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Abstract—This study presents the first comprehensive characterization of natural radioactivity in the volcanic soils of Nosy -Be Island, 
Madagascar. The main objective was to quantify and map the spatial distribution of the specific activities of radionuclides from the 238U and 232Th 
decay series, as well as 40K. A total of 30 soil samples, representative of the island’s geo-pedological variability, were analyzed using gamma-ray 

spectrometry with a NaI(Tl) detector. The results indicate mean specific activities of 33  ± 8 Bq/kg for 238U (2.66 ± 0.69 ppm), 39 ± 9 Bq/kg for 
232Th (9.53 ± 2.25 ppm), and 138 ± 79 Bq/kg for 40K (0.44 ± 0.25%). These values position Nosy-Be as a region of moderate natural radioactivity, 
both in comparison to global averages and within the national context of Madagascar. The key contribution of this work lies in the identification 
of pronounced spatial heterogeneity, strongly driven by the island’s geological and pedological duality. A clear contrast eme rges between the 

western region, formed by recent Pleistocene volcanism, which exhibits elevated radionuclide concentrations and contains the identified hotspots, 
and the eastern region, dominated by older formations and deeply weathered ferrallitic soils, significantly depleted particularly in 40K due to 
intense leaching processes. This study provides the first baseline radiological map of Nosy -Be, offering a critical foundation for future 
environmental assessments and for the sustainable management of the island ’s natural resources.  
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I. INTRODUCTION  

Natural radioactivity is a fundamental component of the Earth’s 
environment. Human exposure to ionizing radiation, 
particularly gamma radiation originates largely from terrestrial 
sources, primarily the decay of primordial radionuclides. 
Among these, the decay chains of uranium-238 (238U) and 

thorium-232 (232Th), along with potassium-40 (40K), are the 
dominant contributors [1-5]. However, the distribution of these 
radionuclides in soils and rocks is highly heterogeneous, being 
intrinsically controlled by local geological settings and 
environmental processes [1-3, 5-7]. 

This spatial heterogeneity stems from the distinct 

geochemical behaviors of these three naturally occurring 
radionuclides. As lithophile and incompatible elements, 
uranium, thorium, and potassium preferentially concentrate in 
the melt during magmatic differentiation, resulting in their 
natural enrichment in evolved igneous rocks such as granites 
and rhyolites. At the Earth’s surface, however, their mobility 

diverges markedly due to weathering processes. Potassium, an 
alkali metal, is highly mobile; it is readily released from host 
minerals such as feldspars during chemical weathering, making 
it particularly prone to leaching under humid climatic 
conditions. Thorium, in contrast, is extremely immobile, it has 
very low solubility and is typically retained in situ within 

weathering profiles or mechanically concentrated in resistant 
heavy minerals. Uranium exhibits intermediate and highly 
variable mobility, strongly influenced by redox conditions: it 
may either remain immobilized in reducing environments or 
become soluble and transported under oxidizing conditions [8]. 

Understanding these geochemical distinctions is essential 
for interpreting radiological landscapes and explains why 

igneous and volcanic rocks often exhibit higher radionuclide 
concentrations than sedimentary formations, except for specific 
deposits such as clays, organic-rich shales, or heavy mineral 
sands [1, 2, 6, 9]. 

Mapping the spatial distribution of natural radionuclides is 
therefore crucial for environmental monitoring, health risk 

assessment, and sustainable land-use planning [4, 5, 9-11]. 
In this context, Nosy-Be, located off the northwest coast of 

Madagascar, presents a particularly compelling case study.  
The island’s complex Cenozoic volcanic history has 

resulted in a diverse geological mosaic of basalts, rhyolites, and 
syenites, giving rise to varied soil types [12-14]. Volcanic 

terrains are known to host elevated levels of natural 
radionuclides due to magmatic enrichment processes [15]. 
Moreover, Nosy-Be displays a pronounced geo-pedological 
duality: its western region is dominated by relatively recent 
volcanic rocks (Pleistocene) with young, weakly developed 
soils, while the eastern region features older geological 

formations overlaid by deeply weathered and intensely leached 
ferrallitic soils under a humid tropical climate [12-13]. This 
contrast strongly suggests differential radionuclide 
redistribution, governed by their respective mobilities in the 
weathering environment. 

Despite its distinctive geological features and socio-

economic importance, no scientific study has yet investigated 
the natural radioactivity of Nosy-Be. This lack of data hinders 
a proper assessment of baseline radiological conditions and 
limits our understanding of the geochemical processes driving 
radionuclide behavior in tropical volcanic settings. 
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This study aims to address this gap by providing the first 
quantitative characterization and spatial mapping of the specific 
activities of 238U and 232Th series radionuclides, as well as 40K, 
in the soils of Nosy-Be Island. More specifically, it seeks to 
elucidate the relationship between the radiological signature of 

the soils and the island’s contrasting geo-pedological units. The 
outcome is a baseline radiological map that will serve as a 
critical reference for future environmental assessments, 
radiological risk evaluations, and the sustainable management 
of the region. 

II. MATERIAL AND METHODS 

2.1.  Study Area Description 

The study was conducted on the Nosy-Be Island, which 
covers approximately 320 km2 and is located off the northwest 
coast of Madagascar, in the DIANA region. The island lies 

between latitudes 13°09′45.13"–13°30′17.93" S and longitudes 
48°07′31.92"–48°24′21.18" E (Fig. 1). 

Nosy-Be exhibits a unique geo-climatic context. Its geology 
is characterized by a mosaic of Cenozoic volcanic formations 
overlying a Mesozoic sedimentary basement (Fig. 2). The area 
is subject to a humid tropical climate, with annual rainfall 

around 2200 mm and an average temperature of 25°C. These 
climatic conditions promote intense chemical weathering of 
parent materials, directly influencing soil formation and 
composition [12-14]. 

 
Fig. 1. Location of sampling points 

The geological chronology of the island starts with a 
Mesozoic (Jurassic) sedimentary basement composed of marly 
and oolitic limestones, bituminous sandstones, argillites, and 
lignites, although these formations are now only sparsely 

exposed (Fig. 2). During the Cenozoic, this basement was 
intruded by plutonic rocks (granites, gabbros, and nepheline 
syenites) forming the Lokobe massif in the southeast. This was 
followed by an early volcanic phase (Neogene to Quaternary) 
that produced extensive basaltic and ankaratrite flows, 

particularly in the eastern and central regions. A more recent 
volcanic episode (Pleistocene) affected the western part of the 
island, creating features such as Mount Passot with rhyolitic, 
basaltic, and better-preserved ankaratrite flows. The most 
recent deposits (Holocene) consist of alluvium in valleys, 
mangrove muds in estuaries, and coastal dunes [12, 13]. This 

lithological diversity, coupled with strong weathering 
processes, results in a wide range of soils that significantly 

affect radionuclide distribution and behaviour [16, 17]. 

 
Fig. 2. General geological map of Nosy-Be, revised by Henri Besairie (1970) 

 

Four main soil types are identified [12, 13]:  

• Ferrallitic soils, developed over older formations (ancient 
basalts, granites), in the east and southeast, are deeply 
weathered, acidic (pH < 5.5), and highly leached. While 

potassium, a mobile element, is expected to be depleted, 
residual enrichment in less mobile elements like uranium 
and thorium may occur. 

• Eutrophic brown soils, formed over recent volcanic 
materials (e.g., tuffs, ashes) in the west, are weakly 

developed but fertile, with near neutral pH. These soils may 
retain high levels of 40K and potentially 238U and 232Th with 
unweathered primary minerals.  

• Young poorly developed soils, found on recent deposits 
(e.g., valley alluvium and coastal sands), exhibit highly 
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variable chemical compositions that reflect the 
characteristics of upstream rocks. 

• Hydromorphic soils, found in poorly drained areas (e.g., 
marshes, footslopes), are subject to reducing conditions due 

to water saturation. These conditions can increase the 
mobility of uranium and thus influence its distribution.  

2.2. Sampling Strategy and Sample Preparation 

Two field campaigns were conducted in August 2023 and 
May 2024. A total of 30 soil samples was collected to represent 
the geo-pedological variability of Nosy-Be. Sampling locations 

were selected based on geological diversity, land use 
(agriculture, forest, coastal, urban), and human activity levels, 
including areas frequently visited by the local population and 
tourists. 

Each sampling point was geo-referenced using a GPS, and 
a map was generated with ArcGIS 10.5, using FTM (Foiben-

Taosarintanin’i Madagasikara) base data and the Laborde 
coordinate system (Fig. 1). 

At each site, approximately 300 g of soil was sampled from 
a 30 cm depth, after removing surface litter and debris to access 
undisturbed soil. Samples were stored in labelled plastic bags 
and coded from NB01 to NB30, with "NB" denoting Nosy-Be. 

Following established procedures, samples were prepared in 
the laboratory at the Institut National des Sciences et 
Techniques Nucléaires (INSTN-Madagascar). Soil was oven-
dried at 105°C, ground, and sieved to < 2 mm to obtain a fine, 
homogeneous powder. This powder was then sealed in 100 cm3 
polyethylene containers and stored for over three weeks to 

allow for secular equilibrium in the 238U decay chain, 
particularly between 226Ra and its progenies. 

2.3. Gamma-ray Spectrometry Measurement 

Quantitative analysis of the specific activities of 238U, 232Th, 
and 40K was performed by gamma-ray spectrometry. The using 
the following setup [3, 10, 18]: 

• Detector: A NaI(Tl) scintillation detector (ORTEC 
905/4), 76.2 mm x 76.2 mm, coupled with a 14-stage 
dynode PMT; 

• Electronics: A acquisition system (ORTEC digiBase) 
including preamplifier, amplifier, ADC, and MCA. 

• Software: ScintiVision for spectrum acquisition and 
analysis; 

• Shielding: A cylindrical shielding system consisting of 
10 mm stainless steel and 30 mm lead to reduce 
background radiation. 

The detector’s full width at half maximum (FWHM) was 
7.5% at 1332.5 keV (60Co peak) [3, 10, 18]. 

Energy and efficiency calibrations were performed prior to 
measurements. The ambient background was measured using 

an empty 100 cm³ container under identical conditions. Each 
sample was counted for 12 hours. 

Energy calibration established a linear correlation between 
MCA channels and gamma energy. 

Efficiency calibration followed the spectrum stripping 
method described by Rybach (1988) and Chiozzi et al. (2000) 

[10, 18-22], defining three energy windows (Fig. 3): 

• K-window: 40K, centered at 1461 keV; 

• U-window: 214Bi (from 238U series), 1764.5 keV; 

• Th-window: 208Tl (from 232Th series), 2614.5 keV. 
Each window was widened to 15% of the peak energy, 

exceeding the 10% typically used, to integrate the full 
photopeak area. 

 
Fig. 3. Energy windows used to quantify 40K, 238U, and 232Th 

 

Table I summarizes the overlap in these windows, which 
was corrected using certified reference materials from the 
IAEA:  

• RGK-1: High purity K2SO4, 448,000 ± 3000 µg/g; 
activity exclusively from 40K;  

• RGU-1: Uranium ore diluted with silica, 400 ± 2 µg/g of 
238U;  

• RGTh-1: Thorium ore diluted with silica, 800 ± 16 µg/g 
of 232Th. 

Each standard was used to calculate stripping coefficients 
and efficiency constants per region of interest. The system of 
equations derived from these calibrations led to the creation of 
an efficiency matrix, which relates observed count rates to 
actual radionuclide activities. 

 
TABLE I. Typical energy windows in gamma -ray spectrometry 

ROI 
Peak Energy  

[Radionuclide] 

Energy ranges 

(keV) 
Convolution*  

(1) 
1461 keV 

[40K] 
1351.4 – 1570.6 

1377.7 (3.92; 214Bi) 

1401.5 (1.55; 214Bi) 

1407.9 (2.8; 214Bi) 

1461.0 (10.67; 40K) 

1509.2 (2.12; 214Bi) 

(2) 
1764.5 keV 

[238U series] 
1632.2 – 1896.8 

1661.3 (1.14; 214Bi) 

1666.5 (8.87; 228Ac) 

1729.6 (2.88; 214Bi) 

1764.5 (15.36; 214Bi) 

1847.4 (2.04; 214Bi) 

(3) 
2614.5 keV 

[232Th series] 
2418.4 – 2810.6 

2447.86 (1.50; 214Bi) 

2614.5 (99.16; 208Tl) 

* Energy (Intensity [%]; Element); ROI: Region of Interest 

2.4. Determination of efficiency constants 

The net count rate ,i jR  observed in a region of interest i for 

a given standard source j, depends on the activities ,n jA  of each 
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radionuclide n present in the standard. This relationship is 
expressed by the following equation [19,20, 22]: 

3

, , ,

1

i j i n n j

n

R A
=

=     (1) 

Where the indices i, j, and n (ranging from 1 to 3) 
respectively denote the regions of interest (1: K, 2: U, 3: Th), 
identifies the standard source (RGK-1, RGU-1, and RGTh-1), 
and corresponds to the radionuclide (40K, 238U, 232Th).  

,i n  is the detection efficiency for radionuclide n in ROI i.  

The net count rate is calculated using the following equation:  

,

, = −
i j

i j i
j

N
R B

t
    (2) 

Where ,i jN  is the number of recorded counts in in ROI i for 

the standard j; jt  is the counting time for standard j; and iB  is 

the background count rate in ROI i.  
Using Equation (1), an efficiency matrix (E) can be 

constructed, relating the net count rates in each ROI to the 
actual activities of the radionuclides in the standards. 

For the RGK-1 standard, which primarily contains 
potassium, only the activity of 40K is significant. The efficiency 

constant 1,1  representing the detection efficiency of 40K in the 

K window, is calculated as: 

1,1
1,1

1,1

 =
R

A
    (3) 

For the RGU-1 standard, the efficiency constants 1,2  and 

2,2  were quantified using Equation (4): 

1,2 2,2
1,2 2,2

2,2 2,2

  and   = =
R R

A A
  (4) 

For the RGTh-1 standard, Equations (5) and (6) were used 

to determine the efficiency constants 1,3 , and 2,3 :  

2,3
1,3 1,3 1,2

3,3 2,2

1


 
= − 

 
 

A
R R

A A
  (5) 

2,3
2,3 2,3 2,2

3,3 2,2

1


 
= − 

 
 

A
R R

A A
  (6) 

The constants 3,2  and 3,3  are determined by combining the 

uranium and thorium count rates in the third region of interest, 
as follows: 

3,2 2,3
3,2 3,3 3,3 3,2

2,2 3,3 2,2

1
  and   

 
= = − 

 
 

R A
R R

A A A
(7) 

2.5. Calculation of Radionuclide Specific Activities  
The net count rates (R) for each region of interest are linked 

to radionuclide activities (A) via the matrix equation: 

   . =R E A     (8) 

Where R is the vector of net count rates ( KR , UR , ThR ) ;  

E is the efficiency matrix (3 x 3) determined during calibration, 

and A is the vector of unknown activities ( KA , UA , ThA ).  

This can be written as [19, 20, 22]: 
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3,2 3,3

0
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 

 
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To determine A, the equation is inverted: 

1,1 1,2 1,3

2,2 2,3

3,2 3,3

0

0

    
    

=     
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U U

Th Th

A a a a R
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A a a R

  (10) 

This results in the following system of equations, where the 

coefficients ,i ja  are the elements of E-1, the inverse of matrix E 

[19, 20, 22]:  

1,1 1,2 1,3

2,2 2,3

3,2 3,3

              

             

 = + +


= +
 = +

K K U Th

U U Th

Th U Th

A a R a R a R

A a R a R

A a R a R

 (11) 

Knowing that the constants of the inverse matrix E-1 must 

be expressed in terms of the efficiency constants ,i n  in the 

three regions of interest. 
Uncertainties in activity were computed using by the law of 

error propagation. The overall uncertainty for each activity is 
given by [19, 20, 22]: 

( ) ( )
,

2 2

,n n i iA i a n i Ri
R a   =  + 

  
  (12) 

Where 
nA  is the final uncertainty on the calculated activity 

for radionuclide n ; n is the index for the radionuclide whose 

activity is being calculated (n = 1 for 40K, n = 2 for 238U, and  
n = 3 for 232Th) ; i is the index for each measurement window  
(i = 1 for the K window, i = 2 for the U window, and i = 3 for 

the Th window); 
i  is the summation over all measurement 

windows i ; 
,n ia  is the coefficient of the inverse matrix that 

relates activity n to count rate i ; iR  is the net count rate in 

measurement window i ; 
,n ia  is the uncertainty on the matrix 

coefficient 
,n ia ; 

iR  is the statistical uncertainty on the net 

count rate iR . 

The detection limit nL  was calculated using the Currie 

formula [18, 19]: 

,

2 2 i

n

i n

B
L

t

 
=   

 
   (13) 

Where iB  is the background count, 
,i n  the efficiency, and 

t  the counting time.  

To facilitate interpretation, specific activities (in Bq/kg) 
were converted into elemental concentrations (in ppm or %) 
using [2, 24-27]: 

,

E E
C

E A A E

A M C
E

N f

 
=

 
   (14) 

Where EC represents the elemental concentration of the 
radionuclide E in the sample. The terms ME, λE, fA,E, and AE 
respectively denote the atomic mass (kg/mol), the decay 

constant (s-1), the natural isotopic abundance, and the measured 
specific activity (Bq/kg) of radionuclides (e.g., 238U, 232Th or 
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40K); NA is Avogadro’s number (6,023x1023 atoms/mol); C is a 
unit conversion factor: 106 for uranium and thorium, or 102 for 
potassium. Accordingly, the elemental concentrations of 
uranium and thorium are expressed in parts per million (ppm), 
where 1 ppm equals 1 mg/kg, while potassium concentration is 

expressed as a percentage (%) due to its significantly higher 
natural abundance compared to uranium or thorium.  

Alternatively, using standard conversion factors [24, 27-
29]:  

• 1 ppm U = 12.35 Bq/kg of 238U;  

• 1 ppm Th = 4.06 Bq/kg of 232Th; 

• 1% K = 313 Bq/kg of 40K  
Uncertainties on elemental concentrations were propagated 

from those on specific activities.  

III. RESULTS AND DISCUSSION 

The specific activities of radionuclides from the 238U and 
232Th decay series, as well as 40K, were measured in the 30 soil 
samples collected on Nosy-Be Island. The detailed results, 
along with their statistical analysis, and their geo-pedological 
interpretation are presented below.  

3.1. Specific Activities of Radionuclides and Statistical Analysis 

The specific activities of the 238U and 232Th decay series and 
40K were quantified in the 30 soil samples. The measured values 
are reported in Table II. 

The specific activity of the 238U series ranges from 24 to 68 
Bq/kg, with a mean of 33 ± 8 Bq/kg. For the 232Th series values 

range from 22 to 71 Bq/kg, with an average of 39 ± 9 Bq/kg. 
The 40K activity displays the greatest variability, ranging from 
51 to 480 Bq/kg, with a mean value of 138 ± 79 Bq/kg.  

Analysis of the statistical distributions (Table III) indicates 
that none of the three radionuclides follow a normal 
distribution, as confirmed by the Shapiro-Wilk test (p < 0.05). 

Frequency histograms (Fig. 4, 5, and 6) and the high, 
positive skewness values (2.49 for 238U, 1.44 for 232Th, and 2.88 
for 40K) indicate right-skewed distributions. This shape 
suggests the presence of a few samples with significantly higher 
concentrations than the majority, interpreted as radiological 
hotspots. Sample NB24, with values of 68 Bq/kg (238U), 71 

Bq/kg (232Th), and 480 Bq/kg (40K), is identified as the main 
hotspot in this study. 

When compared with global reference values published by 
UNSCEAR [1] (Table II), the results reflect the unique 
geochemical signature of Nosy-Be, assessed using both specific 

activities and elemental concentrations. For uranium, the mean 
specific activity of the 238U series (33 ± 8 Bq/kg) and its 
corresponding elemental concentration (2.66 ± 0.69 ppm) are 
close to global averages of 35 Bq/kg and 2.83 ppm, 
respectively. 

In contrast, thorium levels slightly exceed the global 
reference values. The mean specific activity of the 232Th series 
is 39 ± 9 Bq/kg (versus the global average of 30 Bq/kg), and its 
corresponding concentration is 9.53 ± 2.25 ppm (compared to 
7.39 ppm globally). This slight enrichment is consistent with 
the island’s predominantly magmatic lithology, which naturally 

tends to be richer in thorium. 
The most notable deviation involves potassium. The mean 

specific activity of 40K, at 138 ± 79 Bq/kg, is significantly 
below the global average of 400 Bq/kg. Similarly, the mean 
elemental concentration of 0.44 ± 0.25 % is approximately one-
third of the global average of 1.28 %. As shown in Table II, 

potassium values are highly variable, ranging from 51 Bq/kg to 
480 Bq/kg, confirming considerable heterogeneity. This low 
concentration and high dispersion strongly indicate intense 
leaching, a phenomenon where the highly mobile potassium 
ions are readily washed away by heavy tropical rains. This leads 
to general depletion, especially in old and weathered soils .  

Therefore, while uranium and thorium levels place Nosy-Be 
within a typical geochemical range for volcanic terrains, the 
marked potassium deficiency serves as a clear indicator of 
intense climatic weathering of the island’s soils . 

To further contextualize these results, the measured specific 
activities are compared to data from various regions of 

Madagascar, representing different geological settings (Table 
IV). This comparative analysis allows an assessment of Nosy-
Be’s radiological signature at the national scale and its 
placement relative to known high-radioactivity zones. 

A marked contrast is observed with highly mineralized 
areas such as Ampasimbe (Fenoarivo Atsinanana district) and 

Fort-Dauphin, where radionuclide concentrations are several 
times higher than those in Nosy-Be [7, 30]. This confirms that 
Nosy-Be exhibits moderate natural radioactivity within the 
national context.  

Comparisons with other Malagasy magmatic massifs reveal 
significant variations, even within similar geological contexts. 

For example, the Amber Mountain volcanic massif [3] has 
comparable 238U activity (44 Bq/kg vs. 33 Bq/kg in Nosy-Be), 
but shows significantly higher levels of 232Th (90 Bq/kg) and 
40K (218 Bq/kg).  

  
TABLE II. Specific activities and elemental concentrations of natural radionuclides in the volcanic soil of Nosy -Be 

Sample ID GPS Coordination  Specific activity (Bq/kg) Elemental concentration (ppm) 

Latitude (N) Longitude (E) 238U 232Th 40K U Th K 

NB01 13°23'00.88"S 48°12'32.71"E 26 ± 2 30 ± 5 128 ± 6 2.11 ± 0.16 7.39 ± 1.23 0.41 ± 0.02 

NB02 13°21'16.96"S 48°11'32.59"E 33 ± 2 41 ± 4 166 ± 6 2.67 ± 0.16 10.10 ± 0.99 0.53 ± 0.02 

NB03 13°20'07.61"S 48°11'08.86"E 40 ± 2 46 ± 4 106 ± 5 3.24 ± 0.16 11.33 ± 0.99 0.34 ± 0.02 

NB04 13°19'16.23"S 48°13'49.09"E 27 ± 2 47 ± 4 122 ± 6 2.19 ± 0.16 11.58 ± 0.99 0.39 ± 0.02 

NB05 13°17'41.38"S 48°11'58.99"E 41 ± 3 44 ± 8 175 ± 11 3.32 ± 0.24 10.84 ± 1.97 0.56 ± 0.04 

NB06 13°16'03.83"S 48°11'46.68"E 31 ± 2 34 ± 5 178 ± 7 2.51 ± 0.16 8.37 ± 1.23 0.57 ± 0.02 

NB07 13°17'10.87"S 48°15'09.06"E 33 ± 2 34 ± 4 134 ± 6 2.67 ± 0.16 8.37 ± 0.99 0.43 ± 0.02 

NB08 13°13'40.58"S 48°15'22.59"E 39 ± 2 39 ± 4 51 ± 4 3.16 ± 0.16 9.61 ± 0.99 0.16 ± 0.01 

NB09 13°13'07.20"S 48°16'43.08"E 34 ± 1 32 ± 3 194 ± 6 2.75 ± 0.08 7.88 ± 0.74 0.62 ± 0.02 

NB10 13°14'07.47"S 48°18'08.84"E 35 ± 1 44 ± 3 146 ± 5 2.83 ± 0.08 10.84 ± 0.74 0.47 ± 0.02 

NB11 13°16'35.65"S 48°19'29.49"E 33 ± 2 30 ± 5 138 ± 6 2.67 ± 0.16 7.39 ± 1.23 0.44 ± 0.02 
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NB12 13°19'13.56"S 48°16'45.28"E 26 ± 1 36 ± 3 52 ± 3 2.11 ± 0.08 8.87 ± 0.74 0.17 ± 0.01 

NB13 13°19'39.27"S 48°19'44.28"E 43 ± 1 51 ± 4 214 ± 7 3.48 ± 0.08 12.56 ± 0.99 0.68 ± 0.02 

NB14 13°22'02.59"S 48°18'59.23"E 42 ± 2 40 ± 4 128 ± 6 3.40 ± 0.16 9.85 ± 0.99 0.41 ± 0.02 

NB15 13°23'22.44"S 48°20'29.59"E 34 ± 2 37 ± 4 157 ± 6 2.75 ± 0.16 9.11 ± 0.99 0.50 ± 0.02 

NB16 13°24'34.38"S 48°21'19.77"E 24 ± 1 22 ± 3 73 ± 3 1.94 ± 0.08 5.42 ± 0.74 0.23 ± 0.01 

NB17 13°24'03.86"S 48°18'07.53"E 32 ± 2 42 ± 4 64 ± 4 2.59 ± 0.16 10.34 ± 0.99 0.20 ± 0.01 

NB18 13°23'24.64''S 48°16'22.27''E 29 ± 2 38 ± 5 100 ± 6 2.35 ± 0.16 9.36 ± 1.23 0.32 ± 0.02 

NB19 13°24'24.96''S 48°16'30.32''E 35 ± 2 37 ± 5 130 ± 7 2.83 ± 0.16 9.11 ± 1.23 0.42 ± 0.02 

NB20 13°24'20.26''S 48°15'19.17''E 27 ± 2 34 ± 6 185 ± 8 2.19 ± 0.16 8.37 ± 1.48 0.59 ± 0.03 

NB21 13°24'03.93''S 48°14'38.67''E 33 ± 2 44 ± 5 129 ± 6 2.67 ± 0.16 10.84 ± 1.23 0.41 ± 0.02 

NB22 13°23'08.44''S 48°14'53.07''E 25 ± 2 36 ± 5 138 ± 7 2.02 ± 0.16 8.87 ± 1.23 0.44 ± 0.02 

NB23 13°23'25.90''S 48°15'28.80''E 32 ± 2 33 ± 5 109 ± 6 2.59 ± 0.16 8.13 ± 1.23 0.35 ± 0.02 

NB24 13°21'24.89''S 48°15'25.07''E 68 ± 3 71 ± 7 480 ± 16 5.51 ± 0.24 17.49 ± 1.72 1.53 ± 0.05 

NB25 13°26'31.79"S 48°20'49.39"E 25 ± 1 27 ± 3 68 ± 4 2.02 ± 0.08 6.65 ± 0.74 0.22 ± 0.01 

NB26 13°27'01.76"S 48°21'35.57"E 24 ± 1 30 ± 3 92± 4 1.94 ± 0.08 7.39 ± 0.74 0.29 ± 0.01 

NB27 13°28'38.74"S 48°22'16.80"E 28 ± 1 35 ± 3 104 ± 5 2.27 ± 0.08 8.62 ± 0.74 0.33 ± 0.02 

NB28 13°29'41.33"S 48°21'33.92"E 28 ± 2 51 ± 4 99 ± 5 2.27 ± 0.16 12.56 ± 0.99 0.32 ± 0.02 

NB29 13°29'48.19"S 48°20'29.75"E 32 ± 2 42 ± 4 64 ± 4 2.59 ± 0.16 10.34 ± 0.99 0.20 ± 0.01 

NB30 13°27'25.09"S 48°19'32.92"E 28 ± 2 34 ± 5 205 ± 8 2.27 ± 0.16 8.37 ± 1.23 0.65 ± 0.03 

Mean ± Standard Deviation 33 ± 8 39 ± 9 138 ± 79 2.66 ± 0.69 9.53 ± 2.25 0.44 ± 0.25 

(Minimal value – maximal value) (24 – 68) (22 – 71) (51 – 480) (1.94 – 5.51) (5.42 – 17.49) (0.16 – 1.53) 

Worldwide mean value* 35 30 400 2.83 7.39 1.28 

* These average values were obtained by converting the worldwide average activity concentrations for ²³²Th (30 Bq/kg), ²³⁸U (35 Bq/kg), and ⁴⁰K (400 Bq/kg), as 

reported in the UNSCEAR 2000 report [1], into their respective elemental concentrations using Eq uation (14).  
 

To contextualize the present results, the specific activities 
measured in the soils of Nosy-Be are also compared to literature 
data from different regions of Madagascar, which represent 

various geological contexts (Table IV). This comparative 
analysis allows for an evaluation of Nosy-Be's radiological 
signature on a national scale and to position it relative to regions 
known for their high radioactivity levels. 

The analysis reveals a striking contrast with high-
mineralization zones such as Ampasimbe (district of Fenoarivo 

Atsinanana) and Fort-Dauphin. The mean specific activities of 
the three natural radionuclides in the soils of Nosy-Be are 
several orders of magnitude lower than those in these two 
localities [7, 30]. This confirms that, within Madagascar, Nosy-
Be is a region of moderate natural radioactivity.  

Comparison with other Malagasy magmatic massifs reveals 

notable variations despite sometimes similar geological 
contexts. The Amber Mountain volcanic massif [3], for 
example, exhibits comparable activity levels for 238U (44 Bq/kg 
vs. 33 Bq/kg in Nosy-Be), but markedly higher levels for 232Th 
(90 Bq/kg) and 40K (218 Bq/kg).  

 
TABLE III. Statistical distribution of the activities of natural radionuclides 

Statistical parameters 238U 232Th 40K 

Number of samples 30 30 30 

Mode 33.00 34.00 64.00a 

Mean 32.90 38.70 137.63 

Std. Error of Mean 1.56 1.67 14.40 

Std. Deviation 8.56 9.14 78.90 

Minimum 24.00 22.00 51.00 

25th percentile 27.00 33.75 97.25 

50th percentile (Median) 32.00 37.00 128.50 

75th percentile 35.00 44.00 168.25 

Maximum 68.00 71.00 480.00 

Skewness 2.49 1.44 2.88 

Kurtosis 9.11 4.33 12.03 

Test of Normality (Shapiro-Wilk) <0.001 0.011 <0.001 

 

 
Fig. 4. Frequency distribution of specific activities of the 238U series 

 

 
Fig. 5. Frequency distribution of specific activities of the 232Th series 
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Fig. 6. Frequency distribution of specific activities of 40K 

 

The Vakinankaratra region [31], which encompasses the 

Ankaratra volcanic complex, exhibits considerably higher 
concentrations for all three radionuclides (176 Bq/kg for 238U, 
126 Bq/kg for 232Th, and 467 Bq/kg for 40K), reflecting a much 
richer geochemical signature. In contrast, the Ambilobe district 
[22], also of volcanic origin, presents lower levels of 238U (18 
Bq/kg), similar 232Th activity (40 Bq/kg), and notably higher 
40K content (518 Bq/kg). These findings demonstrate that, even 
in volcanic settings, radionuclide distribution is governed by the 
unique geochemistry of each magmatic province.  

An analysis of nearby regions with distinct geochemical 
traits is also illuminating. Although part of the same 
northwestern magmatic province, Nosy-Be differs significantly 

from adjacent areas that have undergone elemental enrichment. 
The Ampasindava peninsula [32], which hosts a rare earth 
element (REE) deposit, is notably enriched in 238U (76 Bq/kg) 
and especially in 232Th (261 Bq/kg), consistent with REE-
associated radioactivity. Similarly, Ambanja and its 
surroundings [18], known for alkaline rocks and carbonatite 

intrusions, exhibit elevated activity levels, particularly for 232Th 
(123 Bq/kg) and 40K (730 Bq/kg). These comparisons 
demonstrate that Nosy-Be has not experienced the same 
radiogenic enrichment processes as its neighbours. 

Finally, comparisons with non-volcanic settings offer further 
insights. In crystalline basement regions, Nosy-Be soils are 

geochemically distinct. Areas such as Antananarivo [7] and 
Befandriana Nord [33], both underlain by Precambrian 
basement and lateritic soils, show lower 238U levels (14 and 21 
Bq/kg, respectively) but much higher activities for 232Th (75 
and 198 Bq/kg) and 40K (448 and 200 Bq/kg), reflecting granitic 
and metamorphic influences. 

In contrast, Nosy-Be shares similarities with sedimentary and 
coastal formations that lack concentrated mineralization. This 
is the case in the Antalaha district (33 Bq/kg for 238U, 54 Bq/kg 
for 232Th) [10], and the Antalaha-Ambohitralanana coastline, 
which shows nearly identical values (34 Bq/kg for 238U and 38 
Bq/kg for 232Th) [5]. However, this context differs sharply from 

the coastal sands of the Antsiranana I region, where 
sedimentary sorting processes have led to high 238U levels (109 

to 139 Bq/kg in Ramena, Orangea, and Baie des Français beach 
sands) [20, 34], a phenomenon absent in Nosy-Be’s volcanic 
soils. 

In summary, this comprehensive comparative analysis 
confirms that the soils of Nosy-Be exhibit moderate natural 

radioactivity. Their radiological signature is distinct from that 
of other volcanic centers, lacks the enrichment observed in 
neighboring regions, and differs fundamentally from that of 
crystalline basement or mineral-rich coastal sands. These 
findings highlight the primary role of parent rock lithology and 
local weathering processes in governing radionuclide 

distribution in soils. 
 

TABLE IV. Comparison of similar study of natural radioactivity in soil 

samples from different localities of Madagascar 

Locality 

Average specific activity 

(Bq/kg) Reference 
238U 232Th 40K 

Nosy-Be 33 39 138 
Present 

work 

Amber Mountain, 

Antsiranana II 
44 90 218 [3] 

Antalaha-Ambohitralanana 

littoral zone 
34 38 300 [5] 

Antananarivo 14 75 448 [7] 

Fort-Dauphin 299 1827 420 [7] 

Antalaha District 33 54 277 [9] 

Ambanja city and its 

Surroundings 
44 123 730 [17] 

Ramena-Orangea beach, 

Antsiranana II 
109 77 198 [19] 

Ambilobe District 18 40 518 [21] 

Ampasimbe, Fenoarivo 

Atsinanana District 
5390 21336 575 [29] 

Vakinankaratra, Antsirabe 176 126 467 [30] 

Ampasindava peninsula, 

Ambanja 
76 261 355 [31] 

Befandriana Nord District 21 198 200 [32] 

Baie des Français littoral 

zone, Antsiranana I 
139 126 313 [33] 

3.2. Spatial Distribution Analysis and Geo-pedological 

Correlation 

The spatial distribution of radionuclides on Nosy-Be reveals 

a coherent pattern, primarily controlled by the dual influence of 
the island’s geological substrate and the intensity of weathering 
processes. This interpretation is further supported by 
comparisons with European geochemical baselines and 
analogous volcanic settings. 

Fig. 7 illustrates the spatial distribution of 238U. The highest 

specific activities (ranging from 44 to 68 Bq/kg), corresponding 
to uranium concentrations of up to 5.51 ppm, are consistently 
located in the western part of the island. This sector is 
characterized by relatively recent (Pleistocene) volcanic 
formations composed of rhyolites and basalts. Uranium, being 
an incompatible element, tends to concentrate in these 
differentiated magmatic rocks during crystallization. The 

youthful soils derived from these rocks, having undergone 
limited weathering, have largely preserved this primary 
geochemical signature. In contrast, the eastern part of the 
island, dominated by older and intensely weathered ferrallitic 
soils, exhibits lower and more homogeneous uranium levels 
(typically between 24 and 35 Bq/kg).  
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The mean uranium concentration in Nosy-Be soils 
(2.66 ppm) is close to the median value reported for European 
surface soils (2.94 ppm) [8]. Even the island’s hotspot 
(5.51 ppm) remains moderate in comparison to other active 
volcanic regions, such as the Aeolian Islands, where uranium 

concentrations in recent rhyolitic rocks can reach up to 
20.0 ppm [19]. This confirms that uranium-related radioactivity 
in Nosy-Be, although spatially heterogeneous, falls within a 
moderate and geochemically normal range. 

In comparison, the mean uranium concentration in Nosy-Be 
soils (2.66 ppm) is very close to the median estimated for 

European surface soils, which is 2.94 ppm [8]. Even the hotspot 
of Nosy-Be (5.51 ppm) remains a moderate value, well below 
the concentrations observed in other active volcanic contexts 
such as the Aeolian Islands, where recent rhyolitic rocks can 
reach 20.0 ppm of uranium [19]. This confirms that the uranium 
radioactivity of Nosy-Be, although heterogeneous, is within a 

moderate range.  
 

 
Fig. 7. Influence of geological formations on the specific activity of the 238U 

series in the volcanic soil of Nosy-Be 

 

A similar distribution pattern is observed for 232Th, as 
shown in Fig. 8. The highest specific activities (52 to 71 Bq/kg), 
corresponding to concentrations up to 17.49 ppm, are also 
found in the island’s western sector, closely associated with the 

same volcanic formations. Consistent with its geochemical 
behavior, thorium was co-enriched with uranium in these 
magmatic rocks. However, the east–west gradient in thorium 
distribution is less pronounced than for potassium. This is 
attributable to thorium’s extremely low geochemical mobility, 
which enables it to remain relatively immobile even in highly 

weathered profiles. As a result, thorium is better conserved in 
situ, even in the older and more altered soils of the eastern part 
of the island. 

 
Fig. 8. Influence of geological formations on the specific activity of the 232Th 

series in the volcanic soil of Nosy-Be  

 
Fig. 9. Influence of geological formations on the specific activity of the 40K in 

the volcanic soil of Nosy-Be 
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The mean thorium concentration in Nosy-Be (9.53 ppm) is 
almost identical to the European soil median (9.3 ppm)  [8], 
reinforcing the characterization of the island as geochemically 
standard in terms of thorium content. Again, comparison with 
the Aeolian Islands highlights Nosy-Be’s moderate nature: 

felsic formations on Vulcano Island can exhibit thorium 
concentrations as high as 63.4 ppm [19], nearly four times the 
island’s maximum value. Thus, thorium distribution supports 
the geological interpretation while confirming the absence of 
anomalous radioactivity. 

In contrast, the most striking geo-radiological disparity 

concerns 40K, as depicted in Fig. 9. The highest specific 
activities (ranging from 215 to 480 Bq/kg), corresponding to 
potassium concentrations between 0.68% and 1.53%, are 
strongly concentrated in the western region. These elevated 
values reflect the abundance of potassium-bearing minerals 
(notably feldspars) in the young volcanic rocks. Conversely, the 

eastern and central parts of the island exhibit marked depletion, 
with specific activities frequently below 100 Bq/kg (i.e., 
potassium concentrations below 0.32%). This profound deficit 
clearly illustrates the effects of long-term, intense leaching 
processes under tropical climatic conditions, which lead to 
substantial loss of this highly mobile element. 

Potassium depletion is arguably the most distinctive 
geochemical feature of Nosy-Be on a continental scale. The 
island's average potassium concentration (0.44%) is far below 
the European median of approximately 1.58% [8]. Even its 
highest recorded value (1.53%) barely reaches the European 
mean. When compared to potassium-rich Italian volcanic rocks, 

which can reach concentrations of up to 6.1% [19], the relative 
scarcity of potassium in Nosy-Be becomes even more evident. 
These findings clearly demonstrate that potassium distribution 
is the most sensitive tracer of both parent rock composition and 
the intensity of climatic weathering on the island. 

Overall, a pronounced geo-radiological contrast emerges 

between the younger, radiologically enriched western part of 
Nosy-Be and its older, heavily weathered and radiologically 
depleted eastern sector, especially with respect to potassium. 
Intense chemical weathering, amplified by tropical rainfall and 
erosion, acts as the principal driver of elemental redistribution, 
ultimately controlling the observed spatial heterogeneity in 

natural radioactivity across the island’s surface. 

IV. CONCLUSION 

This study presents the first comprehensive assessment of 
natural radioactivity and spatial distribution mapping of 238U, 
232Th, and 40K in the volcanic soils of Nosy-Be Island. The 
measured mean specific activities 33 ± 8 Bq/kg for the 238U 
series, 39 ± 9 Bq/kg for the 232Th series, and 138 ± 79 Bq/kg for  

40K position Nosy-Be as a region of moderate natural 
radioactivity, both at the national level and in comparison, with 
international reference values. Unlike other geological zones in 
Madagascar, the island does not exhibit extreme radiological 

anomalies. 
The principal contribution of this work lies in the 

demonstration of marked spatial heterogeneity, driven by the 
dual influence of geology and pedology, thus confirming the 
central hypothesis of the study. A clear contrast emerges 

between the eastern part of the island, dominated by ancient, 
highly weathered, and leached ferrallitic soils with significantly 
depleted 40K content, and the western part, characterized by 
recent volcanic formations and immature soils. The latter 
retains elevated concentrations of radionuclides, particularly 

potassium and includes the radiological hotspots identified in 
this survey. 

This work establishes the first radiological baseline map of 
Nosy-Be, a critical tool for future environmental monitoring, 
regional geochemical studies, and the sustainable management 
of natural resources. It provides a scientific foundation for 

further multidisciplinary investigations. 
It is important to emphasize that this study focuses solely on 

the geochemical characterization and quantification of natural 
radionuclide concentrations. It does not assess their potential 
health impacts. Consequently, these results constitute essential 
baseline data for future radiological risk assessments, 

particularly for modeling and quantifying external dose rates 
affecting both the local population and visitors. 
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