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The Effect of Physicochemical Properties of Soil on the Rate of Natural Radionuclides Uptake by Cassava in Parts of Akwa Ibom State, Nigeria

Abstract
Cassava (Manihot esculenta Crantz) is the predominant root crop cultivated across Akwa Ibom State, Nigeria, constituting a critical component of local food security. One of its advantages is that it can be processed into different edible forms. This study investigated the efect of soil physicochemical properties on the transfer of naturally occurring radionuclides (²³⁸U, ²³²Th, and ⁴⁰K) from agricultural soils into cassava tubers cultivated in four Local Government Areas (LGAs): Abak, Ikot Ekpene, Ukanafun, and Etim Ekpo. Soil and cassava samples collected were thirty-two. Four soil and cassava samples each obtained from each LGA were sun-dried and then oven-dried at 105˚C to constant weight. These samples were analyzed using gamma-ray spectroscopy at the Centre for Energy Research and Development, Obafemi Awolowo University, Ile-Ife, Nigeria. Soil physicochemical parameters included particle size distribution, soil pH, soil organic carbon, soil organic matter, and exchangeable bases and they were determined using standard analytical methods. Radionuclide transfer factors (TFs) were computed as the ratio of activity concentration in cassava to that in soil. Mean activity concentrations of ²³⁸U, ²³²Th, and ⁴⁰K in cassava across the four LGAs ranged from 15.19 to 18.19 Bq/kg, 17.77 to 22.27 Bq/kg, and 581.21 to 637.72 Bq/kg respectively. Transfer factors for ²³⁸U, ²³²Th, and ⁴⁰K ranged from 0.91–1.08, 0.30–0.49, and 1.20–1.35 respectively. Pearson correlation analysis revealed statistically significant relationships between specific soil physicochemical properties and radionuclide transfer factors, notably between soil clay content and TFᵤ (r = 0.951, p < 0.05), and between ²³²Th in soil and TFₜₕ (r = 0.999, p < 0.01). The soils were predominantly sandy in texture with acidic pH (4.33–5.00), indicating moderate leaching conditions. These findings provide baseline radiological and pedological data for cassava-producing communities in Akwa Ibom State and contribute to the limited tropical ecosystem dataset on soil-to-plant radionuclide transfer.


1. Introduction
Natural radioactivity in the soil-plant system constitutes one of the most significant routes through which the general population is exposed to ionizing radiation via the food chain (United Nations Scientific Committee on the Effects of Atomic Radiation [UNSCEAR], 2000). The primordial radionuclides ²³⁸U, ²³²Th, and ⁴⁰K are ubiquitous in geological formations, soils, water, and vegetation, and their concentrations in edible crops are directly governed by soil properties as well as by specific plant uptake characteristics (IAEA, 2010; Rout et al., 2021). Plants take up these radionuclides through roots and accumulate in edible parts of the plants (Akpan et al., 2023). When crops are cultivated on soils with elevated naturally occurring radioactive material (NORM) concentrations, the resulting ingestion of radionuclide-laden food may pose chronic radiological health risks to the consuming population (Amakom et al., 2023; Orosun et al., 2022).
Cassava (Manihot esculenta Crantz) is Africa’s most important root crop, contributing between 30% and 50% of daily caloric intake across sub-Saharan Africa (Olabimtan et al., 2023). In Nigeria, cassava provides approximately 50% of the calories consumed and occupies more than 9.6 million hectares of agricultural land annually (FAOSTAT, 2021). Akwa Ibom State is one of the foremost cassava-producing States in Nigeria, producing over 3 million metric tonnes annually (Ekanem and Umoh, 2024). In Akwa Ibom State, cassava is a primary staple and a key driver of the rural economy, processed into a range of food products including garri, fufu, tapioca, and cassava flour. Given its dominance in the diet, any radiological contamination of cassava poses a significant public health concern.
Soil physicochemical properties exert profound control over radionuclide speciation, mobility, and bioavailability in the soil-plant system. Key parameters shown to influence soil-to-plant transfer of radionuclides include soil pH, organic matter content, cation exchange capacity (CEC), particle size distribution, and the concentrations of competing ions such as calcium, potassium, and magnesium (Sparks et al., 2022; Amakom et al., 2017). Under acidic soil conditions, common in the highly weathered coastal plain sands of the Niger Delta and Cross River Basin regions of southeastern Nigeria; radionuclide solubility and plant uptake can be substantially enhanced (Akpan et al., 2020; Essien et al., 2021). Despite the agronomic and radiological significance of Akwa Ibom State, published data on the relationship between soil physicochemical properties and radionuclide transfer factors in cassava from this region remain scarce.
Previous studies in Akwa Ibom State have characterized radionuclide activity concentrations in soil and cassava in specific Local Government Areas (LGAs) such as Ini (Essien et al., 2021) and Ikot Ekpene (Akankpo et al., 2021), but no study has systematically examined the physicochemical drivers of radionuclide transfer across multiple LGAs with contrasting soil properties. The present study bridges this gap by investigating soils and cassava tubers from four LGAs (Abak, Ikot Ekpene, Ukanafun, and Etim Ekpo) and establishing statistical correlations between soil parameters and radionuclide transfer factors (TFs) using Pearson correlation analysis. The outcomes of this study are intended to support radiological safety assessments, inform agronomic practice, and contribute to the scarce tropical ecosystem database on soil-to-plant radionuclide transfer referenced by the International Atomic Energy Agency (IAEA).
2. Materials and Methods
2.1 Study Area
Akwa Ibom State is located in the Niger Delta region of southern Nigeria, bounded by Cross River State to the East, Rivers State to the West, Abia and Imo States to the North, and the Atlantic Ocean to the South. The State lies between latitudes 4°30’ and 5°33’N and longitudes 7°25’ and 8°25’E, covering a land area of approximately 7,081 km². It is characterized by a humid tropical climate with mean annual rainfall exceeding 2,400 mm, a mean annual temperature of 27°C, and high relative humidity (75–90%). The State is underlain primarily by coastal plain sands (Benin Formation), which give rise to highly weathered, leached, sandy, and acidic soils (Essien and Oban, 2018; Akpan et al., 2020).
Four LGAs with extensive cassava cultivation were selected for this study: Abak (lat. 4°58'55.40'' N, long. 7°47'15.48'' E), Ikot Ekpene (lat. 5°12'40.91'' N, long. 7°39'49.09'' E), Ukanafun (lat. 4°56'30.13'' N, long. 7°37'04.86'' E), and Etim Ekpo (lat. 5°00'30.17'' N, long. 7°37'48.84'' E). These LGAs span the central agricultural belt of Akwa Ibom State and 
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Fig. 1: Map showing the locations of the sampling sites
represent distinct micro-pedological environments, making them suitable for comparative radiological and physicochemical analysis. Fig.1 shows the map of the sampling sites.
Sixteen (16) soil samples were collected at four LGAs and four (4) samples from each LGAs. The four samples that were collected from each LGA were not far from one another by 1.5 m. i.e. they were taken at close range to one another. At each sampling site, surface vegetation, stones, and debris were cleared to avoid contamination. Soil samples of 2.0 kg (wet weight) were collected at a depth of 0–20 cm at points from which cassava tubers had been uprooted, using a stainless-steel auger (Essien et al., 2021). Cassava tuber samples were simultaneously collected from the root zone of the same cassava plants at each site. Four replicate samples each of soil and cassava tubers were randomly collected from each LGA. All samples were packed in sealed, airtight polythene bags and labelled with appropriate codes prior to transport to the laboratory.
2.3 Sample Preparation for Gamma Spectrometry
The soil and cassava samples collected were thirty - two. Four soil samples were collected from each LGA and four cassava samples were also collected from each LGA. Cassava tuber samples were thoroughly washed with tap water to remove adhering soil particles, peeled, and rinsed in deionized water. The tubers were subsequently grated into fine pieces, sun-dried for five days to constant weight, ground to a powder, and sieved to ensure homogeneity. The weight of prepared cassava samples ranged between 220 g and 300 g.
Soil samples were air-dried in a dust-free environment and then oven-dried at 105°C to constant weight (Amakom et al., 2017). Each dried soil sample was ground with a mortar and pestle and sieved through a 2 mm stainless-steel mesh sieve. Processed soil samples weighed between 500 g and 600 g and were stored in airtight labelled polythene bags. All samples were transported to the Centre for Energy Research and Development (CERD), Obafemi Awolowo University, Ile-Ife, Nigeria, for gamma spectroscopic analysis.

2.4 Gamma Spectrometric Analysis
Activity concentrations of ²³⁸U, ²³²Th, and ⁴⁰K in soil and cassava samples were determined using a sodium iodide [NaI (Tl)] gamma-ray spectrometer at CERD, OAU. Samples were sealed in airtight cylindrical containers and held for a minimum of 28 days prior to analysis to attain secular equilibrium between ²²⁶Ra/²²⁶Rn and their progeny (Akankpo et al., 2021). Activity concentrations were computed from photopeak areas following standard gamma spectrometric procedures (UNSCEAR, 2000).

2.5 Soil Physicochemical Analysis
The physicochemical properties determined included particle size distribution (textural class), soil pH, soil organic carbon (SOC), soil organic matter (SOM), and soil exchangeable bases (Ca, Mg, Na, K).
Particle size distribution was determined using the hydrometer method (Bouyoucos, 1951; Amakom et al., 2017). Fifty grams of air-dried soil was dispersed in sodium hexametaphosphate (NaPO₃) solution, stirred for 10 minutes in a mechanical stirrer, transferred to a 1,000 mL measuring cylinder filled with deionized water, shaken vigorously, and hydrometer readings were recorded at 2-hour intervals. Soil texture class was determined from the percentages of sand, silt, and clay using the USDA textural triangle.
Soil pH was measured in a 1:1 soil-water suspension (20 g soil in 20 mL deionized water), allowed to equilibrate for 30 minutes, and determined with a glass electrode pH meter (Amakom et al., 2017).
Soil organic carbon (SOC) was determined by the Walkley–Black wet oxidation method (Black et al., 1965). Two grams of soil were placed in a 250 mL Erlenmeyer flask, treated with 10 mL of 1 N potassium dichromate (K₂Cr₂O₇), and concentrated H₂SO₄ was added. The mixture was back-titrated with 0.5 N ferrous sulphate solution. SOC was calculated using equation (1):
						(1)
where B is the blank titre value and T is the soil sample titre value. Soil organic matter (SOM) was calculated using equation (2):
 									(2)
Exchangeable bases (Ca, Mg, Na, K) were extracted using 1 M ammonium acetate (NH₄OAc) solution and determined by flame photometry (Black et al., 1965; Amakom et al., 2021). The effective cation exchange capacity (ECEC) was calculated using equation (3):
 								(3)
ECEC was calculated in cmol/Kg

2.6 Calculation of Transfer Factor
The soil-to-plant transfer factor (TF) was calculated according to Akankpo et al. (2021) using equation (4):
  											(4)
where Aₚ (Bq/kg dry weight) is the activity concentration of the radionuclide in the cassava tuber and Aₛ (Bq/kg dry weight) is the activity concentration in the corresponding soil sample (IAEA, 2010). The mean values of the radiological and physicochemical parameters in each LGA were calculated.
2.7 Statistical Analysis
Pearson correlation analysis was performed using IBM SPSS Statistics (v. 26.0) to assess the relationship between soil physicochemical properties and radionuclide transfer factors. Significance was evaluated at the 0.05 and 0.01 levels (2-tailed). All results are presented as means of four replicates per LGA.

3. Results
3.1 Soil Physicochemical Properties and Radionuclide Activity Concentrations in Cassava 
The mean soil physicochemical parameters and radionuclide activity concentrations in cassava for each LGA are presented in Table 1. The soils of all four LGAs were sandy in texture, with sand content ranging from 54.42% (Etim Ekpo) to 80.45% (Abak), consistent with the predominantly coastal plain sand parent material of Akwa Ibom State (Essien et al., 2021). Soil pH values were acidic across all locations, ranging from 4.33 (Abak) to 5.00 (Ikot Ekpene), which is characteristic of highly leached tropical soils in the Niger Delta region. Soil organic carbon content ranged from 4.63% (Etim Ekpo) to 5.42% (Ikot Ekpene), and corresponding SOM values ranged from 7.88% to 9.35%.
Mean activity concentrations of ²³⁸U in cassava ranged from 15.19 Bq/kg (Ukanafun) to 18.19 Bq/kg (Ikot Ekpene), while ²³²Th ranged from 17.77 Bq/kg (Ikot Ekpene) to 22.27 Bq/kg (Ukanafun). Activity concentrations of ⁴⁰K in cassava were consistently the highest, ranging from 581.21 Bq/kg (Etim Ekpo) to 637.72 Bq/kg (Ikot Ekpene). These values are within the range reported by Essien et al. (2021) for cassava from Ini LGA in the same state and compare reasonably with findings by Olabimtan et al. (2023) and Orosun et al. (2022) from other Nigerian ecosystems.




Table 1: Mean values of activity concentrations of radionuclides in cassava and soil physicochemical parameters across selected LGAs in Akwa Ibom State

	L.G.A 
	238U
	232Th
	40K
	pH
	% SOC
	% SOM
	K (cmol/Kg)
	Ca (cmol/Kg)
	Mg (cmol/Kg)
	Na (cmol/Kg)

	Abak
	17.09 ± 0.30
	19.29 ± 0.56
	593.94 ± 8.33
	4.33
	4.75
	8.27
	0.03
	3.95
	2.94
	0.05

	Ikot Ekpene
	18.19 ± 0.31
	17.77 ± 0.54
	637.72 ± 9.72
	5.00
	5.42
	9.35
	0.02
	4.73
	2.63
	0.06

	Ukanafun
	15.19 ± 0.28
	22.27 ± 0.62
	614.55 ± 9.41
	4.47
	4.93
	8.55
	0.03
	5.04
	3.96
	0.06

	Etim Ekpo
	16.36 ± 0.29
	21.08 ± 0.59
	581.21 ± 9.25 
	4.86
	4.63
	7.88
	0.03
	5.04
	3.05
	0.07



Where % SOC is the percentage soil organic carbon; % SOM is the percentage soil organic matter, K is potassium; Ca is calcium; Mg is magnesium; Na is sodium

3.2 Particle Size Distribution and Radionuclide Transfer Factors
Table 2 presents the soil particle size distribution and mean transfer factors for ²³⁸U (TFᵤ), ²³²Th (TFₜₕ), and ⁴⁰K (TFₖ) across the four LGAs. Sand content predominated in all locations, with values decreasing from Abak (80.45%) to Etim Ekpo (54.42%), while clay content increased from 13.11% in Abak to 19.00% in Etim Ekpo. Silt content varied considerably, reaching a maximum of 18.86% in Ukanafun.
Transfer factors for ²³⁸U ranged from 0.91 (Ukanafun) to 1.08 (Etim Ekpo), with values exceeding unity in Ikot Ekpene (1.04) and Etim Ekpo (1.08), indicating that cassava tubers in those locations contained higher ²³⁸U concentrations than the corresponding soils. TFₜₕ was consistently below unity (0.30–0.49), indicating lower thorium bioavailability relative to uranium, a pattern consistent with thorium’s strong soil sorption characteristics (Orosun et al., 2022; Akankpo et al., 2021). TFₖ values exceeded unity at all locations (1.20–1.35), reflecting the essential nutrient role of potassium and its active uptake by cassava, consistent with findings from Southwestern Nigeria (Ejoh et al., 2023) and other Nigerian ecosystems (Ocheje and Tyovenda, 2020).
Table 2: Soil particle size distribution and mean radionuclide transfer factors for cassava across selected LGAs in Akwa Ibom State
	L.G.A 
	% Sand
	      % Silt
	    % Clay
	 Tfu (238U)
	  TFth (232Th)
	 TFk (40K)

	Abak
	80.45
	5.84
	13.11
	0.93
	0.36
	1.23

	Ikot Ekpene
	76.74
	5.97
	17.30
	1.04
	0.30
	1.20

	Ukanafun
	66.72
	18.86
	14.47
	0.91
	0.49
	1.30

	Etim Ekpo
	54.42
	6.35
	19.00
	1.08
	0.43
	1.35


TFᵤ = transfer factor for ²³⁸U; TFₜₕ = transfer factor for ²³²Th; TFₖ = transfer factor for ⁴⁰K.

3.3 Pearson Correlation Analysis
Table 3 presents the full Pearson correlation matrix among radionuclide activity concentrations in cassava, soil physicochemical parameters, and transfer factors. Several statistically significant correlations were identified.
A strong positive correlation was found between soil clay content (% Clay) and TFᵤ (r = 0.951, p < 0.05), suggesting that higher clay content is associated with increased uranium transfer to cassava. This may be attributable to clay’s influence on uranium speciation in soil solution: as clay content increases, cation exchange and complexation with organic matter increase uranium retention in the soil solution, potentially enhancing root uptake (Sparks et al., 2022; Amakom et al., 2017).
The correlation between ²³²Th in cassava and TFₜₕ was exceptionally strong (r = 0.999, p < 0.01), which is expected given that TFₜₕ is directly derived from cassava ²³²Th activity. The strong negative correlation between ²³⁸U and ²³²Th in cassava (r = −0.988, p < 0.05) reflects the inverse spatial pattern of these radionuclides across the study LGAs, where locations with higher uranium uptake tended to exhibit lower thorium uptake, consistent with the contrasting geochemical behaviour of these elements under acidic soil conditions (Demidchik and Maathuis, 2007; Galhardi et al., 2017).



Significant positive correlations between % Soil Organic Matter (%SOM) and ⁴⁰K in cassava (r = 0.985, p < 0.05) and between %OC and ⁴⁰K (r = 0.975, p < 0.05) indicate that soils with higher organic matter content support greater potassium availability and uptake by cassava, likely through enhanced cation exchange capacity and nutrient cycling (Essien et al., 2021; Amakom et al., 2021). 



        Table 3: Pearson correlation matrix for radionuclide activity concentrations, soil physicochemical parameters and transfer factors

	
	238U
	232Th
	40K
	pH
	% SOC
	% SOM
	K
	Ca
	Mg
	Na
	% Sand
	% Silt
	% Clay
	TFu
	TFth
	TFk

	238U
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	232Th
	-.988*
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	40K
	.407
	-.476
	1
	
	
	
	
	
	
	
	
	
	
	
	
	

	pH
	.498
	-.394
	.348
	1
	
	
	
	
	
	
	
	
	
	
	
	

	% SOC
	.580
	-.625
	.975*
	.503
	1
	
	
	
	
	
	
	
	
	
	
	

	% SOM
	.557
	-.621
	.985*
	.391
	.992**
	1
	
	
	
	
	
	
	
	
	
	

	K
	-.784
	.786
	-.832
	-.706
	-.935
	-.897
	1
	
	
	
	
	
	
	
	
	

	Ca
	-.450
	.527
	.118
	.535
	.089
	.005
	-.052
	1
	
	
	
	
	
	
	
	

	Mg
	-.946
	.896
	-.107
	-.518
	-.314
	-.273
	.601
	.434
	1
	
	
	
	
	
	
	

	Na
	-.236
	.369
	-.210
	.684
	-.141
	-.256
	.000
	.865
	.079
	1
	
	
	
	
	
	

	% Sand
	.553
	-.673
	.517
	-.329
	.502
	.590
	-.409
	-.782
	-.341
	-.912
	1
	
	
	
	
	

	% Silt
	-.815
	.747
	.192
	-.394
	-.018
	.023
	.342
	.479
	.955*
	.032
	-.197
	1
	
	
	
	

	% Clay
	.208
	-.067
	-.057
	.902
	.092
	-.033
	-.332
	.656
	-.351
	.901
	-.677
	-.347
	1
	
	
	

	TFu
	.451
	-.312
	-.098
	.890
	.096
	-.023
	-.402
	.390
	-.614
	.739
	-.494
	-.621
	.951*
	1
	
	

	TFth
	-.993**
	.999**
	-.431
	-.405
	-.589
	-.581
	.766
	.530
	.918
	.346
	-.645
	.782
	-.095
	-.345
	1
	

	TFk
	-.750
	.842
	-.688
	-.005
	-.723
	-.777
	.688
	.624
	.525
	.722
	-.942
	.324
	.403
	.219
	.815
	1



	* Correlation significant at 0.05 level (2-tailed); ** Correlation significant at 0.01 level (2-tailed); TFᵤ = transfer factor for ²³⁸U; TFₜₕ = transfer factor for ²³²Th;
 TFK = transfer for40K; % SOC is the percentage soil organic carbon; % SOM is the percentage soil organic matter, K is potassium; Ca is calcium; Mg is magnesium; Na is sodium.


	



A strong positive correlation was also found between % Silt and Mg (r = 0.955, p < 0.05), reflecting the weathering of silt-sized silicate minerals as a source of exchangeable Mg in these soils.
Notably, the correlation between % Clay and soil pH (r = 0.902) approached significance, consistent with the well-established relationship between clay-dominated soils and higher buffering capacity in tropical ecosystems (Essien et al., 2021).

4. Discussion 
The physicochemical characterization of soils in this study revealed consistently sandy, acidic profiles with moderate organic matter content, features typical of the coastal plain sand soils that dominate Akwa Ibom State and much of the Niger Delta region. These soil properties have direct implications for radionuclide behaviour and bioavailability. Under the acidic pH conditions observed (4.33–5.00), uranium exists predominantly in more soluble ionic and carbonate-complexed forms, which are more readily available for plant root uptake, explaining the relatively high TFᵤ values approaching or exceeding unity in some LGAs (Sparks et al., 2022; Amakom et al., 2017). The significant correlation between clay content and TFᵤ (r = 0.951) found in this study provides additional evidence that fine-particle soil fractions mediate uranium mobility and uptake, likely through their role in regulating soil solution chemistry and cation exchange (Amakom et al., 2017; Demidchik and Maathuis, 2007).
Thorium transfer factors (TFₜₕ) were consistently below unity across all LGAs, reflecting thorium’s well-known low mobility in soil systems. Thorium is strongly retained by iron and manganese oxides and by clay minerals through precipitation and adsorption, significantly limiting its bioavailability relative to uranium (Galhardi et al., 2017; Orosun et al., 2022). The range of TFₜₕ values (0.30–0.49) observed in this study is broadly consistent with the IAEA (2010) reference range for tropical cassava-soil systems and with values reported by Akankpo et al., (2021) for Ikot Ekpene LGA and by Essien et al., (2021) for Ini LGA, both in Akwa Ibom State.
Potassium transfer factors (TFₖ = 1.20–1.35) exceeding unity across all LGAs confirm the well-established role of ⁴⁰K as an essential macronutrient actively accumulated by cassava. The variation in the transfer factors (TFs) can be attributed to the differences in the geological properties of the area and radionuclide distribution (Nyong et al., 2023). The significant correlations between soil organic matter and ⁴⁰K in cassava (r = 0.985) and between SOC and ⁴⁰K (r = 0.975) indicate that organic matter decomposition and nutrient cycling contribute meaningfully to potassium availability in these soils. Similar findings have been reported from Ughelli North Local Government Area, Delta State (Ejoh et al., 2023) and from Southwest, Nigeria (Olabimtan et al., 2024), where high ⁴⁰K transfer factors in cassava and other crops were attributed to the active physiological demand for potassium and the influence of soil organic matter on nutrient cycling. Moreover, the high values of transfer factors in potassium could be attributed to the application of inorganic fertilizers (NPK) and agrochemicals by the farmers. Many farmers apply these inorganic fertilizers in large quantities directly to the root region of crops (Tyovenda et al., 2022). 
Ankapong et al. (2024) investigated soil-to-plant TFs for 238U, 232Th, and 40K in cassava, cocoyam, and yam across two mining districts and a non-mining district in Ghana, using a high-resolution high-purity germanium (HPGe) detector. Their TF for 238U ranged (0.11–1.11) while the TFu values observed in the current study ranged (0.91–1.08), indicating that uranium transfer in cassava grown on tropical coastal plain soils is geochemically comparable to that observed in mining-proximal Ghanaian soils. Their reported absorbed dose rates for soil (198–224 nGy/h) were substantially above the UNSCEAR threshold of 60 nGy/h, reflecting the elevated radioactivity associated with mining activity; in contrast, the present study sites represent non-industrial agricultural settings with considerably lower background activity, highlighting the significance of land-use context in determining the radiological significance of TF values (Ankapong et al., 2024).
Makki et al. (2024) assessed soil-to-plant TFs for natural radionuclides in vegetable species cultivated in an arid environment in Saudi Arabia, reporting 40K TFs of 1.57–5.56, considerably higher than the TFk values in this study, and attributed the elevated potassium mobility to the low organic matter and high ionic strength of arid-zone soils. Their 226Ra and 232Th TF values (0.02–0.23) were lower than most TFth values observed in the current study, likely reflecting the contrasting soil chemistry of arid calcareous soils versus the acidic, leached, organic-rich coastal plain sand soils of Akwa Ibom State. This comparison highlights the importance of soil type and pH regime as primary determinants of radionuclide bioavailability across different climatic zones (Makki et al., 2024).
The strong negative correlation between ²³⁸U and ²³²Th activity concentrations in cassava (r = −0.988) deserves particular attention. This inverse relationship likely reflects competing geochemical controls: locations with higher clay content and pH (Etim Ekpo, Ikot Ekpene) may promote uranium solubility while simultaneously enhancing thorium adsorption, and vice versa for sandier, more acidic soils (Abak, Ukanafun). This finding corroborates the conclusions of Faanu et al. (2024) from Ghanaian mining districts, where similar inverse spatial patterns were observed for uranium and thorium in cassava.
Comparing the activity concentrations observed in this study with international guidelines is instructive. The UNSCEAR (2000) world average activity concentrations in soil are approximately 35 Bq/kg for ²³⁸U, 30 Bq/kg for ²³²Th, and 400 Bq/kg for ⁴⁰K. Activity concentrations of ⁴⁰K in cassava (581–638 Bq/kg) exceeded 400 Bq/kg in all LGAs, consistent with the reported tendency of cassava to actively accumulate potassium well above soil concentrations. TFₖ values exceeding unity across all sites confirm potassium hyperaccumulation as a characteristic metabolic feature of cassava. While ⁴⁰K constitutes the dominant contributor to internal radiation dose from cassava consumption, its contribution is considered within acceptable limits under the 1 mSv/yr public dose constraint (ICRP, 2007; Amakom et al., 2023).
This study makes an important contribution to the sparse tropical ecosystem database of soil-to-plant radionuclide transfer factors maintained by the IAEA. As noted by Akankpo et al. (2021) and Orosun et al. (2022), data from the Niger Delta and Cross River Basin regions of Nigeria respectively have been historically underrepresented in international compilations. The present multi-LGA dataset, with associated soil physicochemical characterization, provides robust information to support future site-specific risk assessments and regional NORM management frameworks.
The limitations of the study are: the use of a NaI(Tl) gamma-ray spectrometer for field-level environmental monitoring has an inferior energy resolution compared to HPGe systems, which may introduce uncertainty in distinguishing closely spaced gamma photopeaks and could affect the precision of activity concentration measured; the study determined transfer factors (TFs) for the cassava tuber only, which is the primary edible portion; however, radionuclide concentrations and TFs in other plant compartments (including the leaves, stems, and peels) may differ substantially, as reported by Ankapong et al. (2024) for cassava in Ghana and by Nurtjahya et al. (2023) in Indonesian horticultural crops. This limits the ability to perform a whole-plant radiological assessment or to draw conclusions about the distribution of radionuclides throughout the cassava plant body.



5. Conclusion
This study has characterized the physicochemical properties of agricultural soils in four LGAs (Abak, Ikot Ekpene, Ukanafun, and Etim Ekpo) of Akwa Ibom State, Nigeria and quantified the transfer of naturally occurring radionuclides (²³⁸U, ²³²Th, ⁴⁰K) from soil to cassava tubers. The following primary conclusions are drawn:
(i) Soils in all four LGAs are sandy, acidic (pH 4.33–5.00), and moderately rich in organic matter, consistent with coastal plain sand parent material;
(ii) Transfer factors for ⁴⁰K exceed unity across all sites, confirming active potassium uptake by cassava as an essential macronutrient; TFₜₕ values were consistently below unity, reflecting low thorium bioavailability in these soils;
(iii) TFᵤ values approached or exceeded unity in Ikot Ekpene and Etim Ekpo, indicating that uranium is more readily transferred to cassava under the prevailing acidic and clay-influenced soil conditions at those sites;
(iv) Pearson correlation analysis identified significant relationships between soil clay content and TFᵤ (r = 0.951, p < 0.05), and between soil organic matter and ⁴⁰K uptake (r = 0.985, p < 0.05), emphasizing the role of soil texture and organic matter in controlling radionuclide bioavailability;
(v) The inverse spatial pattern of ²³⁸U and ²³²Th concentrations in cassava (r = −0.988, p < 0.05) reflects contrasting geochemical controls on uranium and thorium mobility across the study LGAs.
These findings highlight the need for continued radiological and pedological monitoring of cassava-growing areas in Akwa Ibom State and contribute valuable tropical ecosystem data to the IAEA’s soil-to-plant transfer factor database. We recommend that future studies should incorporate a larger sample size, a broader geographic spread of LGAs, and additional soil parameters (redox potential, iron oxide content, CEC) to further elucidate the drivers of radionuclide transfer in this ecologically important region.
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