 National 6 months 736 - 37 1700 - [C18]
ltaly 1991 National 1 year 2250 80 62 1.9 [BI1S, B16]
Japan 1990 National 1 year 6000 29 23 L6 [KS]
Kuwait 1988 Exploratory 1 year 69 4] 103 [M13)
Luxembourg 1991 Natianal 2500 65 [KS]
Netherlands 1982-1984 National 1 year 1000 29 24 118 1.6 [H17,P24,P25)
New Zcaland 1988 National 1 year 717 20 18 94 {R3]
Norway 1991 National 6 months 7500 60 30 [{S39]
Pakistan 1991 Exploratery 2.5 months 50 30 83 [T10]
Poland 1991 Preliminary 1 year 345 38 568 [B14}
Portugal 1991 National 4 months 4200 81 37 2795 [F14]
Spain 1991 National 1700 86 43 15400 37 [Q2 Q3]
Sweden 1980-1982 National 2 weeks 512 108 62 3310 [M17, S42]
Sweden 1990-1991 National 3 months 1360 108 56 3900 [S43]
Switzertand 1991 National 2.5 months 1600 70 3000 [S38]
Syria, 2 areas 1990 Exploratory 6 months m 20 72 [{sy)]
United Kingdom 1991 3 months 96000 20 10000 [W9]
United States 1991 National 1 year 5967 46 25 31 [M24, U12]
United States, New York 1988 Regonal 1 year 2043 42 26 1420 2.7 [P11]
Median values 42 10 2.2

Derived from radon EEC measurements, using an equilibrium factor of 0.4,

w
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Table 24

Avernge concentrations in air of radon und thoron, including (heir decay products, and annual efTective doses

Concentration Effeciive dose coefficient Annual effective dose ©
3 ) 3 ‘
Radionuclide Location (Rg m™) (nSv per Bq h m™) GeSv)
Gas FEC* Gas EEC Gas FEC
Radon Outdores 10 8 0.17 9 30 130
indoors 40 16 0.17 9 48 1000
Tolal (rounded) 1200
Thoron Outdoors 10 0.1 0.11 10 1.9 1.8
Indoors 3 03 0.11 32 23 67
Total (rounded) 73

Weighted for occupancy: 0.2 outdocxs, 0.8 indoors.

The cquilibiium equivalent concentration (EEC) of radon {or thoron) is the product of the concentration of radon (of thoron) and of the cquilibrium factor
between radon (or thoron) and its decay products. The values of the equilibrium factor have been taken to be 0.8 cutdoors and 0.4 indoors for radon. Thoron

EEC values arc based on measurements.

Table 25
Typical concentrations of 22h und *BU in heavy mineral sands in Austrulia
[K17]

Mineral 21% cencentration (Bq kg") 2y concentration (Bq kg")
Ore 60-200 40
Heavy mineral concentrate 1000-1300 <100
Dmenite 600-6000 <100-400
Leucoxene 1000-9000 250-600
Rutile <600-4000 <100-250
Ziscon 2000-3000 200-400
Monazite 600000-900000 1000040000
Xcenotime 180000 50000
Avcrage soil and rock 40 40

Table 26

Estimates of colleclive effective dose per unit clectrical encrgy generated by non-nuclear sources

Normalized collective effective dase

Sowrce [man Si (GW ")Jl
Coal 20

Ol 0.5
Natural gas 0.03
Geothermal 2

Peat 2

-
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Table 27

Estimates of annual per caput effective doses resulting from the extractlon and processing of earth materials

Sowrce Annual per caput effective dose (juSv)
Coal
Mining 0.0001-0.002
Electrical energy praduction 2
Domestic usc 0.4-8
Usc of fuel ash 5
Other non-nuclear sources of electrical energy production
Ol 0.01
Natural gas 0.001
Geothermal 0.001
Exploitation of phosphate rock

Industrial operations 0.04
Fertilizers 2
By-products and wastes 10

Tuble 28

Average annual cffective dose to adults from natural sources of ionizing radiation

Component of expasure

Annual effective dose (mSv)

In areas of normal background

In areas of elevared exposures

Cosmic rays

Cosmogenic radionuclides

Terrestrial radiation: external cxposure

Terrestrial radiation: internal exposure (excluding radon)

Terrestrial radiation: internal exposure from radon and its decay products
Inhalation of Rn-222
Inhalation of Rn-220
Ingestion of Rn-222

0.38
0.01
0.46
0.23

1.2
0.07
0.005

2.0
0.0}
4.3
0.6

. 10
0.1
0.1

Total

24
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