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ABSTRACT 

Indoor radiation exposure from naturally occurring radioactive 

materials (NORMs) in building materials poses potential 

long‑term health risks, yet comprehensive pathway‑specific 

dose assessments using advanced computational tools remain 

limited in Nigeria. This study evaluated activity 

concentrations and simulated indoor exposure pathways for 72 

building material samples collected from Northern Delta State, 

Nigeria. Gamma spectrometry measured 40K, 238U, and 232Th 

at 94.00 ± 15.52, 11.57 ± 2.32, and 9.05 ± 1.43 Bq/kg, 

respectively were all below UNSCEAR global averages. A 

RESRAD‑BUILD model (implemented in Python) simulated 

a typical Nigerian residential room with 5.0 m × 4.0 m × 3.0 m 

dimensions, 0.15 m wall thickness, 0.5 h-1 air exchange rate, 

and 80 % indoor occupancy. The mean annual effective dose 

(AED) from all pathways was 0.0875 ± 0.0126 mSv/y, well 

below the ICRP public dose limit of 1 mSv/y. External gamma 

exposure was the dominant pathway, contributing 82.9 % of 

the total dose, followed by ingestion (17.1 %) and inhalation 

(0.04 %). Simulated doses agreed closely with empirical 

estimates (mean difference 3.1 %). Materials from South 

Africa and Italy showed the highest radionuclide 

concentrations while Chinese and local Nigerian materials 

showed the lowest. These results demonstrate that 

RESRAD‑BUILD simulation provides a reliable, 

pathway‑resolved assessment of indoor radiation exposure, 

and that external gamma radiation from building materials is 

the primary concern in typical Nigerian residential buildings. 
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1. INTRODUCTION 

Natural radioactivity occurs widely in the environment as a 

result of the existence of natural radioactive isotopes in the 

Earth's crust [1,2]. Building materials that are derived from 

natural substances (clay, sand, granite, limestone, and concrete) 

contain significant amounts of radionuclides such as uranium-

238 (238U), thorium-232 (232Th), and potassium-40 (40K) [3]. 

By being utilized during construction processes, these 

materials represent potentially hazardous sources of radiation 

exposure within the interiors, where people spend about 80% 

of their lives [4]. 

Indoor exposures to radioactive substances through building 

materials take place in three major ways: (i) exposure to 

external gamma radiation emitted by radionuclides present in 

the walls, floors, and ceiling; (ii) inhalation of radioactive 

noble gas 222Rn and its daughters, mostly applicable for those 

materials that contain uranium; and (iii) consumption of 

radioactive dust particles [5]. While the exposure to exterior 

gamma rays usually accounts for the major portion of the total 

received dose, inhalation exposure represents particular 

concerns related to radon accumulation indoors and associated 

risks of damaging the lungs and developing cancer [6]. 

The building industry in Nigeria is characterized by a high use 

of indigenous materials that have rather variable properties in 

relation to their radiation hazards depending on geologic 

composition and manufacturing technology [7]. Various 

studies previously identified excessive levels of radioactivity 

in different building materials in Nigeria, granite, [8]. ceramic 

tiles, [9], cement products, [10], however, the majority of 

recent studies was concerned only with measurement of the 

activities of radionuclides without further consideration of 

dose exposure pathways. 

The computer software called RESRAD-BUILD developed at 

Argonne National Laboratory allows for assessing radiation 

doses through simulation of the contamination transfer, air 

exchange, and dose accumulation [11]. The above method 

proved to be efficient in many countries around the world 

while estimating the safety of building materials [12,13,14], 

nevertheless, it is currently underused in Nigeria. 

This study aims to: (1) determine the activity concentrations 

of 40K, 238U, and 232Th in some commonly utilized building 

materials from Northern Delta State, Nigeria; (2) calculate the 

indoor radiation exposure pathways using the RESRAD-

BUILD model for estimation of relative contribution of 

external, inhalation, and ingestion pathways in the overall 

annual effective dose. 

2. MATERIALS AND METHOD 

2.1 Study Area and Sample Collection 
This research was carried out in the northern part of Delta State, 

Nigeria (latitude 5°30′00″N – 6°30′00″N; longitude 5°00′00″E 

– 6°30′00″E). It occupies an area of the Niger Delta basin, and 

it contains Benin Formation geology with dominantly 

continental sands and gravels along with some layers of clay 

[15]. 

A total of 72 samples of building material was obtained from 

various markets, wholesaler stores, and constructions sites in 

nine Local Government Areas. These samples belong to 

thirteen material types (sand, cement, granite, paint, tiles, 

wood, stone, ceiling, PVC, roofing, POP additives/mixtures), 

and they have been sourced from nine different geographic 

regions (Local, Nigerian, Indian, Italian, Chinese, South 

African, Benin City, Foreign, Unknown). A total weight of 

approximately 2 kg of each sample has been gathered 

following the guidelines of the [16]. 

2.2 Sample Preparation and Gamma 

Spectrometry 
Samples were ground, sieved (2 mm), oven‑dried at 110 °C for 

24 hours, and sealed in Marinelli beakers for 28 days to 

achieve secular equilibrium [17]. Activity levels of 40K, 238U, 
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and 232Th were measured using a NaI(Tl) gamma-ray 

spectrometer, providing input datasets for the Python‑based 

RESRAD‑BUILD simulation framework.  

Calibration employed IAEA reference materials (RGU‑1, 

RGTh‑1, RGK‑1). Counting time was 36,000 seconds per 

sample. Activity concentrations were calculated using detector 

efficiency, net count rate, and gamma emission probability 

[18]. These values served as input datasets for the 

computational simulation framework. Activity concentrations 

were calculated using: 

ε(E)=
CPS(E)

A×Pγ(E)
     (2.1) 

where ε(E)  represents the detector efficiency at energy E, 

CPS(E) is the net count rate at energy E in counts per second, 

A is the activity of the standard in Becquerels, and γ(E) is the 

gamma emission probability at energy [18]. 

2.3 Python‑Based RESRAD‑BUILD 

Simulation Framework  
The RESRAD‑BUILD algorithm was implemented in Python 

3.9 [19] to simulate indoor radiation exposure. The model 

represented a typical Nigerian residential room (5.0 m × 4.0 m 

× 3.0 m, wall thickness 0.15 m, air exchange rate 0.5 h⁻¹, 

occupancy 80 %; [20]. Three pathways were modelled: 

External exposure from gamma radiation: External gamma 

exposure using dose conversion factors [4]. 

𝐷𝑒𝑥𝑡 = ∑ 𝐶𝑖𝑖 × 𝐷𝐶𝐹𝑖 × 𝑇 × 𝐹𝑜𝑐𝑐     (2.2) 

where Ci is the activity concentration of radionuclide i (Bq/kg), 

DCFi are dose conversion factors 0.462 for 238U series, 0.604 

for 232Th series, 0.0417 for 40K [4], T = 8760 h (hours per year), 

and Focc = 0.8 (indoor occupancy fraction). 

Inhalation exposure from radon progeny was modeled using a 

single‑compartment mass balance: Inhalation of radon 

progeny via a single‑compartment mass balance with 

emanation coefficients [21]. 

𝐶𝑅𝑛 =
𝐸×𝐴

𝜆×𝑉
        (2.3) 

where CRn is indoor radon concentration (Bq/m3), E is radon 

emanation rate from building materials (Bq/m2·h), A is total 

surface area of walls, floor, and ceiling (m2), λ is radon decay 

constant (0.007 h-1), and V is room volume (m3). The 

emanation rate was estimated from 226Ra activity using an 

emanation coefficient of 0.2 (typical for building materials). 

The inhalation dose was then calculated using a dose 

conversion factor of 0.01 mSv per year per Bq/m3 [21].     

Ingestion of contaminated dust using ingestion rates and dose 

conversion factors values for 238U, 232Th, and 40K [11,21]. 

The total annual effective dose was calculated by summing 

contributions across pathways. 

𝐷𝑡𝑜𝑡𝑎𝑙 = 𝐷𝑒𝑥𝑡 +𝐷𝑖𝑛ℎ + 𝐷𝑖𝑛𝑔     (2.4) 

2.4 Empirical Dose Estimation for 

Comparison 
For validation, empirical absorbed dose rates were calculated 

using formulas based on measured activity concentrations [4]. 

Annual effective doses were derived using identical room 

geometry and occupancy assumptions, enabling direct 

comparison with the Python‑based RESRAD‑BUILD outputs. 

𝐷 = 0.462 × 𝐶𝑈 + 0.604 × 𝐶𝑇ℎ + 0.0417 × 𝐶𝐾  (2.5) 

where CU, CTh, and CK are activity concentrations (Bq/kg) of 
238U, 232Th, and 40K, respectively. The empirical annual 

effective dose (AEDemp) was then derived as: 

𝐴𝐸𝐷𝑒𝑚𝑝 = 𝐷 × 8760 × 0.7 × 0.8 × 10−6  (2.6) 

2.5 Statistical Analysis 
Descriptive statistics (mean, standard deviation, minimum, 

maximum) were computed for radionuclide concentrations 

and simulated dose components. Pearson correlation analysis 

was performed to evaluate relationships between radionuclide 

activity and external gamma dose. All analyses were 

conducted using Python 3.9 with SciPy and NumPy libraries. 

3. RESULTS 

3.1 Activity Concentrations of Natural 

Radionuclides 
The measured activity concentrations of 40K, 238U, and 

232Th across 72 building material samples were 94.00 ± 15.52, 

11.57 ± 2.32, and 9.05 ± 1.43 Bq/kg, respectively. All values 

were below UNSCEAR global averages [4], confirming 

relatively low natural radioactivity in the Niger Delta region 

compared to other Nigerian areas [7,10]. These empirical 

measurements provided the input datasets for the 

Python‑based RESRAD‑BUILD simulation framework. 

Table 1. Descriptive Statistics of Radionuclide Activity 

Concentrations (N = 72) 

Parameter Mean Std. 

Dev. 

Min Max CV 

(%) 
40K (Bq/kg) 94.00 15.52 64.27 130.65 16.51 
238U (Bq/kg) 11.57 2.32 7.39 20.31 20.03 
232Th 

(Bq/kg) 

9.05 1.43 6.15 11.86 15.83 

 

Figures 1-3 presents changes in activity concentration levels 

according to material types. In the case of 40K activity 

concentration, roof material had the highest value of 112.71 

Bq/kg, followed by POP additives (102.06 Bq/kg) and tiles 

(101.76 Bq/kg). Cement and sand were recorded with the 

lowest values (86.16 and 89.02 Bq/kg, respectively). In the 

case of 238U, the highest activity concentration level was 

recorded in POP additives (13.23 Bq/kg) and PVC (13.18 

Bq/kg); while cement recorded the lowest activity 

concentration level (10.50 Bq/kg). 232Th, however, had the 

highest concentration levels recorded in PVC (11.48 Bq/kg) 

and POP additives (10.72 Bq/kg) while wood was lowest 

(8.47 Bq/kg).  ANOVA indicated significant differences 

among material groups for all three radionuclides (p < 0.01). 
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Figure 1. Pottasium-40 Activity Concentration by 

Material Category 

Figure 2. Thorium-232 Activity Concentration by 

Material Category 

 

 

Figure 3. Uranium-238 Activity Concentration by 

Material Category 

In addition, the origin-based variations were highly evident as 

shown in Table 2. South African sources contained the highest 

levels of 238U (15.63 Bq/kg) and 232Th (10.93 Bq/kg). Italian 

sources showed higher levels of 40K (103.08 Bq/kg) and 238U 

(13.08 Bq/kg). Chinese materials consistently showed the 

lowest readings for all three radionuclides. 

Table 2: Summary of Activity Concentrations by 

Material Origin 

Origin N 40K (Mean ± 

SD) 

238U (Mean 

± SD) 

232Th 

(Mean ± 

SD) 

Benin 

City 

1 97.64 14.03 10.85 

South 

Africa 

1 120.18 15.63 10.93 

Foreign 1 78.81 11.04 8.89 

Italian 5 103.08 ± 

14.34 

13.08 ± 

1.43 

9.34 ± 

1.48 

Indian 9 88.64 ±13.07 11.49 ±1.92 8.49 ±1.07 

Nigeria 26 97.07 ± 16.16 11.79 ± 

2.95 

9.14 ± 

1.56 

Local 22 89.82 ± 12.07 11.04 ± 

1.87  

8.96 ± 

1.45  

China 4 88.42 ± 30.06 10.62 ± 

1.91 

8.61 ± 

1.44 

Unknown 3 98.74 ±14.33 11.28 ±2.40 9.25 ±1.61 

Overall 72 94.00 ± 15.52 11.57 ± 

2.32 

9.05 ± 

1.43 

3.2 RESRAD‑BUILD Simulation Outputs 
The computational model generated pathway‑resolved annual 

effective doses ranging from 0.0634 to 0.1241 mSv/y, with a 

mean of 0.0875 ± 0.0126 mSv/y. All simulated doses were 

well below the ICRP public dose limit of 1 mSv/y [6]. The 
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pathway contributions were consistent across material 

categories: 

Table 3. RESRAD‑BUILD Simulated Doses by Exposure 

Pathway 

Path

way 

Mea

n 

(mSv

/y) 

Std. 

Dev. 

Mini

mum 

Maxi

mum 

Contri

bution 

(%) 

Exter

nal 

gam

ma 

0.072

5 

0.010

5 

0.052

6 

0.101

6 

82.9 

Inhal

ation 

3.64 

× 10-5 

1.24 

× 10-5 

1.42 ×

 10-5 

1.07 ×

 10-4 

0.04 

Ingest

ion 

0.015

0 

0.002

2 

0.009

9 

0.022

4 

17.1 

Total 0.087

5 

0.012

6 

0.063

4 

0.124

1 

100 

External gamma exposure: 82.9 % of total dose. 

Ingestion of dust: 17.1 %. 

Inhalation of radon progeny: 0.04 %. 

Validation Against Empirical Estimates  

Comparison between simulated doses and empirical 

UNSCEAR‑based calculations showed excellent agreement, 

with a mean difference of 3.1 % and correlation coefficient r = 

0.999. This validates the algorithmic accuracy of the 

Python‑based RESRAD‑BUILD framework, confirming its 

reliability for environmental exposure modelling. 

 
Figure 4. Comparison of RESRAD‑BUILD total 

simulated dose vs. empirical dose estimate. The red 

dashed line indicates perfect agreement (1:1 line) 

3.3 Pathway Contributions by Material 

Category  
Roofing, paint additives, and tiles produced the highest total 

simulated doses, while cement and wood produced the lowest. 

Despite these variations, the proportional pathway 

contributions remained stable (external gamma ~83 %, 

ingestion ~17 %, inhalation <0.05 %), indicating that room 

geometry and occupancy assumptions in the computational 

model drive pathway distribution more than material type. 

Table 4. Pathway Contributions for Selected Material 

Categories 

Cate

gory 

N External 

(mSv/y) 

Inhal

ation 

(mSv/

y) 

Ingestio

n 

(mSv/y) 

Total 

(mSv/y) 

Roofi

ng 

1 0.0891 3.98 × 

10-5 

0.0189 0.1080 

Paint 

addit

ive 

1 0.0865 3.85 × 

10-5 

0.0184 0.1049 

Tiles 8 0.0782 ± 

0.0150 

3.71 × 

10-

5 ± 0.6

2 

0.0167 ± 

0.0032 

0.0949 ± 

0.0182 

Gran

ite 

1

7 

0.0748 ± 

0.0090 

3.60 × 

10-

5 ± 0.4

8 

0.0155 ± 

0.0019 

0.0903 ± 

0.0109 

Cem

ent 

7 0.0704 ± 

0.0088 

3.45 × 

10-

5 ± 0.4

1 

0.0147 ± 

0.0019 

0.0851 ± 

0.0107 

Woo

d 

1

3 

0.0712 ± 

0.0081 

3.48 × 

10-

5 ± 0.3

9 

0.0149 ± 

0.0017 

0.0861 ± 

0.0098 

 

3.4 Correlation Analysis 
Pearson correlation analysis revealed strong positive 

relationships between radionuclide concentrations and 

external gamma dose: 238U (r = 0.93, p < 0.01), 232Th (r = 

0.82, p < 0.01), and 40K (r = 0.64, p < 0.01). These correlations 

reflect the dose conversion factors embedded in the 

computational framework [4], further validating the model’s 

ability to capture dose‑response relationships. 

Table 5. Pearson Correlation Matrix  

Parameter ⁴⁰K ²³⁸U ²³²Th External 

dose 

⁴⁰K 1.00 0.48** 0.24* 0.64** 

²³⁸U 0.48** 1.00 0.68** 0.93** 

²³²Th 0.24* 0.68** 1.00 0.82** 

External 

dose 

0.64** 0.93** 0.82** 1.00 

*Note: **p < 0.01, p < 0.05 

4. DISCUSSION 
The Python‑based RESRAD‑BUILD simulation developed in 

this study demonstrates the effectiveness of computational 
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modelling for pathway‑resolved radiation dose assessment. By 

integrating measured activity concentrations of 40K, 238U, 

and 232Th with realistic room geometry and occupancy 

parameters, the framework produced results that closely 

matched empirical UNSCEAR estimates, with a mean 

difference of only 3.1 %. This agreement validates the 

computational reliability of the Python implementation and 

confirms its suitability as a reproducible modelling tool 

[11,22]. The measured activity concentrations (40K: 94 Bq/kg, 

238U: 11.6 Bq/kg, 232Th: 9.1 Bq/kg) were lower than global 

averages [4] and significantly lower than values reported in 

other Nigerian regions [7,10]. These differences reflect 

geological variation, with the Niger Delta’s sedimentary sands 

and clays typically exhibiting lower natural radioactivity than 

crystalline basement rocks [15,22,23,24]. While reassuring 

from a public health perspective, the observed variability 

across material categories and origins underscores the need for 

computational frameworks that can flexibly incorporate 

diverse datasets and generate pathway‑specific risk estimates. 

The simulation confirmed that external gamma radiation is the 

dominant pathway (82.9 %), consistent with previous 

RESRAD‑BUILD applications [11,13,25]. Inhalation 

contributed negligibly (0.04 %), reflecting the predominance 

of surface materials with low radon emanation rates [26,27,28]. 

Ingestion accounted for 17.1 %, highlighting the importance 

of considering dust exposure, particularly for children. These 

pathway‑resolved insights illustrate the strength of 

computational modelling: unlike empirical formulas, the 

Python‑based RESRAD‑BUILD framework provides detailed 

breakdowns that inform targeted mitigation strategies. Beyond 

radiation safety, the computational approach demonstrates 

broader applicability. By leveraging open‑source tools such as 

Python, the framework can be adapted to other domains 

requiring environmental exposure modelling, including air 

quality, chemical contamination, and smart building design. 

This positions the study not only as a contribution to radiation 

physics but also as an example of how computer applications 

can advance environmental risk assessment through 

reproducible, scalable, and adaptable simulation. 

5. CONCLUSION 
This study demonstrates that a Python‑based implementation 

of the RESRAD‑BUILD framework provides a reliable and 

efficient computational tool for simulating indoor radiation 

exposure pathways in Nigerian residential buildings. By 

integrating measured activity concentrations of 40K, 238U, 

and 232Th with realistic room geometry, air exchange, and 

occupancy parameters, the model produced pathway resolved 

dose estimates that closely matched empirical calculations, 

with a mean difference of only 3.1 %.The results confirm that 

external gamma radiation is the dominant pathway, while 

ingestion and inhalation contribute smaller fractions. 

Importantly, the computational approach reframes radiation 

exposure assessment as a simulation problem, enabling 

reproducible, adaptable, and scalable evaluations. This 

highlights the broader potential of Python‑driven frameworks 

for environmental risk modelling, where complex exposure 

scenarios can be quantified with precision and transparency. 

Beyond radiation safety, the methodology underscores the 

value of computational modelling in public health protection 

and environmental engineering. By leveraging open‑source 

tools such as Python, researchers and regulators can extend 

this framework to other domains such as air quality, chemical 

exposure, and smart building design thereby advancing the 

role of computer applications in environmental safety and risk 

assessment.  
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