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A B S T R A C T

The current study provides a comprehensive examination of both natural and anthropogenic 
activity concentrations found in soil and surface water samples near the Rooppur nuclear power 
plant (RNPP), the first of its kind under construction in Bangladesh. The investigation covers a 
range of activity concentrations including 226Ra, 232Th, and 40K in fifty soil and fifty water 
samples, revealing values ranging from 18 to 38, 18–51, and 310–560 Bqkg− 1 for soil, and 
2.1–6.1, 2.1–5.5, and 67–115 Bqkg− 1 for water, respectively. Although outdoor absorbed dose 
rate, outdoor effective dose, and gamma representative level index values in some soil samples 
exceed global averages, other radiological hazard parameters such as radium equivalent activity, 
annual effective dose, external and internal hazard indices, and lifetime carcinogenic risk for both 
soil and water samples consistently remain below safety thresholds established by international 
organizations. These findings indicate that the soil and water samples collected from the vicinity 
of the RNPP do not pose significant radiological hazards to the nearby populations. This study’s 
comprehensive dataset is anticipated to play a crucial role in facilitating the identification and 
evaluation of any changes in environmental radioactivity, thereby assisting in the effective 
management and regulation of nuclear power plant activities in the years to come.

1. Introduction

One of the inherent and irrefutable aspects with regard to life on Earth involves exposure to ionizing radiation from the surrounding 
environment [1]. Naturally occurring radiation sources, such as cosmic rays and terrestrial radiation, encompass what is commonly 
known as ‘naturally occurring radioactive materials (NORMs)’. These include 40K, 238U, 232Th, and their progenies, which are prev
alent within vegetation, rocks, soils, and water. Artificial sources of radiation inside the ecosystem stem from fallout from nuclear 
weapon testing, nuclear reactors, and radioactive applications in medicine. Gamma radiation is encountered externally through 
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cosmic rays and terrestrial radiation, whereas internal exposure transpires through the inhalation and ingestion of radionuclides that 
are found in food and water. Terrestrial radiation accounts for an estimated 80 % of the overall exposure, while the remaining fraction 
is ascribed to cosmic rays and manmade sources [1]. Radiation exposure varies in magnitude according to geographic location and the 
particular attributes of the geological formations present in that region [2–8]. Certain regions globally, including Iran, Australia, 
Canada, Brazil, the United States, and India [9–13], are classified as High Background Radiation Areas (HBRAs) on account of 
distinctive geochemical and geological characteristics that result in heightened levels of terrestrial radiation. Prolonged radiation 
exposure can induce detrimental consequences for human health, including but not limited to chronic lung diseases, anaemia, acute 
leukopenia, and cancers that impact organs including the lungs, breasts, and pancreas [14,15]. In-depth investigations are ongoing in 
these regions to identify potential threats to public health and assess the need for lifestyle adaptations among the local population 
[16–18]. As a result, it is critical to analyze the active concentration of NORMs in the soil and water and the corresponding radiological 
dangers related to the external dosage of gamma radiation to the population. When conducting a radiological examination of a site 
prior to selecting it for the construction of a nuclear power plant, this assessment becomes very crucial.

The Environmental Impact Assessment (EIA) is an essential component in evaluating the environmental consequences of a facility, 
offering a concise synopsis of the ways in which the infrastructure affects the surrounding ecosystem. Preparatory to post- 
decommissioning environmental monitoring data must be meticulously documented as part of the EIA operations encompassing a 
nuclear facility. A comprehensive examination of multiple environmental factors such as air quality, soil quality, and water quality-is 
crucial for feasibility studies and for gaining an understanding of the long-term consequences associated with a nuclear site [19]. 
Presently under construction in the People’s Republic of Bangladesh is the Rooppur Nuclear Power Plant (RNPP), which will house two 
VVER-1200 reactors with a combined capacity of 2400 MW and an expected operational life of sixty years. The RNPP, being the 
inaugural nuclear power plant in the nation and among the most expansive in southern Asia, is located along the Padma River, which 
provides the facility with its principal water supply and serves as the principal pathway for construction operations in the area. The 
river is thus exposed to a possible hazard of contamination as a result of development and heightened naval operations. Furthermore, 
upstream city sewage, industrial effluents, and local agricultural runoff may all contribute to elements contamination in the river 
system. In light of these considerations, it becomes crucial to assess environmental radiation and background radioactivity prior to the 
commercial operation of the power plant. Consistent monitoring is required prior to construction to assess potential effects on 
environmental and public health factors, hence guaranteeing uninterrupted operations during the operational phase. This level of 
inspection is also applicable to epidemiological investigations, as it aids in the detection of possible alterations in environmental 
radioactivity that may be the result of anthropogenic, industrial, and nuclear endeavours.

Fig. 1. a) Key physiographic characteristics of Bangladesh and its environs (modified after Rashid et al., 2021 [39]), as well as the location of the 
current study area; b) the study area and its surroundings (based on Landsat image 2018 interpretation (image collected from the website http:// 
glovis.usgs.gov), and sampling points; C) the study area, its geomorphology (based on Landsat image 2018 analysis and field checking), and location 
of sampling points.
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Radiation protection measures at diverse levels, exemplified by radiological surveys and hazard assessments, have been carried out 
both before and after the selection of sites in numerous countries. This proactive approach is evident in countries like India, specifically 
at the location of the Kudankulam Nuclear Power Plant and the Barakah Nuclear Power Plant in the United Arab Emirates [20,21]. 
Radiological assessments conducted at both the Al-Nigella and Nuclear Power Plant IV in Egypt and Taiwan, respectively have 
identified the artificial radionuclide 137Cs in the soil of these respective locations [22,23]. Comparable research endeavours have been 
conducted in Bangladesh in the vicinity of the RNPP [24–34]. Jannat et al. [24] collected soil samples from forty places surrounding 
the proposed RNPP site, determining that the activity levels of naturally occurring radionuclides are consistent with the corresponding 
global average values. Conversely, Hayder et al. collected a total of 20 samples, including 10 soil and 10 sediment samples, from 
upstream and downstream locations of the Padma River near the RNPP in Rooppur, Pabna; the study concluded that the measured 
natural radionuclide values in the samples surpassed the world average. The soil, water, and sediment samples collected around RNPP 
indicated the absence of any artificial radionuclides, as confirmed by the researchers [24,26,28,35]. On the other hand, Panov et al. 
[31,36] identified artificial radioactivity, specifically 137Cs, in soil, drinking water, cows’ milk, beef, poultry, fish, and vegetables 
collected around RNPP. Hence, the principal aim of this research is to systematically compare and assess these contrasting perspec
tives, aiming to ascertain the accuracy and significance of divergent measurements. This study seeks to provide a thorough and current 
evaluation of the radiological hazards associated with water and soil samples in the vicinity of RNPP through a comprehensive 
follow-up analysis. Furthermore, prior research in this domain has been constrained by a limited number of examined samples. To 
address this limitation, the current study endeavours to overcome the restrictions of prior investigations through the implementation 
of a comprehensive investigation utilizing a significant sample size.

The Padma River’s water will serve as the Rooppur Nuclear Power Plant’s tertiary coolant, set to be operational in 2024. Simul
taneously, this water source is utilized by numerous residents along the riverbanks for various purposes such as drinking, washing, 
cooking, and bathing. One of the principal aims of this investigation is to carry out the inaugural measurement of radioactivity in the 
Padma River water and assess the associated radiological risks. The anticipated data from the radioactivity analysis of both Padma 
River water and soil samples collected around RNPP is expected to contribute to the evaluation of radioactivity scenarios during 
regular plant operations and potential accidental incidents at the RNPP.

2. Methodology

2.1. Geology of the study area

The study area is situated in the northwestern part of Bangladesh (Fig. 1a). Physiographically, it falls in the Ganges River Floodplain 
[37]. Geomorphologically, it comprises floodplain deposits and channel bar deposits (Fig. 1c). The floodplain deposits consist of silty 
clay to clayey silt sediments and channel bar deposits consist of medium to very fine-grained sand and silty sand sediments. The 
tropical monsoon environment is humid. June–October is monsoon season. Winter lasts from late November to late February. Summer 
lasts from March until May. The maximum and minimum yearly temperatures are ~43.9 ◦C and 4.4 ◦C, respectively [38]. The average 
yearly rainfall is ~1500 mm. Relative humidity varies from ~64 % to ~83 % [38].

2.2. Sampling and sample preparation

A comprehensive study was conducted around the RNPP in January 2023 during the winter season, resulting in the collection of 
fifty surface soil samples (0–5 cm) from various locations. These included the main gate of the reactor, the paper mill, the primary 
school, the mosque, the bottle factory, the nursery, the EPZ (export processing zone), the EPZ residential area, Green City (where RNPP 
employees live), and more. As directed by IAEA guideline [40], the soil samples were collected using the judgmental sampling 
technique. With this approach, the sample team’s expert judgment and subjective standards, such as visual inspections, are given 
precedence when choosing sampling locations. This approach’s main benefit is that it gives the team more authority to select more 
representative samples. As a result, when compared to other approaches, this can produce more accurate results and accomplish the 
same goals more quickly and cheaply.

In our research, conducted in January 2023 during the winter season, we utilized a stratified systematic sampling strategy [40] to 
collect fifty surface water samples from the Padma River, situated adjacent to the RNPP, which is designated to serve as the tertiary 
coolant for the facility. This method involves dividing the population into distinct groups or strata. Unlike random sampling, stratified 
sampling is more intricate and requires a greater depth of prior knowledge. The advantage of this approach lies by means of population 
fragmentation into smaller groups, more homogeneous groups. Specific factors including sampling depth, soil horizon, pollutant 
concentration, and source-distinguish each stratum and influence the measured parameter of interest. Considering the proximity of the 
Hardinge Bridge to the RNPP, we strategically obtained more samples in its vicinity (Fig. 1c). Two more subdivisions were considered 
in Rajshahi and Kustia, upstream and downstream of the Padma River. Systematic sampling was carried out in these areas by regularly 
gathering samples over the course of the study period on both sides of the river.

Upon removing any undesired components, such as roots, pebbles, and plant debris, along with additional contaminants, every soil 
sample, approximately weighing 1 kg, was promptly stored in sterile, airtight, zip-lock polyethene bags that were appropriately 
labelled. Following that, these samples were delivered to the Atomic Energy Center Dhaka’s Health Physics Division (AECD). After 
being sun-dried for couple of days, the samples were properly dried in an oven at 105 ◦C–110 ◦C for 24 h. After that, they were ho
mogenized, put through a test filter, and kept in an airtight plastic Marinelli beaker. Before obtaining the spectra using gamma-ray 
spectroscopy, the samples were kept at room temperature for 40 days to allow 226Ra, 232Th, and their progenies to attain secular 
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equilibrium [41].
Before accommodating the collected water samples, 1-L bottles were sterilized. Pyrex beakers, each with a capacity of 1 L, un

derwent a thorough cleaning process using distilled water and were dried to prevent the introduction of moisture into the samples. To 
inhibit the accumulation of organic material and maintain the ions’ oxidation state, 1 mL of concentrated HNO3 was added to each 
water sample [42]. Subsequently, a water bath treatment at 105 ◦C was employed to gradually reduce the water samples’ volume to 
500 mL. For every sample, a Marinelli beaker was utilized. Following a storage period of four weeks, equilibrium was reached between 
the gaseous and non-gaseous decay products of naturally occurring radionuclide series.

2.3. Measurement procedures and data analysis

The high-resolution coaxial HPGe gamma-ray spectrometer (p type, Model no. GCD-30185, manufacturer’s name- NATS (North 
American Technical Services)) was utilized to ascertain the activity concentrations of radionuclides in the samples. The detector was 
housed inside a cylindrical lead shielding (15 cm of lead thickness) apparatus with a sliding cover and a fixed base to reduce inter
ference from outside noise. With a relative efficiency of 30 %, the energy peak at 1.33 MeV, which corresponds to 60Co, showed an 
energy resolution of 1.67 keV at full-width half-maximum (FWHM). Samples and background were counted over a predetermined 
period of 120,000 s.

The detector’s energy calibration was performed using typical point sources such as 60Co, 109Cd, 133Ba, 137Cs, and 152Eu (each 
activity 1 μCi) [43]. By mixing a known activity of 152Eu with an Al2O3 matrix and creating it in the same containers as the samples, the 
detector’s efficiency for solid samples was determined [44]. A standard source was prepared by combining a known quantity of 152Eu 
with 1N HCl (in deionized water) in containers that were the same as those used for the samples to ascertain the detector efficiency for 
liquid samples.

Each radionuclide’s activity concentration was determined using Equation (1) [45–47]: 

A=
N

ε × ργ × w
(1) 

The specific activity measured in Bqkg− 1 is denoted by “A” in the equation, the count rate in counts per second (cps) is represented 
by N, the counting efficiency of the HPGe detector at the given gamma-ray energy is indicated by ε, the absolute transition probability 
of the particular gamma ray is represented by ργ , and the sample weight in kilograms is indicated by w (kg).

The minimal detectable activity concentration (MDAC) for the gamma-ray measurement system method was calculated using Eq 
(2) as stated in Ref. [45]: 

MDA=
Kα ×

̅̅̅
B

√

ε × ργ × T × w
(2) 

where K is the statistical coverage factor, with a value of 1.64 (at the 95 % confidence level), B is the number of background counts for 
the relevant radionuclide, T is the counting time, and ργ and w (in kg) have the same usual meaning as in Eq (1). The MDAs for 226Ra, 
232Th, 40K and 137Cs were determined to be 0.35 Bqkg− 1, 0.64 Bqkg− 1, 2.2 Bqkg− 1 and 0.8 Bqkg− 1 respectively.

Equation (3) was the mathematical formula used to estimate the uncertainty of the determined radioactivity [44].
Combined Standard uncertainty 

= Ai ×
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The counting time, sample counts, sample weight, gamma-ray emission probability, and counting efficiency are represented by the 
symbols T, N, w, ργ, and ε, in that order. The estimated uncertainty of the radionuclides ranges from 5 % to 10 %.

2.4. Radiological hazard parameters

2.4.1. Radium equivalent activity
The radium equivalent activity of soil samples is a radiological metric utilized to determine the total radium radioactive content of 

the samples. It offers a consolidated quantification of the amalgamated radioactivity emitted by several radioactive isotopes found in 
the soil, including 226Ra, 232Th, and 40K. By utilizing Equation (4), one can ascertain the radium equivalent activity [44]. 

Raeq = SRa + 1.43STh + 0.077SK (4) 

In Bqkg− 1, SRa, STh, and SK denote the mean activity of 226Ra, 232Th, and 40K, respectively.

2.4.2. The absorbed dose rate in the air
The amount of energy absorbed by the air per unit mass from ionizing radiation is known as the absorbed dose rate in the air. 

Radiation from a variety of sources, such as nuclear activities, ionizing radiation using medical treatments, and natural background 
radiation (such as cosmic rays and radon), can affect the absorbed dose rate in the air.

Equation (5) was used to determine the external absorbed dose rate, Dout, that resulted from the gamma rays released by the sample 
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under examination at a height of 1 m above the ground [43]. 

Dout =0.462ARa + 0.604ATh + 0.0417AK (5) 

The absorbed dose rate (in nanograys per hour or nGy/h) resulting from external gamma radiation exposure is denoted by the 
symbol Dout, while the standard definitions of the remaining symbols are maintained.

Due to the fact that individuals spend more time indoors than outdoors, indoor exposure is more crucial. Equation (6) is employed 
to compute the indoor exposure value, Din [4,48]. 

Din =1.4Dout (6) 

Table 1 
Concentrations of226Ra,232Th, and40K in soil sample.

Sl Coordinates of soil sample Activity Concentration (Bqkg− 1) of soil sample

Latitude (N) Longitude (E) Ra-226 Th-232 K-40

1 24◦04′25.86″ 89◦03′35.28″ 22 ± 2 37 ± 3 360 ± 33
2 24◦04′38.94″ 89◦03′25.98″ 25 ± 2 33 ± 3 470 ± 43
3 24◦04′28.14″ 89◦03′8.88″ 37 ± 3 38 ± 3 430 ± 41
4 24◦04′28.26″ 89◦03′3.06″ 20 ± 2 28 ± 2 470 ± 43
5 24◦04′40.62″ 89◦02′59.94″ 26 ± 2 27 ± 2 310 ± 29
6 24◦05′19.38″ 89◦02′50.7″ 18 ± 1 23 ± 2 360 ± 33
7 24◦05′13.68″ 89◦02′39.54″ 33 ± 3 43 ± 4 520 ± 47
8 24◦05′25.02″ 89◦02′28.8″ 27 ± 2 36 ± 3 440 ± 41
9 24◦05′31.56″ 89◦02′22.56″ 27 ± 2 33 ± 3 430 ± 39
10 24◦05′40.8″ 89◦02′18.66″ 30 ± 3 44 ± 4 490 ± 45
11 24◦05′50.22″ 89◦02′7.56″ 24 ± 2 35 ± 3 480 ± 43
12 24◦06′17.94″ 89◦02′55.26″ 24 ± 2 34 ± 3 440 ± 41
13 24◦05′59.28″ 89◦02′41.4″ 28 ± 2 41 ± 4 470 ± 43
14 24◦05′44.58″ 89◦02′45″ 18 ± 1 27 ± 2 360 ± 33
15 24◦05′23.34″ 89◦02.‘49.58″ 22 ± 2 37 ± 3 390 ± 35
16 24◦04′32.22″ 89◦03′58.5″ 29 ± 2 42 ± 4 500 ± 45
17 24◦04′21″ 89◦02′6.72″ 38 ± 3 49 ± 4 530 ± 47
18 24◦04′17.88″ 89◦03′24.24″ 26 ± 2 35 ± 3 450 ± 41
19 24◦04′3.06″ 89◦03′26.4″ 28 ± 2 41 ± 4 550 ± 49
20 24◦03′58.08″ 89◦03′23.46″ 28 ± 2 41 ± 4 460 ± 41
21 24◦03′56.04″ 89◦03′23.64′ 25 ± 2 36 ± 3 430 ± 39
22 24◦03′48.36″ 89◦03′12.72″ 26 ± 2 28 ± 2 470 ± 41
23 24◦03′29.82″ 89◦03′16.74″ 29 ± 2 41 ± 4 530 ± 49
24 24◦03′27.6″ 89◦03′30.9″ 27 ± 2 39 ± 3 519 ± 47
25 24◦03′28.2″ 89◦03′44.04″ 28 ± 2 41 ± 4 510 ± 47
26 24◦03′22.32″ 89◦03′45.96″ 28 ± 2 38 ± 3 490 ± 45
27 24◦03′8.46″ 89◦03′44.34″ 31 ± 3 40 ± 4 520 ± 47
28 24◦02′53.94″ 89◦03′41.34″ 28 ± 2 44 ± 4 500 ± 45
29 24◦03′31.5″ 89◦03′46.92″ 26 ± 2 34 ± 3 450 ± 41
30 24◦03′38.46″ 89◦03′29.7″ 32 ± 3 40 ± 4 550 ± 51
31 24◦03′49.62″ 89◦03′48.78″ 35 ± 3 49 ± 4 560 ± 51
32 24◦03′52.92″ 89◦03′51″ 26 ± 2 40 ± 4 390 ± 35
33 24◦03′51.42″ 89◦03′53.88″ 20 ± 2 29 ± 2 440 ± 41
34 24◦03′49.68″ 89◦04′18″ 31 ± 3 41 ± 4 530 ± 49
35 24◦03′44.46″ 89◦04′15.66″ 33 ± 3 43 ± 4 550 ± 51
36 24◦03′27.84″ 89◦04′9.66″ 28 ± 2 36 ± 3 530 ± 49
37 24◦04′7.98″ 89◦04′21.24″ 26 ± 2 36 ± 3 530 ± 49
38 24◦04′26.34″ 89◦04′17.7″ 24 ± 2 33 ± 3 490 ± 45
39 24◦04′50.46″ 89◦04′24.36″ 37 ± 3 51 ± 5 520 ± 47
40 24◦04′52.44″ 89◦04′19.56″ 22 ± 2 35 ± 3 450 ± 41
41 24◦04′44.58″ 89◦04′14.58″ 22 ± 2 30 ± 3 410 ± 37
42 24◦04′42″ 89◦04′18.36″ 27 ± 2 38 ± 3 420 ± 39
43 24◦04′34.98″ 89◦04′9.66″ 25 ± 2 39 ± 3 410 ± 37
44 24◦04′34.2″ 89◦04′16.14″ 24 ± 2 41 ± 4 400 ± 36
45 24◦04′14.58″ 89◦02′58.86″ 19 ± 1 31 ± 3 420 ± 37
46 24◦03′16.26″ 89◦02′54.18″ 29 ± 2 38 ± 3 490 ± 45
47 24◦03′14.7″ 89◦02′27.06″ 27 ± 2 40 ± 4 460 ± 42
48 24◦03′46.14″ 89◦02′13.02″ 26 ± 2 35 ± 3 410 ± 37
49 24◦03′58.74″ 89◦02′48.9″ 19 ± 1 25 ± 2 350 ± 31
50 24◦04′3.6″ 89◦02′43.26″ 19 ± 1 18 ± 1 360 ± 33
Maximum 38 ± 3 51 ± 5 560 ± 51
Minimum 18 ± 1 18 ± 1 310 ± 29
Average 27 ± 2 37 ± 3 499 ± 45
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2.4.3. The annual effective dose
The annual effective doses of Ein and Eout can be determined by utilizing the correspondingly measured outdoor and interior ex

posures. Therefore, utilizing Equation (7) and Eq. (8), the annual effective doses Ein (mSv/y) and Eout (mSv/y) were calculated [1,49]. 

Ein

(

mSv/y

)

=Din ×( 8760×0.7×0.8) × 10− 6 (7) 

Eout

(

mSv/y

)

=Dout ×( 8760×0.7×0.2) × 10− 6 (8) 

Worldwide, the average yearly effective dose of all indoor and outdoor terrestrial radiation is 0.48 mSv, per UNSCEAR 2000 [1]. 
The effective dosage limit for public exposure in planned exposure conditions is 1 mSv per year, as recommended by the ICRP [50], 

Table 2 
Concentrations of226Ra,232Th, and40K in water sample.

Sl Coordinates of water sample Activity Concentration (Bqkg− 1) of water sample

Latitude (N) Longitude (E) Ra-226 Th-232 K-40

1 24◦05′07.2″ 88◦49′08.9″ 5.3 ± 0.5 3.9 ± 0.3 91 ± 9
2 24◦04′57.9″ 88◦48′12.5″ 4.5 ± 0.4 4.7 ± 0.4 93 ± 9
3 24◦05′10.0″ 88◦48′31.9″ 4.7 ± 0.4 4.5 ± 0.4 95 ± 9
4 24◦10′18.2″ 89◦10′20.2″ 3.5 ± 0.3 2.7 ± 0.2 73 ± 7
5 24◦10′27.8″ 88◦48′37.5″ 4.3 ± 0.4 3.1 ± 0.3 75 ± 7
6 24◦11′11.3″ 88◦46′44.5″ 3.7 ± 0.3 3.7 ± 0.3 77 ± 7
7 24◦05′34.9″ 88◦53′30.3″ 4.5 ± 0.4 3.3 ± 0.3 71 ± 7
8 24◦06′33.9″ 88◦54′99.6″ 4.3 ± 0.4 3.5 ± 0.3 73 ± 7
9 24◦07′41.0″ 88◦54′42.5″ 3.3 ± 0.3 3.3 ± 0.3 67 ± 6
10 24◦06′84.8″ 88◦59′10.0″ 3.1 ± 0.3 3.7 ± 0.3 81 ± 8
11 24◦08′71.2″ 89◦01′62.1″ 4.7 ± 0.4 3.3 ± 0.3 79 ± 7
12 24◦07′75.6″ 89◦01′62.6″ 2.5 ± 0.2 2.1 ± 0.2 75 ± 7
13 24◦05′10.3″ 89◦10′32.2″ 2.7 ± 0.2 3.1 ± 0.3 87 ± 8
14 24◦05′86.9″ 89◦01′26.5″ 3.7 ± 0.3 3.7 ± 0.3 81 ± 8
15 24◦06′26.9″ 89◦01′67.1″ 3.9 ± 0.3 2.7 ± 0.2 77 ± 7
16 24◦03′97.1″ 89◦01′34.2″ 3.5 ± 0.3 3.1 ± 0.3 85 ± 8
17 24◦04′08.1″ 89◦01′77.6″ 3.7 ± 0.3 4.9 ± 0.4 95 ± 9
18 24◦04′21.8″ 89◦02′10.8″ 2.7 ± 0.2 4.5 ± 0.4 87 ± 8
19 24◦04′40.1″ 89◦02′11.5″ 2.3 ± 0.2 3.9 ± 0.3 82 ± 8
20 24◦03′40.0″ 89◦02′81.5″ 2.5 ± 0.2 2.7 ± 0.2 69 ± 6
21 24◦03′32.9″ 89◦01′25.7″ 3.1 ± 0.3 3.5 ± 0.3 81 ± 8
22 24◦03′15.9″ 89◦02′71.0″ 2.1 ± 0.2 3.1 ± 0.3 69 ± 6
23 24◦03′27.5″ 89◦02′33.3″ 2.3 ± 0.2 2.7 ± 0.2 75 ± 7
24 24◦03′22.0″ 89◦02′21.3″ 2.7 ± 0.2 3.9 ± 0.3 93 ± 9
25 24◦03′21.2″ 89◦02′32.1″ 3.7 ± 0.3 4.1 ± 0.4 111 ± 10
26 24◦02′45.4″ 89◦03′31.0″ 2.8 ± 0.2 3.5 ± 0.3 77 ± 7
27 24◦00′51.7″ 89◦01′47.5″ 2.5 ± 0.2 3.7 ± 0.3 79 ± 7
28 24◦00′65.2″ 89◦02′17.1″ 2.7 ± 0.2 3.9 ± 0.3 83 ± 8
29 24◦00′99.5″ 89◦02′19.9″ 4.1 ± 0.4 4.1 ± 0.4 99 ± 9
30 23◦50′05.0″ 89◦03′47.0″ 3.3 ± 0.3 2.9 ± 0.2 69 ± 6
31 23◦59′10.0″ 89◦03′95.4″ 2.9 ± 0.2 3.5 ± 0.3 73 ± 7
32 23◦59′31.0″ 89◦04′42.0″ 3.9 ± 0.3 4.1 ± 0.4 87 ± 8
33 23◦56′99.5″ 89◦07′02.9″ 3.5 ± 0.3 3.7 ± 0.3 81 ± 8
34 23◦56′11.2″ 89◦07′63.0″ 5.1 ± 0.5 3.3 ± 0.3 83 ± 8
35 23◦56′58.5″ 89◦09′38.6 ″ 3.7 ± 0.3 4.1 ± 0.4 91 ± 9
36 23◦57′30.0″ 89◦09′34.6″ 2.7 ± 0.2 3.7 ± 0.3 73 ± 7
37 23◦56′61.0″ 89◦11′12.0″ 4.5 ± 0.4 2.7 ± 0.2 87 ± 8
38 23◦54′08.4″ 89◦09′22.2″ 5.1 ± 0.5 4.1 ± 0.4 99 ± 9
39 23◦55′30.5″ 89◦14′27.0″ 4.9 ± 0.4 3.7 ± 0.3 97 ± 9
40 23◦55′54.5″ 89◦14′31.2″ 6.1 ± 0.6 5.5 ± 0.5 115 ± 11
41 23◦57′72.0″ 89◦14′40.0″ 3.9 ± 0.3 3.9 ± 0.3 113 ± 11
42 23◦55′10.5″ 89◦16′39.3″ 3.5 ± 0.3 4.1 ± 0.4 87 ± 8
43 23◦56′22.0″ 89◦17′55.5″ 4.3 ± 0.4 4.6 ± 0.4 101 ± 10
44 23◦56′45.2″ 89◦17′45.8″ 5.3 ± 0.5 4.3 ± 0.4 95 ± 9
45 23◦56′55.3″ 89◦17′55.8″ 5.1 ± 0.5 4.7 ± 0.4 97 ± 9
46 23◦57′10.3″ 89◦18′15.8″ 4.7 ± 0.4 4.9 ± 0.4 99 ± 9
47 23◦57′27.1″ 89◦18′29.8″ 4.9 ± 0.4 4.5 ± 0.4 101 ± 10
48 23◦57′45.3″ 89◦18′47.7″ 5.3 ± 0.5 5.1 ± 0.5 97 ± 9
49 23◦57′58.5″ 89◦18′57.5″ 4.5 ± 0.4 5.3 ± 0.5 103 ± 10
50 23◦58′25.3″ 89◦19′17.7″ 5.1 ± 0.5 4.9 ± 0.4 95 ± 9
Maximum 6.1 ± 0.6 5.5 ± 0.5 115 ± 11
Minimum 2.1 ± 0.2 2.7 ± 0.2 67 ± 6
Average 3.8 ± 0.3 3.4 ± 0.3 86 ± 8
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IAEA [1], and the Nuclear Safety and Radiation Control Rules-1997 of Bangladesh [51–55].

2.4.4. Hazard index
Hazard indices are essential for assessing the radiological concerns associated with soil radioactivity. They offer quantifiable in

dicators of possible radionuclide-related health risks, such as exposure to internal and external radiation. To decrease health risks 
while maintaining international radiation safety standards, these indicators are crucial in establishing rules and regulations that ensure 
safe application. To calculate the external hazard index (Hex), equation (9) is used [56]. 

Hex =
SRa

370
+

STh

259
+

SK

4810
(9) 

Equation (10) yields the internal hazard index (Hin), a quantitative measure of the internal health danger resulting from radon 
exposure and the deposition of its byproducts on lung tissues [4]. 

Hin =
SRa

185
+

STh

259
+

SK

4810
(10) 

2.4.5. Excess lifetime cancer risk (ELCR)
One crucial parameter utilized to evaluate the potential health consequences linked to carcinogenic agent exposure is excess 

lifetime cancer risk (ELCR). This statistic provides a quantitative assessment of the supplementary cancer risk associated with the 
exposure, beyond the pre-existing cancer risk. For the ELCR calculation, Equation (11) is utilized [2,57]. 

ELCR=Eaed × Alf × Rf (11) 

Eaed, Alf, and Rf represent, respectively, the equivalent annual effective dose, the average lifetime (72.6 years), and the fatal cancer 
risk factor [38]. ICRP recommends a risk factor of 0.05/Sv for stochastic consequences affecting the general public [58].

Table 3 
Radiological measurements of238U,232Th, and40K in soil and water samples from areas surrounding nuclear power plants in various countries pre
ceding commercial operation.

Sl Region of Study Type of 
sample

Range of Activity Concentration ((Bqkg− 1) Reference
238U (226Ra) 232Th 40K 137Cs

01 Barakah NPP, UAE Soil 5.33 ±
0.25–22.02 ±
0.52

2.23 ± 0.10 
18.15 ± 0.43

141.35 ± 8.6–611.16 
± 14.9

– [21]

02 Kudankulam NPP, India Soil 8.5–453.7 21.0–2181.6 11.3–1713.1 – [20]
03 Nuclear Power Plant IV, Gung- 

Liao, Taipei County, Taiwan
Soil 10.61 ±

3.78–44.73 ±
8.55

5.86 ± 1.92–66.97 
± 5.34

195.29 ±
20.44–640.04 ±
46.71

2.46 ±
0.55–12.13 ±
1.31

[23]

04 Potential site for nuclear power 
plant, Thailand

Soil 4 ±1–122 ± 1 6 ±1–170 ± 1 5 ±4–1422 ± 20 – [68]

05 Nuclear Power Plant facility, 
Itu, Nigeria

Soil 23.21 ± 7–110.72 
± 14

13.92 ± 2 21.85 ± 3–84.20 ±
38

0.32 ± 0.1–2.97 
± 0.4

[69]
− 68.44 ± 6

06 Al–Nigella site, north coast of 
Egypt

Soil 3.16 ±
0.04–36.28 ±
0.83

0.582 ±
0.01–33.35 ± 0.62

7.38 ± 0.18–477.64 
± 8.12

0.088 ± 0.002 [22]
3.98 ± 0.09

07 Proposed Mithivirdi Atomic 
Power Project Site, India

Soil 3.0–32.9 10.0–72.5 25.6–331.3 0.7–3.6 [70]

08 Proposed NPP Site, Southern 
Part of Bangladesh

Soil 12.65 ±
1.93–48.75 ±
4.09

10.35 ±
1.55–46.65 ± 4.26

126.05 ±
7.12–418.61 ± 34.53

– [4]

09 RNPP, Bangladesh Soil 20.9 ± 2.9–27.8 
± 6.8

22.87 ±
4.89–206.16 ±
10.70

411 ± 73.03–716 ±
95.07

– [35]

10 RNPP, Bangladesh Soil 25.52 ±
1.37–37.54 ±
2.28

32.89 ±
1.66–53.37 ± 2.00

313.19 ±
27.76–521.65 ±
28.35

– [24]

11 RNPP, Bangladesh Soil 3.52–28.5 4.18–34.5 84–345 – [26]
12 RNPP, Bangladesh Ground 

water
4.9 ± 1.24 1.71 ± 0.43 15.43 ± 3.08 – [34]

13 RNPP, Bangladesh Soil 11.1–34.5 19.5–42.6 289.1–511.1 – [71]
Surface 
water

0.111–0.214 0.130–0.303 0.300–0.468 –

14 RNPP, Bangladesh Soil 18±1–38 ± 3 18±1–51 ± 5 310 ± 29–560 ± 51 – Current 
studyRiver 

water
2.1 ± 0.2–6.1 ±
0.6

2.1 ± 0.2–5.5 ± 0.5 67±6–115 ± 11 –
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2.4.6. Gamma level index (Iγ)
Gamma level index refers to a tool utilized to assess the radiation hazard that a particular environment or area presents in the form 

of gamma radiation. The tool measures the magnitude of gamma radiation and provides an estimation of the possible radiation 
exposure for people in the vicinity. The gamma level index is calculated using Equation (12) [58]. 

Iγ =
SRa

150
+

STh

100
+

SK

1500
(12) 

3. Results and discussion

Tables 1 and 2 delineates the concentrations of activity observed within both soil and water samples, providing a comprehensive 

Table 4 
Comprehensive insights into radiological hazard parameters across soil samples in the present study.

Sample ID Raeq (Bqkg− 1) Din nGy/hr Hex Hin Ein 

mSv/yr
Iγ ELCR × 10− 3

1 124.08 67.90 0.34 0.39 0.33 0.91 0.25
2 138.41 76.52 0.37 0.44 0.38 1.02 0.28
3 138.75 76.82 0.37 0.47 0.38 1.01 0.29
4 164.87 89.69 0.45 0.50 0.44 1.21 0.33
5 127.09 69.07 0.34 0.41 0.34 0.92 0.26
6 111.50 61.33 0.30 0.35 0.30 0.82 0.23
7 131.67 74.03 0.36 0.44 0.36 0.98 0.28
8 135.24 74.68 0.37 0.44 0.37 0.99 0.28
9 138.76 76.35 0.37 0.45 0.37 1.02 0.28
10 143.52 79.57 0.39 0.47 0.39 1.06 0.30
11 119.59 67.04 0.32 0.39 0.33 0.89 0.25
12 130.81 72.29 0.35 0.42 0.35 0.96 0.27
13 139.98 77.46 0.38 0.45 0.38 1.03 0.29
14 110.07 60.61 0.30 0.35 0.30 0.81 0.23
15 114.95 63.60 0.31 0.37 0.31 0.85 0.24
16 126.13 70.81 0.34 0.42 0.35 0.94 0.26
17 151.74 84.55 0.41 0.51 0.41 1.12 0.31
18 127.86 71.00 0.35 0.42 0.35 0.94 0.26
19 141.85 79.29 0.38 0.46 0.39 1.05 0.29
20 154.94 84.93 0.42 0.49 0.42 1.13 0.32
21 133.90 73.79 0.36 0.43 0.36 0.98 0.27
22 160.86 87.94 0.43 0.50 0.43 1.18 0.33
23 152.75 84.64 0.41 0.49 0.42 1.13 0.31
24 135.60 75.73 0.37 0.44 0.37 1.01 0.28
25 167.37 91.78 0.45 0.53 0.45 1.23 0.34
26 140.09 77.73 0.38 0.45 0.38 1.03 0.29
27 113.94 64.95 0.31 0.39 0.32 0.85 0.24
28 138.00 76.78 0.37 0.45 0.38 1.02 0.29
29 152.17 83.32 0.41 0.48 0.41 1.11 0.31
30 130.12 73.53 0.35 0.44 0.36 0.97 0.27
31 133.89 75.69 0.36 0.46 0.37 1.00 0.28
32 124.67 68.72 0.34 0.41 0.34 0.91 0.26
33 145.40 79.49 0.39 0.45 0.39 1.07 0.30
34 151.89 84.30 0.41 0.49 0.41 1.12 0.31
35 156.86 87.13 0.42 0.51 0.43 1.16 0.32
36 148.89 82.63 0.40 0.48 0.41 1.10 0.31
37 165.48 90.95 0.45 0.52 0.45 1.22 0.34
38 141.81 78.41 0.38 0.45 0.38 1.05 0.29
39 167.13 92.20 0.45 0.55 0.45 1.22 0.34
40 145.31 79.65 0.39 0.45 0.39 1.07 0.30
41 127.93 70.40 0.35 0.40 0.35 0.94 0.26
42 158.01 86.00 0.43 0.50 0.42 1.15 0.32
43 108.05 60.47 0.29 0.36 0.30 0.80 0.22
44 139.17 76.08 0.38 0.44 0.37 1.02 0.28
45 138.57 75.76 0.37 0.43 0.37 1.02 0.28
46 136.80 76.11 0.37 0.45 0.37 1.01 0.28
47 133.92 74.23 0.36 0.43 0.36 0.99 0.28
48 143.37 78.42 0.39 0.46 0.38 1.05 0.29
49 110.30 60.66 0.30 0.35 0.30 0.81 0.23
50 142.53 77.11 0.38 0.44 0.38 1.04 0.29
Maximum 167.37 92.20 0.45 0.55 0.45 1.23 0.34
Minimum 108.05 60.47 0.29 0.35 0.30 0.80 0.22
Average 138.33 76.44 0.37 0.45 0.37 1.02 0.28
Safety criteria (UNSCEAR, 2000) 370 84 <1 <1 0.41 <1 2.9
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overview of the specific levels of interest in these environmental matrices.
A minority of the activity concentration values for 226Ra, while the majority of the activity concentration values for 232Th and 40K 

exceed the respective world average values of 35, 30, and 400 Bqkg− 1 [1] for 226Ra, 232Th, and 40K in the soil samples under 
investigation. The findings show a wide range of activity concentrations and a diverse distribution. On the other hand, the gathered soil 
samples show no discernible 137C activity, indicating that there has not been any buildup of fallout radiation from nuclear accidents 
like Chernobyl and Fukushima. It is essential to mention that the distinct topographical and geological features of every place on Earth 
have an impact on soil radioactivity [30,59–61]. The type of rock used in the creation of the soil affects the particular activity con
centration values. When comparing sedimentary rocks to igneous rocks, such as granite, igneous rocks typically have greater NORMs 
[62–65]. It is clear from Table 1 that in the examined soils, the 232Th chain exhibits higher activity levels than the 226Ra chain. This 
result validates the theory that in the crust of the Earth, thorium (Th) is around 1.5 times more prevalent than uranium (U) [66]. Over 
muddy ground, 226Ra tends to experience surface run-off due to its high-water solubility. As a result, 226Ra is readily pushed away from 
its initial site by the water during rainfall or other water movement. On the other hand, because of its restricted geochemical mobility, 

Table 5 
Comprehensive insights into radiological hazard parameters across water samples in the present study.

Sample ID Raeq (Bqkg− 1) Din (nGy/hr) Hex Hin Ein (mSv/yr) Iγ ELCR × 10− 3

1 17.88 10.32 0.05 0.06 0.05 0.14 0.04
2 18.38 10.56 0.05 0.06 0.05 0.14 0.04
3 18.45 10.62 0.05 0.06 0.05 0.14 0.04
4 12.98 7.55 0.04 0.04 0.04 0.10 0.03
5 14.51 8.38 0.04 0.05 0.04 0.11 0.03
6 14.92 8.59 0.04 0.05 0.04 0.11 0.03
7 14.69 8.44 0.04 0.05 0.04 0.11 0.03
8 14.93 8.57 0.04 0.05 0.04 0.11 0.03
9 13.18 7.57 0.04 0.04 0.04 0.10 0.03
10 14.63 8.45 0.04 0.05 0.04 0.11 0.03
11 15.50 8.95 0.04 0.05 0.04 0.12 0.03
12 11.28 6.66 0.03 0.04 0.03 0.09 0.02
13 13.83 8.10 0.04 0.04 0.04 0.11 0.03
14 15.23 8.79 0.04 0.05 0.04 0.12 0.03
15 13.69 7.97 0.04 0.05 0.04 0.10 0.03
16 14.48 8.44 0.04 0.05 0.04 0.11 0.03
17 18.02 10.36 0.05 0.06 0.05 0.14 0.04
18 15.83 9.11 0.04 0.05 0.04 0.12 0.03
19 14.19 8.21 0.04 0.04 0.04 0.11 0.03
20 11.67 6.80 0.03 0.04 0.03 0.09 0.03
21 14.34 8.31 0.04 0.05 0.04 0.11 0.03
22 11.85 6.86 0.03 0.04 0.03 0.09 0.03
23 11.94 6.99 0.03 0.04 0.03 0.09 0.03
24 15.44 8.98 0.04 0.05 0.04 0.12 0.03
25 18.11 10.58 0.05 0.06 0.05 0.14 0.04
26 13.73 7.94 0.04 0.04 0.04 0.11 0.03
27 13.87 8.02 0.04 0.04 0.04 0.11 0.03
28 14.67 8.48 0.04 0.05 0.04 0.11 0.03
29 17.59 10.20 0.05 0.06 0.05 0.13 0.04
30 12.76 7.38 0.03 0.04 0.04 0.10 0.03
31 13.53 7.80 0.04 0.04 0.04 0.10 0.03
32 16.46 9.49 0.04 0.06 0.05 0.13 0.04
33 15.03 8.68 0.04 0.05 0.04 0.11 0.03
34 16.21 9.37 0.04 0.06 0.05 0.12 0.03
35 16.57 9.58 0.04 0.05 0.05 0.13 0.04
36 13.61 7.83 0.04 0.04 0.04 0.10 0.03
37 15.06 8.81 0.04 0.05 0.04 0.12 0.03
38 18.59 10.75 0.05 0.06 0.05 0.14 0.04
39 17.66 10.25 0.05 0.06 0.05 0.13 0.04
40 22.82 13.12 0.06 0.08 0.06 0.17 0.05
41 18.18 10.64 0.05 0.06 0.05 0.14 0.04
42 16.06 9.27 0.04 0.05 0.05 0.12 0.03
43 18.66 10.77 0.05 0.06 0.05 0.14 0.04
44 18.76 10.81 0.05 0.07 0.05 0.14 0.04
45 19.29 11.09 0.05 0.07 0.05 0.15 0.04
46 19.33 11.11 0.05 0.06 0.05 0.15 0.04
47 19.11 11.03 0.05 0.06 0.05 0.15 0.04
48 20.06 11.49 0.05 0.07 0.06 0.15 0.04
49 20.01 11.49 0.05 0.07 0.06 0.15 0.04
50 19.42 11.13 0.05 0.07 0.05 0.15 0.04
Maximum 22.82 13.12 0.06 0.08 0.06 0.17 0.05
Minimum 11.28. 6.66. 0.03 0.04 0.03 0.09 0.02
Average 15.94 9.21 0.04 0.05 0.05 0.12 0.03
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232Th has a tendency to stick to the soil more firmly. Because of this property, it is less likely to be transported by water and is more 
likely to stay in the soil where it was first deposited [67]. In the soil samples under examination, the depleted levels of 226Ra can be 
attributed to the absence of minerals rich in uranium, such as apatite and zircon. This indicates a scarcity of specific 
uranium-containing minerals in the soil composition, contributing to the observed lower values of 226Ra in the collected samples. It is 
evident from Table 1 that there is a conspicuous elevation in the concentration of 40K across all examined soil samples when juxtaposed 
with the reference values provided by UNSCEAR 2000. This heightened presence of 40K could be attributed to prevalent agricultural 
practices, notably the substantial application of chemical fertilizers, including NPK (nitrogen, phosphorus, potassium), TSP (triple 
superphosphate), and SSP (single superphosphate), aimed at enhancing crop productivity. Given that agricultural fertilizers encom
pass trace amounts of various elements, including uranium, thorium, and potassium, the application of these fertilizers introduces 
additional quantities of these elements into the soil. Consequently, this fertilization process may lead to an augmentation in the 
concentrations of radionuclides, specifically 40K, in the soil matrix. The intricate interplay between agricultural practices, fertilization 
choices, and subsequent radionuclide concentrations underscores the complex dynamics influencing the radioactivity profile of the soil 
under examination. Table 3 displays the radiological assessments of 238U, 232Th, and 40K in soil and water samples obtained from 
regions adjacent to nuclear power plants across different countries before the commencement of commercial operations.

As shown in Table 3, elevated levels of 226Ra, 232Th, and 40K were discovered close to the locations of proposed nuclear power 
plants in southern Thailand [68] and Tirunelveli District, India [20]. The authors [20] suggest that the presence of opaque minerals 
with different compositions, such as zircon, monazite, tourmaline, apatite, and rutile, may be the cause of the elevated levels of 
NORMS in soil samples collected in the vicinity of the Kudankulam nuclear power project in the Tirunelveli District of India. Leaching 
of fertilizers containing potassium from agricultural lands is also considered to be a major factor. According to the scientists, the 
presence of igneous rocks in the southern region of Thailand may have contributed to elevated values of 226Ra, 232Th, and 40K at 
potential sites for nuclear power facilities [68]. These results are particularly consistent with international studies, including those 
conducted at Gung-Liao Nuclear Power Plant, Taipei County, Taiwan [23] and the Proposed Mithivirdi Atomic Power Project Site, 
Bhavnagar District, Gujarat, India [70]. Furthermore, soil samples from the vicinity of planned nuclear power facilities in Nigeria [69], 
Taiwan [23] and India [70] showed lower concentrations of the artificial radionuclide 137Cs. Scrap metal recycling factory [69], 
previous open-air atomic bomb testing carried out by several nations before the ban on such tests, and radioactive fallout from nuclear 
accidents such as Chernobyl and Fukushima [22,23,70] are all potential origins of this pollution. The discrepancies between our 
findings and those of previous studies in the same region could stem from several factors. Variations in soil sample collection methods, 
locations, and depths can lead to different radiometric readings. Additionally, radiometric levels in soil can fluctuate over time due to 
environmental changes, such as precipitation, dust deposition, and natural radioactivity variations, which might differ from the 
temporal context of the cited studies. Differences in analytical techniques, including calibration procedures, detection limits, and 
measurement methods, could also contribute to variations in reported results. Finally, local factors such as geological formations and 
anthropogenic activities may influence radiometric levels in soil differently from other studies.

The computed values for the different hazard characteristics connected to the soil and water samples are displayed in Tables 4 and 
5, while the spatial distributions of effective dose are depicted in Figs. 2 and 3.

Radiological hazard parameters, such as radium equivalent activity, annual effective dose, external and internal hazard indices, 
and lifetime carcinogenic risk, for both soil and water samples consistently fall below the safe thresholds set by various international 
organizations, even though the majority of outdoor absorbed dose rate, outdoor effective dose, and gamma representative level index 
values linked to soil samples exceed the global average of 59 nGy/h, 0.07 mSvyr− 1, and the recommended limit of 1 [1,72]. This 

Fig. 2. Spatial distributions of effective dose associated with soil samples.
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suggests that there is no discernible radioactive risk to the local community or ecosystem from the soil and water samples collected 
from the RNPP area. All of the tested samples’ analyses confirm that they are suitable for a range of uses, including construction of 
buildings and agriculture, without posing a serious risk to the environment or public health.

4. Conclusion

In this investigation, an assessment was conducted to determine the concentrations of primordial radionuclides, specifically 226Ra, 
232Th, and 40K, in soil and water samples collected from the vicinity of the Rooppur Nuclear Power Plant in Rooppur, Pabna district, 
Bangladesh. Notably, the analysis revealed the absence of any artificial radionuclides in the examined samples. It is important to 
acknowledge that the absence of 137Cs may be due to the limitations of the gamma spectrometer used in this study, which may not have 
been sensitive enough to detect this radionuclide at low levels. While most of the outdoor absorbed dose rate, outdoor effective dose, 
and gamma representative level index values associated with soil samples surpassed the global average, it is crucial to highlight that 
other key radiological hazard parameters for both soil and water samples consistently remained below the established safety 
thresholds defined by various international organizations. The results suggest that the soil and water samples collected from the RNPP 
area do not pose a significant radiological hazard to the neighbouring population and the ecosystem. The significance of these findings 
lies in the establishment of a comprehensive understanding of the radiological landscape in the Rooppur Nuclear Power Plant’s 
adjacent area. Notably, the data presented in this study, being the most recent available, can serve as vital baseline information for 
ongoing and future assessments of the region’s environmental radioactivity. Furthermore, the results contribute valuable insights for 
monitoring potential fluctuations in background radioactivity within the surroundings of the RNPP following its operational phase.
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