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Water supply to the extreme north of Madagascar comes from the Amber Mountain catch-
ment. The objectives of this work are to study the presence of natural radionuclides in the
waters from the mountain catchment and investigate their origin by determining the ra-
dioactivity levels in water and soil, and their transfer factors. Forty samples were collected
from various locations at the study site including 13 of water and 27 of soils. The results
for the water samples show that 40K, 233U series and 232Th series activities vary, respec-
tively from 2.7 to 19.8 Bq.-!, 1.7 to 8.2 Bq.I"! and 0.4 to 3.3 Bq.I"". For soil samples, the
activities are in the range of 126 to 327 Bq.kg™!, 14 to 73 Bq.kg~! and 10 to 402 Bq.kg!,
respectively for the 4°K, the 238U series and the 32Th series. Regarding the radionuclide
soil-water transfer factors, the mean values for the whole study site are 0.04 for 4°K, 0.10
for 238U series and 0.03 for 232Th series. These results show that the Amber Mountain
catchment soil radionuclides migrate weakly to the water system and their activities vary
widely from one place to another. This low level of migration is explained by the geo-
chemical behavior and the physico-chemical properties of the radionuclides present in the
area.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of African Institute of
Mathematical Sciences | Next Einstein Initiative.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

Madagascar is renowned for the existence of high level radioactive background in many parts of the country, due to its
U/Th borne minerals richness. Many studies conducted, especially in the central, western and southern part of the country,
have confirmed this finding. However, in spite of the fact that the northern region is inhabited by large population, studies
related to this part of the country are scarce. The current study will contribute to fill the gap, making it possible to assess
the exposure hazards in order to take preventive measures against the harmful consequences of ionizing radiation on human
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health. As a first of its kind, it will also produce baseline data for future investigations. Data obtained during this study will
help to initiate the environmental radioactivity mapping of the region.

The Amber Mountain, located in the northern part of Madagascar provides the main sources of water supply in the ex-
treme north, especially Antsiranana City. In the central part of the mountain, at altitudes between 1000 m and 1475 m,
is located the Andranomitehitehy spring and the Mahasarika Crater-Lake. In the eastern catchment is located the Besoka-
tra river, which is one of the most important streams of the Amber Mountain catchment [1,3]. Natural radionuclides are
ubiquitous in the earth crust, which infiltrate into groundwater and penetrate the water cycle. Natural radioactivity in the
environment depends on geological properties and local geographical conditions and appears at different levels around the
world [4]. In hydrological systems, water passes through various geological formations that contain essentially natural ra-
dioactive elements belonging to the 238U series, the 232Th series and 49K [5]. The resulting drinking water contributes to the
radiation dose of consumers, due to the aqueous radioactivity. Studies on the drinking water radioactivity have been carried
out in the central region [6-8]| and north-eastern region of Madagascar [9], asserting the presence of these radionuclides.
The present work aims to study the presence of natural radionuclides in the waters from the Amber Mountain catchment
and to explain their origin, by determining the radioactivity levels in water and soil, as well as their transfer factors.

This research is important as drinking water potentially affects human health, vitality and diseases. The natural radioac-
tivity contents in drinking water used by the population can generate a potential radiological risk from ingestion. Prior to
the current studies, natural radioactivity data in the area are scarce, if not unavailable. This will be the first time that ra-
dioactivity measurement to assess drinking water quality has been undertaken, using standard and accepted radioanalytical
technique, i.e. gamma spectrometry. This research is also important as it is the first to be undertaken using this approach in
the northern region of Madagascar.

Materials and methods
Description of the study sites

The study area, i.e. the Amber Mountain, is important as six lakes and several rivers and streams drain the mountain
watershed, which supplies 50 million cubic meters of drinking water every year to the 130,000 inhabitants of Antsiranana
City. Apart from the radioactivity level in soil and water, the soil-water transfer and migration information related to the
geological radionuclides present in the area will allow the ionizing radiation exposure risk assessment through drinking
water ingestion. Such results will support the decision-makers to mitigate the related health risks.

The Amber Mountain is located in Joffreville municipality, 45 km south-west of Antsiranana City, with geographical coor-
dinates ranging from 12° 31’ S to 12° 44’ S (latitude) and from 49° 03’ E to 49° 13’ E (longitude). The geological constitution
of the Amber massif is as follows:

« The top is formed by basalt ash in which the edge is comprised of basalts with basanitoids and limburgites. Some other
rocks such as phonolites and tinguaites are associated with them. There are a large number of well-preserved craters,
some of which are now lakes such as Mahery Lake, Mahasarika Lake, Grand Lake, etc. These are of the Hawaiian volcanic
type associated with Strombolian projections which are the main origin of the massif.

« This volcanic region was achieved in four phases: (i) acid phase (Rhyolites and Trachytes, found in pebbles in the Co-
niacian and of probable Turonian age); (ii) anti-Aquitaine phase (eruptions in the Amber mountain); (iii) recent phase
(erection of the Amber mountain) and (iv) very recent phase (creaction of cones, craters and flows).

« The volcanic rocks, mainly basaltic rocks, cover more than two-thirds of the region. The sedimentary rocks, mainly lime-
stone, sandstone and marl, surround the entire periphery of the massif as far as Antsiranana City [2,10].

The soils vary from a ferruginous type of recent basalt to a ferrallitic type of old basalt. The soil surface is strongly acidic
(pH = 4.5); the acidity decreases gradually with depth to a pH = 5.2 [2,3,10]. The soil profile in this area varies in depth.
Between 0-10 cm, the soil is dark brown, very soft to touch, many roots, quite fine, intertwined, some plant breakage on the
surface, silty and lumpy. Between 10-50 cm, it is dark brown, clay-silty, lumpy, with some fine and porous roots. Between
50-100 cm, the soil is dark yellow-brown, clay-silty, lumpy, with rare and porous roots. The clay contents vary between 30
to 40%. The proportion which is silt is between 15 and 30%. The fine fraction gradually decreases with depth and the sand
fraction increases as one approaches the bedrock. In forests, the organic matter contents are particularly high at around 20
to 30%. The mean chemical composition of soil derived from basalts in the Amber Montagne is as follows: 48.92% of SiO,,
16.16% of Al,03, 3.72% of Fe,03, 5.14% of FeO, 7.66% of MgO, 9.64% of Ca0, 2.74% of Na,0, 1.34% of K,0, 0.94% of TiO,, and
0.49% of P,05 [2].

The extreme north of Madagascar has a tropical climate with two seasons. From November to March, the rainfall is
abundant and sometimes intense, with temperatures varying from 25 to 32°C. From April to October, the season is dry with
lower temperatures, from 19 to 27°C. Annual rainfall varies from 1200 to 3000 mm, from low altitudes to the mountain top.
Most rivers are supplied by mountain spring water. The rugged reliefs and steep slopes generally result in torrential streams
(Fig. 1a). The region is covered by a rainforest rich in mosses, lichens and orchids. Thick vegetation cover protects the soil
from erosion phenomena [1,2].
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Fig. 1. Location of study sites and sampling points.

This region has been chosen for this study because of the particular sources of water supply used by the Antsiranana
City population. Drinking water potentially affects human health, vitality and diseases; natural radioactivity data in the area
is not currently available; and volcanic groundwaters are generally rich in natural radioactivity.

Sample collection and preparation

Field work was carried out in July 2016 at the Andranomitehitehy water spring, at Mahasarika Lake and at Besokatra
Dam. At the Besokatra River and catchment, two water samples were collected upstream of the dam and two others were
collected nearby (Ref. WBDO01/.../04 in Fig. 1b). At the Andranomitehitehy site, upstream of the Besokatra River, two water
springs were sampled (Ref. WAS01/02 in Fig. 1c). At Mahasarika Lake, which also supplies the Besokatra Dam, five water
samples were collected (Ref. WMLO01/.../05) and two others were collected from surrounding water springs (Ref. WML06/07),
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Table 1
Radionuclides used with their regions of interest.
Radionuclide Energy (keV)  Energy range (keV) Intensity [%] Region of Detection efficiency
interest Cylindrical container ~ Marinelli beaker (1
(100 cm?) L)
40K 1461.0 1388.0 - 1534.1 10.67 (1) 0.0181 + 0.0006 0.0146 + 0.0005
2381 series 1764.5 1676.3- 1852.7 15.36 (2) 0.0168 + 0.0001 0.0133 + 0.0001
232Th series 2614.5 2483.8 - 2745.2 99.16 3) 0.0101 + 0.0001 0.0067 + 0.0001
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Fig. 2. Regions of interest of 4°K, 233U and #32Th series.

as shown in Fig. 1d. To investigate the radionuclide transfer rates, soil samples were taken near the water sampling points
(Ref. SBDO1/.../12, Ref. SASO1/.../05 and Ref. SMLO1/.../10 respectively, at Besokatra River, Andranomitehitehy spring and
Mahasarika Lake). Each sampling point was localised using an Etrex Garmin GPS device. In all, 40 samples were collected:
13 water and 27 soil samples. Water samples were contained in 1.5 L plastic containers. The soil samples, c.a. 400 g wet
mass each, were extracted up to 30 cm in depth, and contained in plastic bags. At the laboratory, the water samples were
put directly into Marinelli beakers (1L). They were then sealed hermetically for three weeks to enable the contents to reach
secular equilibrium between 226Ra and its daughters before analyses. The soil samples were oven-dried at 80°C for 24 h,
manually ground with a pestle mortar and sieved through 2 mm mesh. The samples were then homogenized and also
sealed hermetically into 100 cm3 cylindrical polyethylene containers for three weeks to reach secular equilibrium of the
238y series [11].

Gamma spectrometry measurement

Sample analyses were performed using a gamma spectrometry system with a 3”x3” ORTEC Nal(Tl) detector, 905-4 series,
at the department of Nuclear Analyses and Techniques, Institut National des Sciences et Techniques Nucléaires (INSTN-
Madagascar). The detector energy resolution (FWHM) at 1332.5 keV (for the 9Co peak) was 7.5%. The detector was placed
inside a two-layered stainless steel (10 mm thick) and lead (30 mm thick) shield to minimize the background radiation,
as well as the contribution of scattered radiation from the shield [12]. The soil samples were counted for 12 h and water
samples for 24 h. Measurements of known masses of samples enabled determination of the specific activity of 40K, 238U
series and 232Th series. The method described by Rybach was used to process the spectra obtained [14,13]. This method
targets three regions of interest corresponding to three isolated intense total absorption peaks of 40K (1461 keV), 2™Bi
(1764.5 keV) and 208TI (2614.5 keV), as shown in Table 1. The two last radionuclides are progenies of 238U and 232Th series,
respectively [13,15].

Fig. 2 illustrates the three regions of interest of a soil or water gamma-ray spectrum.

Energy and efficiency calibrations were performed using certified IAEA (International Atomic Energy Agency) reference
materials (RGK-1, RGU-1 and RGTh-1).

Specific activity and soil-water transfer factor

Each radionuclide specific activity was calculated from a sample y-spectrum, using Eq. (1):
A= Nnet/(& x Py x tc x m) (1)

where A (Bq.kg~1) or (Bq.l™') is the specific activity for a given radionuclide, Nyet (count) is the total absorption peak net
area at energy E, € is the detection efficiency at energy E, Pe is the gamma-ray emitter probability at energy E, tc (s) is the
measurement time and m (kg) is the analysed sample mass.
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Table 2
Specific activities of 4°K, 23U and 232Th series in water samples from the Amber Mountain catchment.
Study sites Sample reference Specific activity (Bq.I-1)*
40[( 238U 232Th

Besokatra River WBDO01 193 £ 1.3 24 + 14 0.7 £ 0.3
WBDO02 27 £ 16 3.0+02 04 +03
WBDO03 3.8 +22 82 +03 0.6 £ 0.3
WBD04 39+22 22+13 0.6 £ 0.3
Mean [min - max] 74 (27 - 193] 401[22-82] 0.6 [0.4 - 0.7]

Andranomitehitehy WASO1 88 +£1,1 22 +1,0 33+£03

Spring WAS02 3,8 +21 57 +03 0,6 +£0,3
Mean [min - max] 6.3 [3.8 - 8.8] 401[22-57] 2.0 [0.6 - 3.3]

Mahasarika Lake WMLO1 8,0 +22 49 +0,3 06 +03
WML02 6,5 + 3,7 33+19 1,1 £0,6
WMLO03 11,0 £ 1,0 1,7+ 1,0 0,6 +£0,3
WML04 70 £ 23 21+£12 0,6 +£0,3
WMLO05 72+ 1,1 52+03 0,6 +£ 04
WML06 12,0 £ 1,1 50+03 1,3+03
WMLO07 198 £ 1,1 43 + 0,3 0,6 +£0,3
Mean [min - max] 10.2 [6.5 - 19.8] 3.8 [1.7 - 5.2] 0.8 [0.6 - 1.3]

* Value + 1o

However, the absolute absorption peak net area Npe was determined by subtracting the background total count from
the sample at the same energy E [4,11]. In cases of different counting time between background and sample measurements,
total count rate (count per second) was used.

The uncertainties for the 40K, 233U series and 232Th series activities were calculated from the error propagation formula
as shown in Eq. (2) [4,15].

on=Ax \/ (ONpe/Nuet)? + (02/€)% + (Om/m)? 2)

where oy, 0e and op are the total absorption peak net area, the detection efficiency and analysed sample mass uncer-
tainties, respectively.
The Minimum Detectable Activity (MDA) was determined by Eq. (3) [16].

MDA — (8.76 « /Rag x AE)/(e X P, x tc x m) 3)

where Rpg is the count rate from the background spectrum and AE is the full width at half of maximum.

The radioactivity of soils and rocks in contact with interstitial or surface waters contributes to the contamination of
the latter. This phenomenon can be estimated by the radionuclide soil-water transfer factor (TF) given by the following
Eq. (4) [17]:

TF = Awater/Asol (4)

where Ayater (Bq.I™1) is the water sample specific activity and Ay (Bq.kg1) is the soil sample specific activity.
Results and discussions
Radioactivity of waters

The specific activities of the three radionuclides were determined from Amber Mountain catchment waters. The results
are presented in Table 2. Extracts from worldwide results similar to the present study are shown in Table 3.

Comparing with the other results found in Madagascar and elsewhere in the world (see Table 3), the following observa-
tions are highlighted, considering the sites as a whole.

The average 40K activity was slightly higher than the value obtained from mineral waters in Cameroon and in Romania,
and from groundwater in Saudi Arabia [18,19]. On the other hand, it is comparable to the value found from drinking water
in Ghana, from river water in Tanzania and from groundwater in Egypt [22-24]. The activity is lower compared to the results
determined from hot spring water in Ethiopia, from river water in north-eastern Madagascar and in Nigeria, from mineral
water in Bangladesh, from groundwater in Yemen and in Iraq, and from drinking water in Malaysia [9,25-30].

Regarding the 238U series, the average activity obtained was comparable to the value found in Bangladesh, in Yemen, in
Nigeria and in Malaysia [26-28,30]. However, on one hand, this value is much higher than the one obtained in Cameroon,
in Romania, in Germany, in Saudi Arabia, in Ghana, in Tanzania and in Ethiopia [18-23,25], on the other hand, it is very low
compared to the results determined in north-eastern Madagascar, in Egypt and in Iraq [9,24,29].

Regarding the 232Th series, the average activity is relatively higher than the value found in Cameroon, in Romania, in
Saudi Arabia, in Ghana, in Yemen and in Nigeria [18,19,21,22,27,28]. However, it is lower than the results obtained in north-
eastern Madagascar, in Tanzania, in Egypt, in Ethiopia, in Bangladesh, in Iraq and in Malaysia [9,23-26,29,30].
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Table 3
Extracts from worldwide water activities of the three radionuclides.
Country Source type Specific activity (Bq.I-1)* References
40K 238U 232Th
Madagascar Spring, lake, 8.8 [2.7 - 19.8] 3.9 [1.7 - 8.2] 0.9 [04 - 3.3] Present work
river
Cameroon Mineral water 0.11 [0.007 - 0.156] 0.022 [0.007 -0.038] 0.036 [0.005 - 0.121] [18]
Romania Mineral water 0.51 [0.14 - 0.87] 0.085 [0.050 - 0.095] 0.025 [MDA - 0.047]** [19]
Germany Drinking water — n.d.*** 0.003 [< 0.001 - 0.320] n.d. [20]
SaudiArabia Groundwater 4,58 [1.47 - 8.90] 0.56 [0.05 - 1.63] 0.20 [0.52 - 0.69] [21]
Ghana Borehole, river  7.76 [1.65 - 11.99] 0.54 [0.11 - 1.03] 0.41 [0.21 - 0.56] [22]
Tanzania River water 10.1 [9.2 - 11.0] 23522 -25] 1.85[1.8 - 1.9] [23]
Egypt Groundwater 10.3 [5.3 - 22.1] 45.6 [0.0 - 92.0] 29 [1.1 - 5.7] [24]
Ethiopia Hot spring 17.70 [10.63 - 24.33] 2.30 [1.21 - 3.85] 1.70 [0.74 - 2.65] [25]
water
Madagascar River water 17.9 [6.9 - 36.2] 9.2 [0.6 - 19.5] 13.0 [3.4 - 17.7] [9]
Bangladesh Mineral water 18.3 [10.9 - 32.2] 3.3 [1.9 - 5.0] 6.4 [1.4 -9.7] [26]
Yemen Groundwater 34.9 [26.73 - 43.70] 2.95 [2.25 - 3.45] 0.72 [0.30 - 1.37] [27]
Nigeria River water 120.45 [31.48 - 206.93] 5.49 [1.15 - 8.50] 0.14 [BDL - 0.51]**** [28]
Iraq Drinking water ~ 129.88 [6.38 - 253.86] 12.88 [1.40 - 55.79] 5.98 [0.59 - 11.95] [29]
Malaysia Drinking water 152 [53 - 222] 2.86 [0.55 - 8.64] 3.78 [0.70 - 7.03] [30]

* Mean value [minimum value - maximum value].
** MDA: Minimum Detectable Activity.

*** n.d: not determined.

**** BDL: Below Detection Limit.

The differences in results compared to values from other regions can be explained by the interaction with geological
and pedological formations in the study sites [31]. Reference studies indicate that basaltic rocks in contact with catchment
waters can contain natural radioactivities around of 300 Bq.kg~! for 40K, 10 to 15 Bq.kg~! for 238U series and 7 to 10 Bq.kg~!
for 232Th series [32]. In general, radioactivity is higher in mineral waters or when the water is in contact with radioactive
minerals. It is increased in confined aquifer samples and diluted in open surface water. The results obtained reveal that the
radioactivity levels of the three natural radionuclides are not uniformly distributed in the waters from the Amber Mountain
catchment, the activities varying from one place to another.

Radioactivity of soils

Table 4 shows the activity values of 4K, 238U, and 232Th series in soil samples collected nearby to the related water
samples from the Amber Mountain catchment. Table 5 presents the extracts of similar study results.

Comparing the current study with similar studies presented in Table 5, considering the sites as a whole, allows us to
make the following observations.

The 40K average activity is higher than the values found from ferrallitic soil in Ewekoro Nigeria [33]. This activity is
relatively similar to the results found from ferrallitic soil in Douala Bassa Cameroon [34]. On the other hand, it is lower
than the worldwide average value and the results found from volcanic soil of Yemen, from basement and volcanic soil in
Fongo-Tongo Cameroon, from volcano-sedimentary area in northern Madagascar, in Rize and Erzincan Provinces of Turkey,
from clayey soil in Itagunmodi Nigeria and from ferruginous soil in Egypt [4,35-41].

It is noted that in the current study, the average activity for the 238U series is higher than the world average value
and the ones found from ferrallitic soils in Ewekoro Nigeria and in Douala Bassa Cameroon, from soil in Rize and Erzincan
Provinces of Turkey [4,33,34,38,39]. This activity is relatively similar to the results obtained from basaltic rock terrains in
Yemen, from clayey soil in Itagunmodi Nigeria and from ferruginous soil in Egypt [35,40,41]. On the other hand, it is lower
than the values obtained from ferrallitic soil in Fongo-Tongo Cameroon and from a volcano-sedimentary area in northern
Madagascar [36,37].

Regarding the 232Th series in the current study, the mean activity is also higher than the world average value and the
ones found from ferrallitic soils in Ewekoro Nigeria and in Douala Bassa Cameroon, from basaltic rock terrain in Yemen,
from soils in Rize and in Erzincan Provinces of Turkey, from clayey soil in Itangunmodi Nigeria and from ferruginous soil in
Egypt [4,33-35,38-41]. Nevertheless, this activity is lower than the results obtained from basaltic rock terrain in Fong-Tongo
Cameroon and from a volcano-sedimentary area in northern Madagascar [36,37].

In addition, the fluctuation of radioactivity levels in soils from the Amber Mountain catchment can also be explained by
the geological structures of the study area [40,42]. The regional geology of the northern part of Madagascar, in particular
the Amber Mountain basaltic formation, is characterised by the rarity of uranium-thorium minerals. This study shows that
the three radionuclide activities vary spatially in soils around the mountain catchment.
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Table 4
Specific activities of 4°K, 233U and 232Th series in soil samples from the Amber Mountain catchments.
Study sites Sample reference Specific activity (Bq.kg=1)*
40K 238U 232Th

Besokatra River SBDO1 253 £ 11 64 + 3 123 £ 6
SBDO02 253 + 12 73 +£3 134 +7
SBD03 287 + 12 26 +£2 61 +5
SBD04 185 +9 71+ 3 72 +£5
SBDO5 183 £ 10 46 + 2 82+5
SBD06 193 £ 10 48 + 2 296 + 10
SBDO7 175 £ 9 58 +£2 402 + 12
SBD08 154 £ 9 50 +2 386 + 12
SBD09 202 +£ 11 72 £3 63 +6
SBD10 126 £ 9 30£2 26 £3
SBD11 182 +£9 42 +2 80 + 4
SBD12 210 +£ 10 45 + 2 74 +£5
Mean [min - max] 200 [126 - 287] 53 [26 - 73] 150 [26 - 402]

Andranomitehitehy SASO01 321 £ 15 36 +3 68 + 7

Spring SAS02 174 £ 10 40 £ 3 23 +5
SAS03 221 +£ 10 48 + 2 26 £ 4
SAS04 262 + 12 43 £3 25+5
SASO5 176 £ 10 26 +2 38+5
Mean [min - max] 229 [174 - 312] 39 [26 - 48] 36 [23 - 68]

Mahasarika Lake SMLO1 224 + 12 39+3 32+£5
SML02 258 + 13 22 +3 10+5
SMLO3 148 £ 10 45+ 3 24 +£5
SML04 231 +£ 12 35+3 25+5
SMLO5 239 + 12 38+3 18+5
SMLO6 191 £ 9 14+2 25+ 4
SMLO7 200 + 11 44 £ 3 27 +£5
SMLO8 276 + 13 32+3 58 £5
SML09 231 +£ 12 43 +£3 112 £ 6
SML10 327 £ 14 42 +£3 110 £ 6
Mean [min - max] 233 [148 - 327] 35 [14 - 45] 44 [10 - 112]

* Value + 1o.

Table 5

Extracts from worldwide soil activities from the three radionuclides.
Country (city) Type of soil Specific activity (Bq.kg™!) * References

40]( 238U 232Th

Madagascar Ferruginous/ferrallitic 218 [126 - 327] 44 (14 - 73] 90 [8 - 402] Present work
Nigeria (Ewekoro) Ferrallitic 16.5 [6.3-37.9] 8.1 [4.9-134] 8.3 [3.6-17.6] [33]
Cameroon (Douala Ferrallitic 215.9 [47.4-271.8] 24.5 [21.9-27.7] 66.7 [52.6-78.9] [34]
Bassa)
Yemen (Sana’a) Clay 939 [505 - 1230] 48 [24 - 69] 42 [18 - 53] [35]
Cameroon Ferrallitic 671 [136-1269] 99 [ND - 215] ** 157 [59 - 272] [36]
(Fongo-Tongo)
Madagascar Ferruginous 313 [112 - 565] 139 [77 - 190] 126 [81 - 161] [37]
(Antsiranana)
Turkey (Rize) Not mentioned 3449 [35.7 - 913.8] 245 (7.4 - 79.8] 51.8 [9.5 - 170.8] [38]
Turkey (Erzincan) Not mentioned 281.9 [64.7 - 977.8] 8.9 [1 - 23] 11.4 [1.2 - 29.4] [39]
Nigeria (Itagunmodi) Clay 505.1 [200.5 - 901.2] 55.3 [18.5 - 90.3] 26.4 [12.5 - 52.4] [40]
Egypt (El Sahu) Ferruginous 672.3 [646.9-707.4] 44.6 [28.8-78.2] 58.6 [55.5-66.3] [41]
World average 400 [140 - 850] 35 [16 - 110] 30 [11 - 64] [4]

Soil-water transfer factors of natural radionuclides

Table 6 summarizes the estimated soil-water transfer factors for the three natural radionuclides from Amber Mountain
catchment. The extracts from worldwide transfer factors are given in Table 7.

The results show that the average transfer rates of 40K, 238U series and 232Th series from the study sites are 4%, 10% and
3%, respectively. Comparing to the results reported in Table 7, it is observed that:

» The soil-water transfer factors of 40K are relatively similar to the results found in river water around a gold mining
site in Ghana, in thermal spring water in Ethiopia, in irrigation water in Yemen and in water from Qarun Lake in Egypt
[22,25,43,44].

« The soil-water transfer factors of 238U series, are higher than values found in Ghana, in Ethiopia and in Yemen [22,25,43].
Conversely, it is low compared to the value found in South Africa and in Egypt [17,44].
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Table 6
Soil-water Transfer Factors for 4°K, 233U and 232Th series in the Amber Mountain catchment.
Study sites Transfer factor Transfer factor value
reference 40K 238y 232Th
Besokatra River TF-01 0,03 0,06 0,00
TF-02 0,03 0,05 0,00
TF-03 0,03 0,15 0,01
TF-04 0,04 0,06 0,01
TF-05 0,04 0,09 0,01
TF-06 0,04 0,08 0,00
TF-07 0,04 0,07 0,00
TF-08 0,05 0,07 0,00
TF-09 0,04 0,05 0,01
TF-10 0,06 0,13 0,02
TF-11 0,04 0,09 0,01
TF-12 0,04 0,09 0,01
Mean [min - max] 0.04 [0.03 - 0.06] 0.08 [0.05 - 0.15] 0.01 [0.00 - 0.02]
Andranomitehitehy TF-13 0,02 0,11 0,03
Spring TF-14 0,04 0,10 0,08
TF-15 0,03 0,08 0,08
TF-16 0,02 0,09 0,08
TF-17 0,04 0,15 0,05
Mean [min - max] 0.03 [0.02 - 0.04] 0.11 [0.08 - 0.15] 0.06 [0.03 - 0.08]
Mahasarika Lake TF-18 0,05 0,10 0,02
TF-19 0,04 0,17 0,10
TF-20 0,07 0,08 0,03
TF-21 0,04 0,11 0,03
TF-22 0,04 0,10 0,04
TF-23 0,05 0,27 0,03
TF-24 0,05 0,09 0,03
TF-25 0,04 0,12 0,01
TF-26 0,04 0,09 0,01
TF-27 0,03 0,09 0,01
Mean [min - max] 0.05 [0.03 - 0.07] 0.12 [0.08 - 0.27] 0.03 [0.01 - 0.10]
Table 7
Extracts of soil-water transfer factors for 4°K, 238U and 232Th series in the world.
Country  Sample type Average activity Transfer factor References
40K 23SU 232Th 40K 238U Z32Th
South water n.d. 63.9 0.7 n.d. 0.49 0.04 [17]
Africa soil n.d. 129 18.1
Ghana water 7.76 0.54 0.41 0.05 0.04 0.02 [22]
soil 157 15 27
Ethiopia  water 17.70 2.30 1.70 0.03 0.01 0.03 [25]
soil 577 249 60
Yemen water 18.34 1.44 1.20 0.03 0.02 0.02 [43]
soil 698 59 71
Egypt water 31.30 6.40 3.20 0.03 0.27 0.20 [44]
soil 933 24 16

n.d.: not determined.

 The soil-water transfer factors of 232Th series, are relatively similar to values found in South Africa, Ghana, Ethiopia and
Yemen [17,22,25,43] but, it is on average 7 times lower than value obtained in Egypt [44].

The results illustrate that the soil-water transfer rates are relatively low, especially for 4°K and the 232Th series. Regarding
the 238U series, the transfer factor rate is weak but uranium compounds are more mobile than the other two radionuclides.
The magnitude of the radionuclide transfer is related to the geochemical properties of the site. The soil acidity in this
area facilitates the mobility of the 238U series. From a geochemical point of view, the uranyl complexes are very soluble
in the acidic media. This is not the case for the 4°K and the 232Th series which are less mobile under local geochemical
conditions. Frequent rainfall in the region has also permanently leached and depleted the soil radionuclides, resulting in a
reduced magnitude of the process at present. The thick humic soil covers that limit the erosion phenomena also leads to
low transfer within sites, despite the rugged relief and the steep slopes which generally cause torrential streams. Moreover,
basaltic soils and rocks covering the site do not have significant levels of radioactivity.

Conclusion

Spring, lake and river water samples were collected from Amber Mountain catchment, in northern Madagascar. Measure-
ments indicate that the 49K, the 238U series, and the 232Th series concentrations are well quantified in the water from the
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site. Natural radioactivity levels in waters and soils vary from one place to another, and are not spatially uniform. This can
be explained by the geological characteristics of the area of interest with low levels of radioactive minerals, the geographical
and tropical environmental diversities of the sites studied. The results show that the averages of soil-water transfer rates are
estimated at 4%, 10% and 3% for 4°K, 238U series and 232Th series, respectively. These results are relatively low, especially for
40K and the 232Th series. Migration of the 238U series is also weak but the latter is more mobile, compared to the former
two, because of the soil acidity in the study sites.

To conclude, knowledge of these data makes it possible to evaluate the transfer magnitude and the amount of natural
radionuclides in the waters of the Amber Mountain catchment, located in northern Madagascar. The results of the study are
important because the natural radioactivity contents in drinking water used by the local population are determined. The
potential radiological risks related to ingestion need further investigation in order to help the decision-makers to mitigate
the related health risks.

For the African perspective, and from the literature review conducted during this work, it can be noted that, compared to
other regions, scientific data production lags behind in Africa. This is especially true in the radio-ecological field, due to the
lack of specialized equipment such as nuclear spectrometry and other radio-analytical tools. It is therefore important that for
regional countries and research institutions capable of carrying out such investigation, strengthening research activities and
data production in the radio-ecological field is necessary throughout the African continent to fill the gap, allowing better
contribution to the protection of the African population against the harmful effects of ionizing radiation. The data obtained
makes it possible to consolidate and to build a regional database, therefore allowing having a clear idea of the situation at
the African level. Knowledge and skill exchanges are also advised to strengthen pan-African scientific capacities.
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