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Abstract

ENVIRONMENTAL IONISING RADIATION STUDY : “ASSESSMENT OF THE PUBLIC EXPOSURE TO 
THE ENVIRONMENTAL GAMMA AND X RAYS, AND TO RADON IN ANTANANARIVO CITY”

Radioactivity is one o f the basic indicators o f the environmental state because humankind is continuously 
exposed to ionising radiations. Knowledge o f the various components of this natural radioactivity becomes a necessity. 
As Antananarivo is the most populated city o f Madagascar, its environmental radioactivity and radiation dose were 
assessed with the aim o f  establishing a database for radioactivity levels. The present work is entitled “Assessment o f 
the Public Exposure to the Environmental Gamma andX rays, and to Radon in Antananarivo City”. This paper is the 
synthesis of several works carried out within the frame o f a research project that lasted three years (April 1998- April 
2001), consisting o f more than a hundred in-situ measurements campaigns and laboratory/ sample analyses. Ionising 
radiations were measured through gamma and X  ray global counting. Environmental material radioactivity was 
characterized by in-situ and laboratory gamma spectrometry. Alpha, gamma andXray dosimetric measurements were 
done indoor and outdoor, in daytime and at night. The results obtained were the basis for three scientific 
communications at the Madagascar National Academy o f Arts, Letters and Sciences. The first is entitled "The Cesium- 
137 Artificial Radioisotope Pollution in Antananarivo City" (June 1998), the second " The Atmospheric Radon in 
Antananarivo City (May 1999), and the third “Kerma in Air and Counting Rate o f the Environmental Gamma and X  
Rays in Antananarivo City ’ (December 2000). From this work, the environmental gamma and X  ray, and radon 
contribution to natural radiation doses were obtained. We have found that the population o f Antananarivo is exposed to 
an annual average effective dose o f  5. J mSv.ÿ1, which is two times higher than the world quoted value.

Key Words: Environmental radioactivity, natural radioactivity, ionising radiation, exposure dose, global counting, 
gamma spectrometry, alpha dosimetry, gamma andX  ray dosimetry.
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Introduction

Radioactivity is one of the basic indicators 
of the environmental state. Humankind is 
continuously exposed to ionising radiations with 
various levels, depending on the living place. This 
exposition follows two pathways: external exposure 
and internal exposure by inhalation and by ingestion

Pr. RAOELINA ANDRIAMBOLOLONA 
and his team did the fust studies of the Madagascar 
environmental radioactivity in 1976 using a gamma 
phone [1] and in 1981 by gamma global counting 
with NaI(Tl) detector [2], at the former Nuclear 
Physics and Applied Physics Laboratory (L.P.N.P.A).

Since the creation of the National Institute 
for Nuclear Science and Techniques 
(MADAGASCAR-I.S.T.N.) in 1992, severai research 
works have been carried out using more effective in- 
situ measurement devices and with new laboratory 
analytical equipments.
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From April 1998 to April 2001, a project 
entitled “The Antananarivo environmental 
radioactivity Studies” was undertaken by the Institute 
team. This Research Program Contract, which was 
co-fimded by the Ministry of the Higher Education 
and the MADAGASCAR-I. S.T.N, allowed 
establishing a database for Antananarivo city, which 
is the most populated city of Madagascar. The 
present communication on the “Assessment of the 
Public Exposure to the Environmental Gamma and X 
rays, and to Radon in Antananarivo City” is the 
synthesis of several works carried out within the 
frame of the project. It contributes to the study of the 
environmental ionising radiations in Madagascar.

Techniques and methods

Three nuclear techniques were used to 
record radioactive parameter baseline data in 22 sites 
of Antananarivo city, contributing to the 
environmental radioactivity survey. The available 
measurement facilities and devices allowed us to 
make:
- Global counting of environmental gamma and X 

rays with NaI(Tl) detector,
- Dosimetry using an alpha dosimeter and several 

gamma and X rays rate-meters for dose exposure 
measurement of ambient ionising radiations.
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- Gamma spectrometry using high purity 
germanium detector to analyse gamma emitter 
radionuclides in soil samples collected at the 
vicinities of the measurement points. Soil 
sampling has been done with a set of home made 
devices to have soil profile of radionuclide 
concentrations at every site. Accurate 
identification of samples has been made by a soil 
scientist.

Three in-situ measurement campaigns have 
been done :
- From 13 March 1998 to 25 February 1999 : 60 

outdoor campaigns were done ; soil samples 
were collected and analysed in laboratory,

- From 24 June 1999 to 01 March 2000 : 43 
dosimetric and spectrometric measurements 
inside buildings v cre done in daytime ; soil 
samples were also collected and analysed in 
laboratory,

- From 08 March 2001 to 10 April 2001 : 8 
dosimetric measurements were performed in 
some house bedrooms during the night.

Results and discussions

In Table 1, some sites are classified 
according to the average gamma global counting rate 
recorded outdoor and inside buildings.

. global counting rate (cps)
Slt£_______ outdoor indoor

Andohalo 900.94 ±0.21 780.34 ±0.20
Analakely 638.91 ±0.17 720.90±0.18

67 Ha 603.79 ±0.17 544.96±0.14
Ambatomaro 509.69 ±0.15 286.65 ±0.10

Source: MADAGASCAR-ISTN 1998 
Table 1. Comparison of outdoor and indoor 

average gamma global counting

The fact that the average global counting rate 
corresponding to the environmental gamma and 
X rays can have a lower value inside a building 
than outdoor shows the major role of the 
atmospheric gamma and X rays. For example, in 
Andohalo the outdoor counting rate is 900.94 cps 
whereas indoor, its value is only 780.34 cps. 
Nevertheless the contents of naturally occurring 
radionuclide materials (NORM) in room building 
influence also the result of indoor measurements 
because the lowest counting rate of 286.65 cps 
was recorded in Ambatomaro, in a pre-built 
house room, with wall and ceiling made of 
synthetic materials and metal.
Variation from to three times of the mean value 
of counting rate, according to the site of 
measurement comes from several factors, such as 
the natural gamma and X rays emitted by the 
surrounding building materials, aerosol and also

bremstrahlung X-ray due to cosmic charged 
particles interaction with atmosphere.

Laboratory spectrometric measurements of 
about one hundred soil samples coming from 
different regions of Antananarivo city, give 
qualitative and quantitative information on 
radioactive materials in the environment. Table 2 
shows the distribution of naturally occurring gamma 
and X rays emitter radionuclides and that of the 
radioactive pollutant Cs-137 in the soil of 
Antananarivo city.

specific activities in Bqkg-i
Site K-40 Cs-137 U serie Th serie

Andohalo 2315 ±89 1.1 ±0.3 10.5 ±0.5 73 ±3
Ambatomaro 887 ±35 1.2 ±0.1 7.0 ±0.5 69 ±3
Antsahabe 869 ± 33 <LD* 8.0 ±0,5 44 ±2
Antanimbari- 826 ±31 <LD 11.5 ±0.5 61 ± 2
nandriana
Faravohitra 757 ±29 <LD 11,0 ±0.5 57 ±2
Anjahana 599 ±24 0.3 ±0.1 9.5 ±0.5 57 ±2
Mahamasina 572 ±23 <LD 21 ± 1 118 ±4
67 ha Atsimo 563 ± 22 0.7 ±0.1 18 ± 1 72 ±3
Mahazoarivo 552 ± 22 0.9± 0,1 19.5 ±0.5 97 ±3
Tsimbazaza 496 ± 20 0,6 ±0.1 16.0 ±0.5 64 ±3
Avaradrova 437 ± 18 <LD 13.5 ± 0.5 107 ±3
Ivandry 402 ±  16 <LD 13.0 ± 0.5 76 ±3
Ambohimanarina 397 ± 16 0.3 ±0.1 13.0 ± 0.5 108 ±3
Analakely 249 ± 11 <LD 12.0 ±0.5 86 ±4
Soavimasoandro 206 ± 11 <LD 24 ± 1 102 ± 4
Avaradoha 132 ±6 <LD 19.5 ±0.5 107 ±3
Ampefiloha 126 ± 6 0.7 ±0.1 10.0 ±0.5 73 ±3
Nanisana 108 ± 8 <LD 15.5 ±0.5 47 ±2
Ampandrianomby 87 ± 4 1.3 ±0.3 21.0 ±0.5 61 ±2
Ambohipo 76 ±5 0.5 ±0.1 16.5 ±0.5 63 ± 2
Antanimena 53 ±3 <LD 4.5 ± 0.5 53 ±2
Ankatso 24 ±3 1.1 ±0.2 17,0 ±0.5 53 ±2

Source: MADAGASCAR-ISTN 1999 
* LD : Cs-137 detection limit is 0.3 Bq.kg"1
Table 2. Specific activities of gamma emitting

radionuclides in soil

- Potassium-40 specific activities in soil samples 
vary from 24 to 2315 Bqkg'1, giving a global 
average of 488 Bqkg”1 in Antananarivo. This 
wide range is due to the variety of vegetation. 
For example, in Andohalo, the sampling place is 
situated close to a tree, which contributes to 
potassium enrichment in soil.

* Activities of the intense gamma emitters in the 
thorium series in soil vary from 47 Bqkg'1 
(Nanisana) to 118 Bqkg"1 (Mahamasina), leading 
to a global average of 75 Bqkg'1 in 
Antananarivo.

- For the intense gamma emitters of the uranium- 
238 series, the specific activities vary from 4.5 
Bqkg'1, for the Antanimena soil, to 24 Bqkg'1 for 
Soavimasoandro soil. The average is 14.2 Bqkg"1 
for Antananarivo soil city.
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- Beside, the cesium-137, which is an artificial 
radionuclide, has been detected in most of the 
soil samples, with specific activities varying 
from 0.3 to 1.3 Bqkg;. The city of Antananarivo 
has been polluted with. i31Cs, rejected in the 
environment from nuclear atmospheric tests or 
accidents all over the world, and reaching 
Madagascar through atmospheric streams, as 
radioactive clouds [3].

Depending on the soil texture and of 
juxtaposed layers, the radionuclide distribution 
profiles are different. Regarding the soil texture, if 
the sand content in soil is relatively high this soil has 
the capacity to displace radionuclides in the depth by 
water infiltration (rain-wash). On the other hand, a 
high content of clay results in an accumulation of 
radionuclides, increasing the concentration in this 
layer

With the results obtained for quantitative 
analysis of gamma emitter radionuclides in soil 
samples, wc can calculate the soil contribution to the 
outdoor absorbed dose rate in air D (in nGyh' j, at 1 
meter above the ground in each location, as shown in 
Table 3, using the following equation:

D = 0.427Q/ + 0.662C™ + 0.077CK

Where Cu, Cn, and CK are the activity concentrations 
in Bqkg1 of 238U, 232Th and 40K respectively [4].

content in soil 
Element (liqk«x)

absorbed dose 
rate in air 
(nGyh1)

value interval value interval
40k 488 24-2315 21 1- 100

232Th 74.9 47-118 50 31 -78
238y 14.2 4 .5 -24 6 2 -10

Total 77 34 - 188

Taille 3. Absorbed dose rate in air due to 
radionuclide content in soil

Three in-situ measurement campaigns have 
been made with an alpha dosimeter, in inside and 
outside atmospheres.

Measurement of the potential alpha energy 
concentration (PAEC) of radon short life decay 
products in Working Level (WL) gives a radon 
concentration activity C in Bq/m3:

C = PAEC x  3700//'’

where F = 0.8 outdoor 
F = 0.4 indoor

Table 4 shows outdoor radon (Rn-222) 
exposure in Antananarivo city, depending on 
temperature and atmospheric pressure at different 
location.

Site
Concen
tration 
( Bq/m3)

temperature
(°Q

pressure
(mbar)

min max min max

Avaradrova 905.1 25 28 861 865

Analakely 370.0 21 35 879 886

67 Ha 4.6 30 32 877 878

Ambohimanarina 4.2 22 26 879 882

Ampefiloha 4.2 24 28 878 884

Ivandry 3.7 16 23 882 888

Faravohitra 3.7 23 34 867 876

Antanimena 3.7 24 31 879 884

Ambohipo 3.2 22 33 875 880

Mahazoarivo 3.2 26 30 876 879

Mahamasina 3.2 25 31 875 882

Antanimbarindriana 3.2 23 29 881 884,

Antsahabe 3.2 23 26 881 884

Ampandrianomby 2.8 25 28 871 873

Anjahana 2.3 27 32 879 884

Nanisana 2.3 23 35 877 883

Tsimbazaza 2.3 23 32 879 881

Soavimasoandro 2.3 20 32 876 880

Ankatso 2.3 23 32 875 879

Ambatomaro 2.3 21 34 876 882

Avaradoha 1.9 26 32 870 885

Andohalo 1.4 18 21 870 871
Source: MADAGASCAR-INSTN 2000/1 
Table 4. Outdoor radon measurement results in 

some Antananarivo sites

The highest values of 905 and 370 Bq/m3, have been 
calculated in Avaradrova and Analakely respectively, 
because high temporary emanations of radon have 
been recorded in these two sites. The abrupt elevation 
but temporary maximal concentration observed in 
some places is due to the fact that the emanation 
power of radon from the earth depends on several 
parameters, among others the climatic conditions and 
soil features. One of the likely reasons is that the 
Avaradrova site is situated at an altitude of 1300 m 
above the sea and that the atmospheric pressure is 
lower (861 mbar); the radon gas has a strong 
tendency to escape soil in daytime when it is hot. The 
temperature effect is also observed in Analakely 
place where the temperature is the highest (35QC). 
The global average of outdoor radon concentration in 
Antananarivo city is 60.7 Bq/m3, but for most sites, 
the values vary from 1.4 to 4.6 Bq/m3. The lowest 
average value corresponds to the Andohalo site. The
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area is very windy and the radon is scattered 
immediately by the wind

Site average values maximum values
Bq/m3 Bq/m3

Faravohitra 18.96 42.09
Nanisana 11.56 236.8
Andohalo 2 8.79 26.83
Andohalo 0 6.94 17.11
Andohalo 1 6.48 20.35
Ampandrianomby 6.48 19.43
Avaradoha 6.48 15.26
Mahamasina 5.55 31.45
Ambohipo 4.63 14.8
Avaradrova 4.17 16.19
Ambatomaro 3.7 26.36

Analakely 1.85 16.65
Source: MADAGASCAR-ISTN2000/2 
Table 5. IMoor radon measurement results in 

some Antananarivo sites

The indoor radon concentrations vaiy from 1.85 
Bq/m3 in Analskely to 18.96 in Faravohitra. The 
average is 7.13 Bq/m3 [5j. This variation from 1 to 10 
is due to the quality of the building materials and the 
ventilation of the room during measurement. In fact, 
in Analakely, the measurement was done in a room 
with cemented walls and ceiling and the ground is 
covered with porcelain tiles, reducing radon 
emanation from soils and walls. On the other hand, in 
Faravohitra, the walls are made of bricks, the ceiling 
and the floor of wood, therefore the radon gas can 
emanate from the brick and soil pores directly while 
passing through boards of no insulated wood. 
Besides, the lack of ventilation of the room 
concentrates the radon. Regarding the admissible 
maximal radon concentration in confined atmosphere, 
which is between 400 Bq/m3 and 1000 Bq/m3, the 
value we obtained are rather low. The average world 
quoted value is 40 Bqm'3[6]

The measurements of the equivalent dose 
during 6 hours have been done at 1 m above the 
ground, simultaneously outdoor and indoor. The 
results for 22 sites in Antananarivo city are given in 
Table 6.

average equivalent 
Site dose rate QxSv/ti)

outdoor indoor
Andohalo 0.46 ± 0.05 0.39 ± 0.04
Mahamasina 0.40 ± 0.04 0.35 ± 0.04
Soavimasoandro 0.38 ± 0.04 0.38 ± 0.04
Ambatomaro 0.37 ± 0,04 0,36 ± 0.04
Ivandry 0,37 ± 0,04 0.41 ± 0.04
Analakely 0.37 ± 0.04 0.38 ± 0.04

average equivalent 
dose rate (nSv/h)

outdoor indoor
67 ha Atsimo 0.37 ± 0.04 0,35 ±0.04
Ambohimanarina 0.36 ± 0.04 0.39 ±0.04
Antanimbarinandriana 0.36 ± 0.04 0.37 ±0.04
Tsimbazaza 0.36 ± 0.04 0.38 ±0.04
Faravohitra 0.35 ± 0.04 0.44 ±0.04
Avaradoha 0.34 ± 0.04 0.35 ±0.04
Mahazoarivo 0.34 dr 0.03 0.36 ±0.04
Antsahabe 0.33 ± 0,03 0.39 ±0.04
Avaradrova 0,33 ± 0.03 0.36 ±0.04
Antanimena 0.33 ± 0.03 0.37 ±0.04
Ampefiloha 0.33 ± 0,03 0.33 ±0.04
Anjahana 0.32 ± 0.03 0.38 ±0.04
Ampandrianomby 0.31 ± 0.03 0.31 ±0.03
Ambohipo 0.31 ± 0.03 0.40 ±0.04
Ankatso 0.30 ± 0.03 0.39 ±0.04
Nanisana 0.29 ± 0.03 0.37 ±0.04

Source: MADAGASCAR-ISTN 2000/3
Table 6. Outdoor and indoor equivalent dose rate 

measurement results in some Antana
narivo sites

Values of the average of outdoor equivalent dose rate 
for every site vary from (0.29 ± 0.03) to (0.46 ± 0.05) 
(iSvh-1, the maximal value being obtained for 
Andohalo site. The average value of (0.35 ± 0.04) 
(iSvlf1 found for Antananarivo city are five times 
higher than the world quoted value of 57.10"3 pSvIv. 
The measured values obtained in buildings, in a given 
place, depend on the type of building materials which 
play the role of radioactive source and screen at the 
same time for the outside gamma radiations. The 
average outdoor equivalent dose rate is of (0.35 ± 
0.04) fiSvh"1 for the site of Faravohitra, whereas 
inside the highest value of (0.44 ± 0,04) fiSvh"1 has 
been obtained. For the site of Andohalo that present a 
high average rate of (0.46 ± 0.05) jrSvh"1 outside, the 
inside value is only of (0.39 ± 0.04) fiSvh 1. The 
indoor average value of (0.37 ± 0.04) jrSvh1 [7] for 
Antananarivo city is 4.6 times higher than the 
average world quoted value of 80.10"3 fiSvh"1 [8],

The outdoor absorbed dose rate of 350 nGyii1 in 
Antananarivo is 4.5 times higher than the 77 nGyh1 
due to the soil alone. The dose rate in air varies 
according to the concentration of radon decay 
products in aerosols and the environmental 
radioactivity around the rate meter. Compared to the 
average dose rate of 59 nGy/h measured in Pakistan 
or the maximum dose rate of 112 nGy/h) measured in 
Mexico City [9], the value obtained in Antananarivo 
(350 nGyh'1) is really high.

The total exposure for an individual is the sum of the 
contributions received at his different staying places : 
outside, at home and elsewhere where he may be 
exposed (work place, public buildings, etc.). Dose 
evaluation per annum due to natural radiations is 
shown in Figure 1 :
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Conclusion

Environmental 
gamma and X 

rays 
SO,«%

other 
radon 

4,33%

Rn-220, 
inhalation 

1,32%

Rn-222,
inhalation
20,53%

cosmic ray 
7,15%

Rn-222,
ingestion

0,09%

cosmogonic
radionuclides

0,19%

Source: MADAGASCAR-ISTN2001/2
Figure I. Contribution of the different exposure
components

The average annual equivalent dose " due to the 
environmental gamma and X rays, received by an 
individual is 3.21 mSv in Antananarivo. To this 
value, must be added the annual exposure due to 
cosmic radiations and cosmogonic radionuclides and 
internal exposure due to radon inhalation, that is 1.11 
mSv if radon equivalent dose coefficient factor is 9 
nSv per Bqhm3 [10], The total annual effective dose 
is then 5.3 mSv.
The annual effective dose mean value for populations 
leaving in regions in normal natural radioactivity is
2.4 rnSv, then for Antananarivo city it is about two 
times higher. The main reason is the high average 
value of the effective dose coming from the 
environmental gamma and X rays in the sites. It 
contributes to 60.40% of the total value whereas the 
effective dose due to radon inhalation is only 26.53%
[11].

We have shown the results of the ambient 
radioactivity in several sites of the Antananarivo city. 
The population in the capital has not been over 
exposed to unacceptable dose of irradiation from 
artificial or natural sources. But the hot and dry 
climate enhances the radon emanation from the soil 
and the atmospheric dusts accentuate the exposure to 
the radon decays fixed on particle materials.

Among the radionuclides source of the public 
exposure, the short or long lived radon daughters in 
the atmosphere contribute mainly to the exposure and 
a survey of the internal exposure from long lived 
radionuclides is necessary to have a complete result 
of the exposure to naturally occurring radionuclides. 
The measurement of the external exposures due to 
cosmic radiations and cosmogonic radionuclides will 
allow to have the total value of the annual effective 
dose from natural radiations.

A database concerning some radioactive parameters 
is now available for Antananarivo. The applied 
methodology may be improved in the future by using 
some more performing measurement devices in order 
to contribute to a better knowledge of the 
environmental ionising radiations in Madagascar.
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