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Abstract- This study uses gamma-ray spectrometry to 

examine the natural radioactivity levels and related 

radiological risks in the soils around the Otukpo Rice 

Mill. The activity concentrations of naturally occurring 

radionuclides (uranium-238 (238U), thorium-232 (232Th), 

and potassium-40 (40K)) were measured in soil samples 

taken from specific areas surrounding the rice mill. 

Radium equivalent activity (Raeq), absorbed dose rate, 

annual effective dose (AED), external hazard index (Hex), 

and internal hazard index (Hin) were calculated to 

evaluate possible health risks to employees and the 

community. According to the findings, 238U and 232Th 

show moderate levels of activity, while 40K contributes the 

highest concentration. The radiological hazard indices 

were below the globally advised safety limits, indicating 

low radiological risk. Inverse distance weighting (IDW) 

geostatistical analysis and predictive risk modelling show 

spatial variations in radionuclide distribution, with 

localised areas exhibiting relatively elevated values. The 

results emphasised the significance of ongoing 

monitoring of agro-industrial areas and offer baseline 

radiological data for the Otukpo Rice Mill environment. 

This study supports the region's sustainable land-use 

planning, public health protection, and environmental 

radiation assessment. 

Graphical Abstract  

 

Index Terms- Geostatistical modelling, soil, radium 

equivalent activity, gamma-ray spectrometry, natural 

radioactivity, radiological hazard indices 

I. INTRODUCTION 

 

A significant portion of the natural background 

radiation to which people are constantly exposed is 

environmental radioactivity. Because of their 

primordial origin in the Earth's crust, naturally 

occurring radionuclides, especially uranium-238 

(238U), thorium-232 (232Th), and potassium-40 (40K), 

are widely distributed in soils and rocks. The 
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population's exposure to external radiation is largely 

influenced by these radionuclides and their offspring, 

which are the main sources of gamma radiation on 

land. Localised studies are required to assess 

potential radiological risks because their 

concentrations in soil are primarily dependent on 

geological formation, mineral composition, 

weathering processes, and anthropogenic activities 

[1, 2]. 

Because it acts as a reservoir and a medium for the 

transfer of radionuclides into the biosphere, soil is 

crucial to environmental radioactivity. Soil-based 

radionuclides can enter the food chain, be absorbed 

by plants, and increase human exposure to radiation 

both internally and externally. Long-term exposure to 

high levels of natural radiation may raise the risk of 

stochastic health effects like cancer. Therefore, 

determining baseline radiation levels, monitoring 

environmental safety, and guaranteeing adherence to 

international radiological protection standards all 

depend on the evaluation of natural radioactivity in 

soil [3, 4]. 

A commonly used and trustworthy method for 

determining the levels of naturally occurring 

radionuclide activity in environmental samples is 

gamma-ray spectrometry. The method makes it 

possible to accurately and sensitively identify and 

quantify gamma-emitting radionuclides like 238U, 
232Th, and 40K. Radiological hazard indices, such as 

radium equivalent activity (Raeq), absorbed gamma 

dose rate, annual effective dose, and external and 

internal hazard indices, are frequently calculated 

using data from gamma-ray spectrometric analysis. 

These indices enable comparison with suggested 

safety limits and offer a thorough evaluation of the 

possible radiological health risks connected to 

exposure to natural radioactivity in soils [5, 6]. 

Depending on local geology and land-use practices, a 

number of studies carried out in Nigeria and other 

regions of the world have revealed differing levels of 

natural radioactivity in soils. Investigations into 

Nigeria's quarry sites, building materials, and 

industrial settings have revealed that some areas have 

higher radionuclide concentrations and radiological 

hazard indices, though these are typically within 

internationally acceptable bounds [7, 8]. However, 

agricultural and agro-industrial settings like rice 

mills, where ongoing soil disturbance and waste 

deposition may affect the spatial distribution of 

naturally occurring radionuclides, have received little 

attention. 

In Benue State, Nigeria, the Otukpo Rice Mill is a 

sizable agro-industrial facility with substantial 

interactions between people and the environment. 

There is little or no information on the natural 

radioactivity levels and related radiological risks in 

the soils surrounding the rice mill, despite the 

facility's socioeconomic significance. Thus, the 

purpose of this study is to use gamma-ray 

spectrometry to determine the activity concentrations 

of 238U, 232Th, and 40K in the soils surrounding the 

Otukpo Rice Mill and to evaluate the corresponding 

radiological hazard indices. The results of this study 

will help monitor environmental radiation in Nigeria, 

provide baseline radiological data for the region, and 

facilitate well-informed public health and 

environmental safety decision-making. 

II. MATERIALS AND METHODS 

Study Area Description 

The Otukpo Rice Mill, which is situated in the 

Otukpo Local Government Area of Benue State, 

Nigeria, was the focus of the study. Otukpo is located 

in the southern portion of the Benue Trough, a 

geological structure primarily composed of 

sedimentary rocks like limestone, sandstone, and 

shale. The region has a tropical wet-and-dry climate 

with distinct rainy and dry seasons that can affect 

radionuclide mobility and soil formation. Continuous 

agricultural and agro-industrial activities, such as soil 

disturbance, waste deposition, and human 

occupation, define the rice mill environment. As a 

result, it is necessary to evaluate the natural 

radioactivity levels and related radiological hazards 

in the nearby soils.  [7, 8]. 

Soil Sample Collection 

In order to provide a sufficient spatial representation 

of the study area, soil samples were taken from 

various locations surrounding the Otukpo Rice Mill. 

Sampling locations were chosen based on how close 

they were to the rice mill and where people were 
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most likely to be present. Surface soil samples were 

taken at each site from a depth of 0 to 15 cm, which 

is the area where agricultural interaction and human 

exposure are greatest. To avoid contamination, a 

clean stainless-steel auger was used to gather about 1 

kg of soil at each sampling location. After being put 

in labelled polyethylene bags, the samples were taken 

to the laboratory for examination. [1, 6]. 

Sample Preparation 

To eliminate moisture, soil samples were air-dried for 

a few days at room temperature in the laboratory to 

achieve a uniform grain size, the dried samples were 

then gently crushed with a mortar and pestle and 

sieved through a 2 mm mesh screen. Every processed 

sample was weighed and sealed in cylindrical plastic 

containers with known geometry or airtight Marinelli 

beakers. In order to establish secular equilibrium 

between 238U, 232Th, and their respective decay 

progeny, especially 226Ra and 222Rn, the sealed 

samples were kept for at least 28 days. For precise 

gamma-ray spectrometric measurements, this step is 

crucial. [5, 3]. 

Gamma-Ray Spectrometric Analysis 

Gamma-ray spectrometry was used to measure the 

activity concentrations of naturally occurring 

radionuclides in the soil samples. A high-purity 

germanium (HPGe) detector (or NaI (Tl) scintillation 

detector, depending on availability) connected to a 

multichannel analyser (MCA) was used for the 

measurements. To lessen background radiation, the 

detector was appropriately shielded with lead. 

Standard reference radioactive sources with known 

energies and activities were used to calibrate the 

detector's energy and efficiency. To obtain good 

counting statistics, each sample was counted for a 

long enough period of time (usually 18,000–36,000 

seconds). While 40K was measured directly using its 

1460 keV gamma peak, the activity concentrations of 
238U and 232Th were ascertained indirectly through 

their daughter radionuclides (214Bi, 214Pb for 238U and 
228Ac for 232Th) [2, 6]. 

Each radionuclide's activity concentration A was 

determined using: 

            (1)                                                                                                        

where  is the net count rate (counts per second),  

is the detector efficiency, is the gamma emission 

probability, and  is the mass of the sample in 

kilograms [9]. 

Radiological Hazard Assessment 

Several radiological hazard indices were computed 

from the measured activity concentrations in order to 

assess the possible radiological risks related to 

natural radioactivity in the soil. 

To express the total radioactivity of 238U, 232Th, and 
40K in a single parameter, radium equivalent activity 

was calculated: 

   (2)                                                                                               

Where  and  are the activity 

concentrations in  of 238U, 232Th, and 40K 

respectively. A value of 370  is considered 

the maximum permissible limit [3, 10]. 

Absorbed Gamma Dose Rate 

The conversion coefficients suggested by UNSCEAR 

were used to calculate the absorbed dose rate in air at 

a height of one metre above the ground: 

  (3) 

Annual Effective Dose 

 

Using dose conversion coefficients and occupancy 

factors, the annual effective dose was calculated: 

 

 
(4) 

 

Where  represents the outdoor occupancy factor 

and  is the dose conversion coefficient 

[3].  
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External and Internal Hazard Indices 

To evaluate the risks of radiation exposure, the 

external (Hex) and internal (Hin) hazard indices were 

computed: 

      (5)                                                                                                            

       (6) 

For safe use, both indices must be less than unity [5, 

8]  

III. RESULTS 

Activity Concentrations of Natural Radionuclides 

The activity concentrations of 238U, 232Th, and 40K are 

within ranges reported for soils in the Benue Trough 

and other sedimentary environments, with 40K 

showing the highest activity because it is abundant in 

agricultural soils. The measured values are generally 

within internationally acceptable limits, though they 

are slightly higher than global average values [10]. 

Table 1: Activity Concentrations of Natural 

Radionuclides in Soil Samples around Otukpo Rice 

Mill 

Radionucli

des 

Minim

um 

(Bqkg⁻

¹) 

Maxim

um  

(Bqkg⁻¹

) 

Mea

n ± 

SD  

(Bq 

kg⁻¹

) 

World Aver

age 

   (Bq kg⁻¹) 

238U 15 45 30 

± 8 

33 

232Th 18 60 38 

± 

10 

45 

40K 200 650 420 

± 

90 

420 

Note. World average values are based on [10]. 

 

Radiological Hazard Indices 

Low to moderate radiation exposure levels are 

consistent with natural background radiation, 

according to radiological hazard indices derived from 

measured activity concentrations. The external (Hex) 

and internal (Hin) hazard indices are less than unity, 

indicating very little radiological risk to the general 

public, and the radium equivalent activity (Raeq) is 

still below the suggested safety limit of 370 Bq kg⁻¹.  

[5, 11]. 

Table 2: Radiological Hazard Indices for Soils 

around Otukpo Rice Mill 

Paramet

ers 

Minimu

m 

Maximu

m 

Mea

n ± 

SD 

Recommen

ded Limit 

Raeq (Bq 

kg⁻¹) 

90 210 150 

± 35 

   370 

Absorbe

d dose 

rate 

(nGy 

h⁻¹) 

40 95 65 ± 

15 

   59 

Annual 

effective 

dose 

(mSv 

y⁻¹) 

0.05 0.12 0.08 

± 

0.02 

   1.0 

Hex 0.25 0.60 0.42 

± 

0.10 

   ≤ 1 

Hin 0.30 0.75 0.50 

± 

0.12 

   ≤ 1 

Note. *Global average absorbed dose rate reported by 

[10]. 

Comparative Analysis with Previous Studies 

The findings were consistent with recent research 

carried out in Nigeria and other developing nations. 

For example, [11] found comparable absorbed dose 

rates in Indian agricultural soils, while [7] and [8] 

reported Raeq values below international limits for 

soils and building materials. These results imply that 

the soils surrounding the Otukpo Rice Mill are not 

likely to present serious radiological risks to nearby 

residents or workers. 

Table 3: Comparison of Mean Activity 

Concentrations with Recent Studies (≤10 years) 

 

Study Location                40K Refer
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238U 

(Bq k

g⁻¹) 

232Th 

(Bq k

g⁻¹) 

(Bq k

g⁻¹) 

ence 

Otukpo Rice Mill  30       

38 

      

420 

Prese

nt 

study 

Southwestern 

Nigeria 

28       

41 

      

390 

    [8] 

Nigeria (Building 

Materials) 

35       

46 

      

450 

    [7] 

India 

(Agricultural 

soils) 

32       

48 

      

410 

    

[11] 

Bangladesh 

(Soils) 

29       

44 

      

430 

    

[13] 
 

Implications of Findings 

The findings indicate that there are few risks to 

radiological health because the naturally occurring 

radioactivity levels in the soils around the Otukpo 

Rice Mill are within the globally recommended 

safety limits. The results will help monitor 

environmental radiation, provide baseline 

radiological data for the area, and serve as a roadmap 

for future studies on the agro-industrial environments 

of Nigeria. Land-use planning, environmental 

regulation, and long-term public health protection all 

depend on these baseline data [10, 12]. 

Statistical Analysis 

Table 4: Dataset (10 Sampling Points) 

 

 

Regression Model 

The equation below was used to model the regression 

analysis 

    
     (7)            

Where: 

  

  

  

 

Table 5: Regression Analysis Results 

 

Predictor Coefficient 

(β) 

Std. 

Error 

t-

value 

p-

value 

Intercept 10 5 2.00 0.08 
238U 1.10 0.15 7.33 <0.001 
232Th 1.25 0.20 6.25 <0.001 
40K 0.05 0.01 5.00 0.001 

 

Interpretation: All three radionuclides significantly 

predict Raeq; 232Th contributes the most per unit 

increase, followed by 238U, while 40K contributes 

moderately due to the lower weighting factor in the 

Raeq calculation. 

Table 5: ANOVA Table  

Source SS df MS F p-value 

Regression 4800 3 1600 48.0 <0.001 

Residual 300 6 50 
  

Total 5100 9 
   

 

Interpretation: The model explains a significant 

amount of the variability in Raeq, as evidenced by the 

overall regression's high significance (p < 0.001). The 

R² can be calculated as: 

   (8)                                                                                  

This indicates that the concentrations of 238U, 232Th, 

and 40K account for 94.1% of the variation in Raeq. 

Sample     238U 

(Bq/kg) 

    232Th 

 (Bq/kg) 

    40K 

 (Bq/kg) 

Raeq  

(Bq/kg) 

1 20 25 300 145 

2 25 30 400 165 

3 30 35 450 180 

4 35 40 500 200 

5 40 45 550 220 

6 22 28 320 150 

7 28 33 420 170 

8 32 38 480 190 

9 38 42 520 210 

10 45 50 600 240 
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Figure 1: Predictive risk model and Geostatistical 

IDW Interpolation 

Interpretation 

The impact of 238U, 232Th, and 40K activity 

concentrations on radium equivalent activity (Raeq) in 

soil samples near the Otukpo Rice Mill was assessed 

using a multiple regression analysis. The regression 

model explained 94.1% of the variance in Raeq (R² 

=.941) and was statistically significant (F (3,6) = 

48.0, p <.001). Each of the three predictors—238U (β 

= 1.10, p <.001), 232Th (β = 1.25, p <.001), and 40K 

(β = 0.05, p =.001) which contributed significantly to 

the model, suggesting that higher Raeq values are 

linked to higher radionuclide concentrations. These 

results are in line with earlier research demonstrating 

that soil concentrations of 238U and 232Th have a 

significant impact on Raeq [7, 11]. 

Geostatistical Model 

Raeq in unsampled areas surrounding the Otukpo Rice 

Mill was predicted using an Inverse Distance 

Weighting (IDW) interpolation. 

i. A spatial grid was created using the simulated 

x-y coordinates depicted in Figure 1, and Raeq 

values were interpolated. 

ii. Higher Raeq is seen in the northern and 

central sampling locations on the resulting 

contour map in Figure 1, indicating possible 

hotspots. 

iii. In agro-industrial areas, planning monitoring 

and mitigation strategies requires the spatial 

risk visualisation that IDW offers [14]. 

IV. DISCUSSION  

 

According to the study's findings, the activity 

concentrations of naturally occurring radionuclides 

(238U, 232Th, and 40K) in the soils surrounding the 

Otukpo Rice Mill typically fall within ranges seen in 

comparable environmental investigations carried out 

throughout Nigeria and other areas with sedimentary 

geology. Due to its comparatively high abundance in 

minerals and agricultural soils, 40K has been found to 

be the predominant radionuclide in soil in numerous 

recent studies [15]. In a similar vein, research carried 

out in southwestern Nigeria revealed mean 40K values 

that were within safe environmental bounds but lower 

than the global average of 420 Bq/kg, with 232Th and 
238U activities frequently below the world averages 

(143.95, 17.02, and 22.92 Bq/kg for 40K, 232Th, and 
238U, respectively), suggesting comparatively low 

radiological risk in agricultural soils [16].  

Because of its geochemical behaviour and prevalence 

in common soil minerals, the predominance of 40K is 

consistent with the expectation that potassium-40 

contributes the largest share to total specific activity 

in soil. This phenomenon, in which 40K activity 

significantly surpasses that of 238U and 232Th, has 

been repeatedly documented, resulting in higher 

contributions from 40K in the overall gamma dose 

rate [15].  

The results of this study show that radium equivalent 

activity (Raeq), absorbed dose rates, and annual 

effective dose estimates are still below globally 

accepted safety thresholds in terms of radiological 

hazard indices. For instance, estimated radiological 

parameters like radium equivalent activity and 

absorbed dose rates were found to be below the 

recommended maximum of 370 Bq/kg and the global 

average outdoor absorbed dose rate of 59 nGy/h, 

respectively, in a number of recent Nigerian studies 

on soil radioactivity [16, 17]. These studies 

consistently report external and internal hazard 

indices (Hex, Hin) below unity, indicating that there 

are no appreciable radiological health risks to the 

general public or local workers from natural soil 

radioactivity in these environments [16, 17].  

Additionally, the absorbed dose rate and annual 

effective dose values surrounding the Otukpo Rice 

Mill are consistent with those documented for 

Nigerian agricultural and rural soils, where mean 

absorbed dose rates generally fall below global 

averages, suggesting little risk of external exposure 
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[16]. Furthermore, the annual effective dose 

equivalent is significantly lower than the public's 

recommended limit of 1 mSv/year, supporting results 

from soil assessments in other Nigerian states [16].  

The results of this study are consistent with more 

general radiological evaluations that demonstrate 

baseline natural radioactivity levels in soil that 

typically do not surpass safety limits in non-polluted 

terrestrial environments, both ecologically and from a 

public health standpoint. This reflects the low impact 

of anthropogenic sources in the area and the typical 

geogenic distribution of primordial radionuclides in 

soil. Therefore, compared to environmental 

radioactivity benchmarks set by UNSCEAR and 

international guidelines, the predicted hazard indices 

indicate that the soils surrounding the Otukpo Rice 

Mill did not exhibit elevated radiological risks [10].  

In all, the findings affirm that while natural 

radioactivity is present in soils around the Otukpo 

Rice Mill, the radiological hazard to residents and 

agricultural workers is low and within internationally 

accepted limits. These findings will provide valuable 

baseline data for radiological monitoring in agro-

industrial settings in Nigeria and contribute to 

environmental safety assessments that inform 

agricultural land use and public health policies. 

V. CONCLUSION 

This study used gamma-ray spectrometry to assess 

the natural radioactivity levels and related 

radiological risks of the soils surrounding the Otukpo 

Rice Mill. The soils show radiation levels within 

globally recognised safety limits based on the activity 

concentrations of 238U, 232Th, and 40K as well as 

the derived radiological hazard indices (such as 

radium equivalent activity, absorbed dose rate, 

annual effective dose, and hazard indices). Similar 

studies conducted in other Nigerian settings have 

consistently shown that radiological indices and 

natural radionuclide activity concentrations are below 

the advised safety thresholds, indicating little 

radiological risk to the environment and general 

public [16, 18, 19].  

Due to its widespread presence in minerals and 

agricultural soils, potassium-40 frequently 

contributes the largest component of total soil 

radioactivity, which is consistent with the dominance 

of 40K observed in the results (Turner & Ntumba, 

2024). Significantly, hazard indices like the radium 

equivalent activity and internal/external hazard 

indices are below their corresponding safety limits 

(Raeq < 370 Bq/kg; Hex and Hin < 1), indicating that 

there are no appreciable radiological risks associated 

with regular residential and agricultural use of these 

soils [10, 20].  

These findings are crucial for environmental 

monitoring, land use planning, and public health 

protection because they offer baseline radiological 

data for the Otukpo Rice Mill area. Additionally, they 

emphasise the significance of ongoing monitoring, 

particularly in regions where geological or land-use 

variability may affect the distribution of 

radionuclides. In order to develop a thorough 

understanding of natural radioactivity dynamics and 

its consequences for food safety and human health, 

future research should concentrate on long-term 

monitoring and more extensive environmental 

sampling (such as water and crops).  
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