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Abstract

Radon (222Rn) is an element of significant environmental concern due to its health risks. This study examines the impact of anthropogenic activities such as urbanization, industrial emissions, and agricultural fertilizer use on radon exhalation rates and measured 226Ra and 222Rn concentrations in soil samples from Chattogram, Bangladesh. A total of 60 soil samples were collected from areas categorized by different human activities. The 226Ra activity concentration in the first group (low human activity) ranged from 12 ± 2 to 35 ± 12 Bqkg-1, in the second group (moderate activity) from 25 ± 5 to 39 ± 13 Bqkg-1, and in the third group (high activity) from 30 ± 6 to 44 ± 10 Bqkg-1, while 222Rn concentrations in the first, second, and third groups were observed to vary from 15 ± 5 to 39 ± 9 Bqm-3, 31 ± 9 to 51 ± 13 Bqm-3, and 36 ± 6 to 59 ± 9 Bqm-3, respectively. In high-activity areas, most locations exceed the UNSCEAR-recommended global average of 35 Bqkg-1 for 226Ra concentrations, indicating health risks due to radium exposure in these areas. Though 222Rn activity concentrations are below the recommended values suggested by ICRP, the activity concentrations have been found to increase as the locations vary from less developed to more developed areas. These findings emphasize the need for radon monitoring, mitigation measures, and public health awareness to minimize exposure risks.
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Radon (222Rn) is a naturally occurring colorless and odorless gas produced by the decay of radium (226Ra) which is a member of the 238U series (half-life of 1,620 years) that is present in almost all rocks, building materials, and soil types. When 222Rn decays to 218Po, it releases an alpha particle with 5.49 MeV of energy, and these polonium atoms are metallic and have a tendency to adhere to airborne dust particles. Exposure to the decay products 214Po and 218Po of radon contributes over 90% to radiation doses in the human population (1, 2). 222Rn has a half-life of 3.82 days. Therefore, it has enough time to travel through soil and water and enter the atmosphere by molecular diffusion, ultimately reaching the human body. The concentrations of radon vary substantially in time and location, due to varying radium concentrations in the soil and water (3).

The primary source of indoor radon exposure is the infiltration of radon gas rising from the soil or rock, making it an uncommon indoor air pollutant with a natural origin. A significant majority, at least 80%, of the radon released into the atmosphere is derived from the uppermost portions of the Earth’s surface (4). As radon exposure is universal, it is found not only indoors but also outdoors. While indoor radon concentrations tend to be higher, there is still a notable presence of radon in outdoor environments. According to data from the UK’s National Radiation Protection Board, natural sources account for approximately 84% of the average annual radiation dose and the remaining 16% comes from man-made sources, with radon gas being the most significant contributor (5). Human activities can significantly impact radon exhalation by altering soil properties, disturbing radium-rich materials, and modifying natural diffusion processes. Industrial processes such as mining, quarrying, and brick manufacturing can expose radium-containing rocks, increasing the release of radon gas into the atmosphere (6, 7). Urbanization and construction activities disrupt soil layers, leading to changes in permeability and radon transport mechanisms. Building materials made from radium-bearing substances also contribute to indoor radon exposure, particularly in regions where construction materials are sourced from high-background radiation areas (8, 9). Additionally, agricultural practices, including the use of phosphate fertilizers, introduce radionuclides like uranium and radium into the soil, potentially enhancing radon emission (10, 11). Studies have shown that areas with higher anthropogenic activity, such as industrial zones and densely populated regions, tend to exhibit elevated radon concentrations compared to rural and undisturbed locations (12). Understanding these factors is crucial for assessing the impact of human activities on environmental radioactivity and potential health risks associated with radon exposure.

Radon has been recognized as one of the group-1 carcinogenic agents as per the report of the International Agency for Research on Cancer (IARC) (13, 14). When radon progenies are inhaled, they mostly break down within the lungs due to their brief half-life and release alpha particles that can transfer substantial energy if they come into contact with the nucleus of a cell. Only a small fraction of the radon that enters the lungs has the potential to harm sensitive lung tissue by damaging DNA and leading to cancer. According to the US Environmental Protection Agency, it is the second major cause of lung cancer for smokers in the United States, and it estimated that 21,100 (about 13.4%) lung cancer deaths were radon-related out of a total of 157,400 nationally in 1995 (8, 15). Internal radon exposure may also elevate the developing health complications like leukemia and other different types of cancer, such as melanoma and cancers of the kidney and prostate (16). The National Council of Radiation Protection recommends that the annual average for indoor levels should not exceed 296 Bqm-3 (8 pCi/L) so as to minimize health risks (17).

In recent times, scientists have focused extensively on identifying radon due to its possible adverse effects on health and its role in environmental radioactivity. Various regions with high radon emissions, such as parts of Europe (e.g. Norway, Finland, Romania), North America, and Asia (e.g. China, India), have reported elevated radon concentrations in soil, air, and indoor environments. For instance, studies conducted in Western Norway and Romania have reported annual average indoor radon concentrations exceeding 500 Bqm-3, while the arithmetic mean of radon concentrations in Finnish workplaces is approximately 91 Bqm-3 (18–20). In Thailand, radon concentrations in soil samples range from 5.60 to 67.10 Bqm-3 (21). In China, indoor and outdoor radon concentrations average 62.6 ± 44.6 and 12.9 ± 6.3 Bqm-3, respectively (22). These variations highlight the need for region-specific studies to assess radon exposure risks accurately.

In Bangladesh, elevated fatal cancer risk due to natural radiation exposure has been observed in the population (23). Lung cancer is one of the most common forms of the disease in the country, and the potential risk for high radon concentrations exists due to elevated radon exhalation rates (24). However, the risks of radon-induced lung cancer remain unknown due to insufficient nationwide systematic measurements. Over the past decade, some efforts have been made in various regions of Bangladesh in conjunction with the central focus, to quantify the natural radionuclides in the soil to assess the associated radiation dose and its impact on the population (25–27). However, there has been no published research on the presence and potential effects of these radionuclides in the soils of the Satkania and Fatickchari upazila at Chattogram, Bangladesh. In order to deal with this concern, the present study focuses on measuring radon exhalation rates and associated hazard indices in soil samples from three distinct locations categorized by human activity levels (low, moderate, and high).

This study also aims to maintain national guidelines and reference data to monitor changes in environmental radioactivity caused by nuclear, industrial, and other human activities. The main objective of this project is to assess the activity concentration, radon exhalation rate, and associated hazard indices for radon present in the soil samples and the results are compared with the allowable levels worldwide. Additionally, radon concentration studies in these areas may serve as valuable indicators for forecasting geological events such as earthquakes (28, 29). Understanding the distribution and health risks of radon exposure will help in developing strategies to mitigate its impact on public health, particularly for vulnerable populations such as children. Furthermore, as the second-largest city in Bangladesh and a major port and tourist destination, Chittagong experiences significant urbanization and industrial activity, which may contribute to elevated radon exhalation. Our long-term objective is to measure the radon exhalation rate in the city and assess the associated public health hazards. The findings of this study may also serve as a foundation for future epidemiological research on radon-induced health effects in Bangladesh.

Materials and methods

Study area

The study areas are situated in the southeastern coastal region of Bangladesh, specifically in the Chattogram area. Satkania (22.1000° N, 92.0812° E) and Fatikchhari (22.7588° N, 91.7388° E) have populations of 454,062 and 642,089, respectively, covering a total area of 280.99 and 773.13 km² (Fig. 1). Satkania is bordered by Chandanaish Upazila to the north, Lohagara Upazila to the south, Bandarban Sadar Upazila to the east, and Banshkhali and Anwara Upazilas to the west. Fatikchhari is located between the Sitakunda Hills and the Chittagong Hill Tracts, where these two hill ranges converge at the northernmost point of the upazila and then diverge as they extend southward. It is surrounded by Tripura to the north; Hathazari, and Kawkhali Upazila to the south; Ramgarh, Manikchhari, Lakshmichhari, and Raozan Upazilas to the east; and Mirsharai and Sitakunda Upazilas to the west.

Fig. 1.Map of Chattogram including the study areas and sampling sites.

[image: JERA-6-11137-F1.jpg]

The study areas exhibit diverse geological features and soil types, including yellowish-brown to reddish-brown loams, sandy loam, sand, and clay. These hilly regions contain croplands and tea estates. To ensure comprehensive coverage of geological variability and potential radon exhalation influences, the study area was divided into three categories based on the level of anthropogenic activities: 1) low human activity, 2) moderate human activity, and 3) high human activity. Low human activity areas represent sparsely populated, hilly regions with minimal anthropogenic interference, serving as reference locations for natural baseline radon levels. Moderate human activity areas were selected based on agricultural land use, construction sites, and moderate population density, as these factors may contribute to elevated radon exhalation due to fertilizer application and soil disturbance. Urbanized regions with high population density, located near highways, brick kilns, and marketplaces, were chosen as high human activity sites. These areas experience significant industrial activities and vehicular emissions, which could contribute to radon variability. Additionally, Fatikchhari is a popular tourist destination, while Satkania is adjacent to Bandarban, another growing tourist hub. The increasing population and rapid tourism-driven development in these areas have led to greater anthropogenic influence, making them relevant for radon studies.

Sample collection and preparation

For this research, a total of 60 soil samples were collected from 30 sites in Satkania and Fatikchhari Upazila, Bangladesh, to ensure a representative analysis of radon exhalation rates across different levels of anthropogenic activity. Each site was selected based on its distinct geological features and level of human activity, ensuring that the study effectively captures variability in radon exhalation rates. The sample size was chosen based on established methodologies in environmental radon studies, where sample sizes exceeding 18 are generally sufficient for robust statistical analysis and meaningful interpretation of spatial radon distribution (21, 30). The selected sites represent diverse geological features, including varying soil types, topographies, and levels of human activity, ensuring comprehensive coverage of the broader region.

Following a marking area of 4 m2, roots and vegetation contained in the top layer of soil were removed and two specimens were taken from each location – one from the surface and another from a depth of about 30 cm with the help of a soil auger. Then the collected samples were carefully preserved in separate sealable plastic bags to prevent any types of deterioration or contamination.

Water can promote radon exhalation up to a certain moisture level, but once the water content exceeds a threshold, it instead traps more radon, thereby restraining exhalation. Previous studies have found that radon exhalation rates tend to decrease steadily when soil moisture exceeds 8% (31). In many studies, it is also observed that the radon exhalation rate is strongly influenced by the moisture and temperature of the soil and the exhalation rate is higher during the summer season, owing to variations in soil moisture that influence the seasonal fluctuations in soil air radon concentration (32, 33). To minimize the influence of these environmental variables (rainfall and temperature) all measurements were conducted in November and December (dry season), ensuring consistency across samples and dried soil samples were used to further control the effects of moisture content. The specimens were initially air-dried for several days to allow the moisture content to evaporate and dried in an oven at 105ºC for 24 h to remove the remaining moisture. All the large stones or debris were removed from the samples and crushed using a mortar and pestle. Following this, the soil samples were then sieved using a 75 mm mesh size to obtain a homogeneous powder and ensure a representative composition for analysis. After measuring the net weight, the resulting soil samples were stored in airtight containers to prevent any contamination or loss of radioactivity. These samples were stored for about 30 days to allow 222Rn to reach a secular equilibrium with their respective daughter radionuclides.

Gamma analysis

To measure the concentration of 226Ra in the soil samples through gamma analysis, a high-purity Germanium (HPGe) detector was used. The study was conducted using the gamma-ray spectrometry facilities at the Atomic Energy Centre, Chattogram, Bangladesh. The NATS-2 2465-17 HPGe detector with a relative efficiency of 40% at 1.33 MeV photon concerning 3˝×3˝ NaI detector and Co-60 source was mounted 25 cm above the detector. The detector’s efficiency calibration was done using standard soil-327 from the International Atomic Energy Agency (IAEA). The spectrum for 226Ra was analyzed using Canberra Genie-2000 software. After efficiency calibration, each soil samples are counted for 30,000 s in the HPGe detector system.

RadonEye Plus2 device

In this work, a RadonEye Plus2 device was used in the closed chamber method to measure the 222Rn concentration in the air (8). This approach is designed to simulate controlled conditions, similar to indoor environments, by enclosing soil samples in a sealed chamber.

The RadonEye Plus2 is an electronic radon monitoring device with high sensitivity based on a pulsed ionization chamber sensor to detect radon gas precisely. It measures radon concentrations from 3.7 to 9,435 Bqm-3 (0.1 pCi/L to 255 pCi/L) with 10% accuracy at 3,700 Bqm-3 (10 pCi/L) after 1 h. The device provides initial readings in 10 min and continuous hourly updates. It supports Bluetooth and Wi-Fi for real-time monitoring via mobile apps and stores up to 1 year of data, allowing users to track radon levels over extended periods without manual recording. The RadonEye Plus2 is powered by an AC adapter with optional battery backup, the device features an Organic Light-Emitting Diode (OLED) display for immediate radon level readings. It operates effectively within a temperature range of 0–40°C and 0–80% humidity (34, 35). Additionally, RadonEye Plus2 has a portable and compact design, making it easy to move between locations without specialized installation or maintenance. It is factory-calibrated and ready for immediate use, reducing complexity for non-expert users.

Radon collection system

A square plastic box (Vc = 0.283 m3) with an airtight lid was taken to create a controlled environment for radon gas measurement as shown in Fig. 2. The box remained closed for 2 weeks to let the radon gas reach saturation and decay any background radon, allowing for more accurate measurements of the radon levels in the sample. A sample was spread on a tray (A = 0.371 m2) to disperse particles thinly over the surface. Later, it was enclosed at the bottom in the airtight plastic box with the radon detector placed on a stand and a fan in the corner for gas circulation. The detector was then powered on and paired with a smartphone running the Radon Eye application via Bluetooth to enable real-time monitoring of radon levels at 10-min intervals. Longer exposure times lead to more stable readings and allow radon concentrations to accumulate within the chamber, making detection easier and accurate. We maintained the soil in the chamber for 36 h and recorded the radon concentrations in Bqm-3.

Fig. 2.Schematic diagram of radon measurement.
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Radon exhalation rate

The radon exhalation rate, Exh (Bqm-2h-1) of the sample was determined utilizing the formula defined in the equations (36, 37)
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and T1/2 = Half-life of radon = 3.82 days

Where:

λeff = Decay constant of radon (h-1)

Vc = Volume of the chamber (m3)

ARn = Outdoor radon concentration (Bqm-3) and

A = Surface area (m2)

Therefore, substituting the values to the equation (1) as mentioned earlier gives,
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Assessment of radiological hazard

To estimate the annual effective dose due to radon, DRn (mSvy-1) in the air, the conversion coefficient from the absorbed dose in the air to the effective dose received by an individual must be considered. This value was published in the UNSCEAR 2000 report as 9 nSv per Bqhm-3 for environmental exposure to radon levels. The annual effective dose received by the public, DRn (mSvy-1) was measured by using the following equation (38)
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where:

DRn = Annual effective dose (mSvy-1)

ARn = Outdoor radon concentration (Bqm-3)

Feq = Equilibrium factor (typically 0.6 for outdoors) between radon and its progeny

T = Occupancy time (1,760 h per year for outdoors) and

DCF = Dose conversion factor (9 nSv per Bqhm-3) for radon exposure

Therefore,
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Results & discussion

The measured values of 226Ra activity concentration and 222Rn exhalation rate for three levels of human activity: low, moderate, and high of 60 soil samples collected from Satkania and Fatikchari in Bangladesh are tabulated in Table 1.




Table 1.The activity concentration of 226Ra (ARa) and 222Rn exhalation rate (Ex) in soil samples


	Surface level
	Low human activity
	Moderate human activity
	High human activity



	Sample ID
	226Ra (Bqkg-1)
	Ex (Bqm-2h-1)
	Sample ID
	226Ra (Bqkg-1)
	Ex (Bqm-2h-1)
	Sample ID
	226Ra (Bqkg-1)
	Ex (Bqm-2h-1)





	Surface level
	BCS-1
	12.6 ± 2
	0.086
	BCS-11
	28.9 ± 7
	0.208
	BCS-21
	44.1 ± 10
	0.306



	
	BCS-2
	28.9 ± 9
	0.208
	BCS-12
	31.5 ± 10
	0.242
	BCS-22
	35.4 ± 11
	0.259



	
	BCS-3
	18.1 ± 5
	0.150
	BCS-13
	38.9 ± 13
	0.294
	BCS-23
	35.1 ± 8
	0.254



	
	BCS-4
	17.5 ± 5
	0.127
	BCS-14
	31.2 ± 7
	0.236
	BCS-24
	42.7 ± 13
	0.340



	
	BCS-5
	25.1 ± 6
	0.213
	BCS-15
	29.9 ± 6
	0.225
	BCS-25
	40.6 ± 12
	0.277



	
	BCS-6
	26.7 ± 5
	0.185
	BCS-16
	28.1 ± 6
	0.213
	BCS-26
	39.7 ± 11
	0.311



	
	BCS-7
	25.4 ± 7
	0.173
	BCS-17
	29.3 ± 6
	0.225
	BCS-27
	33.7 ± 7
	0.236



	
	BCS-8
	26.6 ± 8
	0.185
	BCS-18
	30.1 ± 6
	0.213
	BCS-28
	32.2 ± 7
	0.248



	
	BCS-9
	34.6 ± 12
	0.208
	BCS-19
	28.5 ± 5
	0.219
	BCS-29
	31.1 ± 7
	0.231



	
	BCS-10
	19.8 ± 5
	0.138
	BCS-20
	32.1 ± 7
	0.219
	BCS-30
	32.4 ± 7
	0.225



	30 cm depth
	BCD-1
	15.9 ± 3
	0.144
	BCD-11
	26 ± 6
	0.179
	BCD-21
	33.7 ± 9
	0.242



	
	BCD-2
	22.6 ± 6
	0.219
	BCD-12
	25.2 ± 5
	0.185
	BCD-22
	31.5 ± 6
	0.219



	
	BCD-3
	18.5 ± 5
	0.173
	BCD-13
	28.5 ± 9
	0.213
	BCD-23
	30.6 ± 5
	0.208



	
	BCD-4
	18.1 ± 5
	0.167
	BCD-14
	31.2 ± 6
	0.236
	BCD-24
	38.9 ± 11
	0.306



	
	BCD-5
	22.1 ± 9
	0.185
	BCD-15
	29.9 ± 6
	0.225
	BCD-25
	38.2 ± 11
	0.288



	
	BCD-6
	29.2 ± 5
	0.225
	BCD-16
	28.1 ± 5
	0.213
	BCD-26
	37.2 ± 10
	0.277



	
	BCD-7
	27.7 ± 8
	0.208
	BCD-17
	29.3 ± 5
	0.213
	BCD-27
	32.2 ± 6
	0.213



	
	BCD-8
	30.8 ± 11
	0.213
	BCD-18
	30.1 ± 6
	0.208
	BCD-28
	30.8 ± 6
	0.213



	
	BCD-9
	29.1 ± 9
	0.219
	BCD-19
	29.3 ± 6
	0.213
	BCD-29
	30.1 ± 6
	0.225



	
	BCD-10
	20.6 ± 7
	0.150
	BCD-20
	30.1 ± 6
	0.213
	BCD-30
	30.4 ± 6
	0.219



	Average of 226Ra Concentration
	Low human activity
	23.495 ± 6.60 Bqkg-1



	Moderate human activity
	29.810 ± 6.65 Bqkg-1
	



	High human activity
	35.030 ± 8.45 Bqkg-1





In low-activity areas, 226Ra concentration (ARa) varied between the minimum and maximum values of 12 ± 2 to 35 ± 12 Bqkg-1 with a mean value of 23.495 ± 6.60 Bqkg-1. Moderate-activity areas exhibited a higher range, between 25 ± 5 and 39 ± 13 Bqkg-1 with an average of 29.810 ± 6.65 Bqkg-1. High-activity areas displayed the highest concentrations, ranging from 30 ± 6 to 44 ± 10 Bqkg-1, with an average of 35.0 ± 8.4 Bqkg-1. These values are consistent with global averages, except for the high-activity areas, where most locations exceed the worldwide median of 35 Bqkg-1 recommended by UNSCEAR (38). The results indicate that this area is not safe concerning the health hazards associated with radium exposure.

As shown in Table 2, the radon concentration (ARn) also increases with human activity. In low-activity areas, radon concentrations ranged from 15 ± 5 to 39 ± 9 Bqm-3, with an average of 31 ± 8.6 Bqm-3. Moderate-activity areas had values between 31 ± 9 and 51 ± 13 Bqm-3, averaging 38.1 ± 8.1 Bqm-3. High-activity areas recorded the highest radon levels, ranging from 36 ± 6 to 59 ± 9 Bqm-3, with a mean of 44.2 ± 8.6 Bqm-3. Despite this variation, all measured radon concentrations remain below the recommended safe range set by ICRP (200–600 Bqm-3) and WHO (100 Bqm-3) (39–41).




Table 2.Radiation hazard index due to radon in three distinguished groups of areas


	Low human activity
	Moderate human activity
	High human activity



	Sample ID
	222Rn (Bqm-3)
	Ex (Bqm-2h-1)
	DRn (mSvy-1)
	Sample ID
	222Rn (Bqm-3)
	Ex (Bqm-2h-1)
	DRn (mSvy-1)
	Sample ID
	222Rn (Bqm-3)
	Ex (Bqm-2h-1)
	DRn (mSvy-1)





	BCS-1
	15 ± 5
	0.086
	0.143
	BCS-11
	36 ± 10
	0.208
	0.342
	BCS-21
	53 ± 13
	0.306
	0.504



	BCS-2
	36 ± 10
	0.208
	0.342
	BCS-12
	42 ± 11
	0.242
	0.399
	BCS-22
	45 ± 13
	0.259
	0.428



	BCS-3
	26 ± 7
	0.150
	0.247
	BCS-13
	51 ± 13
	0.294
	0.485
	BCS-23
	44 ± 7
	0.254
	0.418



	BCS-4
	22 ± 6
	0.127
	0.209
	BCS-14
	41 ± 7
	0.236
	0.390
	BCS-24
	59 ± 9
	0.340
	0.561



	BCS-5
	37 ± 10
	0.213
	0.352
	BCS-15
	39 ± 7
	0.225
	0.371
	BCS-25
	48 ± 9
	0.277
	0.456



	BCS-6
	32 ± 9
	0.185
	0.304
	BCS-16
	37 ± 7
	0.213
	0.352
	BCS-26
	54 ± 9
	0.311
	0.513



	BCS-7
	30 ± 9
	0.173
	0.285
	BCS-17
	39 ± 7
	0.225
	0.371
	BCS-27
	41 ± 8
	0.236
	0.390



	BCS-8
	32 ± 9
	0.185
	0.304
	BCS-18
	37 ± 7
	0.213
	0.352
	BCS-28
	43 ± 9
	0.248
	0.409



	BCS-9
	36 ± 9
	0.208
	0.342
	BCS-19
	38 ± 7
	0.219
	0.361
	BCS-29
	40 ± 8
	0.231
	0.380



	BCS-10
	24 ± 6
	0.138
	0.228
	BCS-20
	38 ± 7
	0.219
	0.361
	BCS-30
	39 ± 8
	0.225
	0.371



	BCD-1
	25 ± 10
	0.144
	0.238
	BCD-11
	31 ± 9
	0.179
	0.295
	BCD-21
	42 ± 12
	0.242
	0.399



	BCD-2
	38 ± 9
	0.219
	0.361
	BCD-12
	32 ± 9
	0.185
	0.304
	BCD-22
	38 ± 9
	0.219
	0.361



	BCD-3
	30 ± 9
	0.173
	0.285
	BCD-13
	37 ± 11
	0.213
	0.352
	BCD-23
	36 ± 6
	0.208
	0.342



	BCD-4
	29 ± 9
	0.167
	0.276
	BCD-14
	41 ± 7
	0.236
	0.390
	BCD-24
	53 ± 8
	0.306
	0.504



	BCD-5
	32 ± 10
	0.185
	0.304
	BCD-15
	39 ± 7
	0.225
	0.371
	BCD-25
	50 ± 8
	0.288
	0.475



	BCD-6
	39 ± 9
	0.225
	0.371
	BCD-16
	37 ± 7
	0.213
	0.352
	BCD-26
	48 ± 7
	0.277
	0.456



	BCD-7
	36 ± 10
	0.208
	0.342
	BCD-17
	37 ± 7
	0.213
	0.352
	BCD-27
	37 ± 7
	0.213
	0.352



	BCD-8
	37 ± 10
	0.213
	0.352
	BCD-18
	36 ± 7
	0.208
	0.342
	BCD-28
	37 ± 7
	0.213
	0.352



	BCD-9
	38 ± 6
	0.219
	0.361
	BCD-19
	37 ± 7
	0.213
	0.352
	BCD-29
	39 ± 7
	0.225
	0.371



	BCD-10
	26 ± 9
	0.150
	0.247
	BCD-20
	37 ± 7
	0.213
	0.352
	BCD-30
	38 ± 7
	0.219
	0.361



	Average
	31 ± 8.55
	0.179
	0.295
	Average
	38.1 ± 8.05
	0.220
	0.362
	Average
	44.2 ± 8.55
	0.255
	0.420



	222Rn
	Low
	15 ± 5 – 39 ± 9 Bqm-3



	concentration
	Moderate
	31 ± 9 – 51 ± 13 Bqm-3



	range
	High
	36 ± 6 – 59 ± 9 Bqm-3





The findings suggest that the concentrations of 222Rn and 226Ra in soil samples varied notably across different sampling locations. This variability may be attributed to both natural geological differences and anthropogenic influences. In highly populated areas, activities such as brick kilns, tea estates with intensive fertilizer use, construction, industrialization, and heavy traffic emissions may disrupt soil composition, promoting radon diffusion into the atmosphere. Additionally, geochemical processes occurring within the soil or the geogenic factors, particularly soil properties, likely play a significant role in the variation in radon concentrations (42, 43). It is noteworthy that the radon concentration data at two different depths were quite similar, which may be due to the uniformity of soil types at the sampling locations. This observed similarity in radon concentrations at different depths can contribute to indoor radon mapping, especially in areas with similar soil properties. Since radon transport is not significantly depth-dependent in this region, radon levels may be more influenced by surface permeability, soil moisture, and weather conditions rather than subsurface variations. This insight can help refine radon mapping strategies by focusing on surface conditions in risk assessments. Future studies incorporating detailed geochemical analyses on soil could provide a more comprehensive understanding of how natural and anthropogenic factors interact to influence radon dynamics. Integrating our measured radon exhalation rates, and 226Ra activity, and future studies on soil characteristics can contribute to developing a radon potential map for Chattogram. This would be valuable for regional risk assessments, land-use planning, and public health interventions, as proposed in previous works (44).

The radon exhalation rate (Ex) was determined in this study using Equation 3 and is also shown in Table 2.

The mean exhalation rates for low, moderate, and high human activity areas were 0.179, 0.220, and 0.255 Bqm-2h-1, respectively, which are well below the global average of 0.016 Bqm-2s-1 (57.6 Bqm-2h-1) as reported by UNSCEAR (38). Overall, the study confirms that the soil gas radon in the study area, along with the associated radon exhalation, does not pose any significant health risk to humans.

Statistical analysis

To assess the normality of the datasets, the Shapiro–Wilk test was performed, and the histogram plot in Fig. 3 shows the data distribution along with KDE (Kernel Density Estimate) curves for each dataset. In Table 3, the results indicate that radium concentrations in moderate and high activity areas, as well as radon concentrations in moderate activity areas, deviate from a normal distribution (P < 0.05).




Table 3.Results of Shapiro–Wilk tests and Kruskal–Wallis test


	Parameter
	Shapiro-Wilk test result
	Kruskal-Wallis test result



	Human activity level
	Test Statistic
	P
	Normality
	Test Statistic, H
	P
	Statistical Significance





	226Ra Concentration
	Low
	0.974
	0.829
	Normal
	37.06
	8.96 × 10⁻⁹
	Significant



	
	Moderate
	0.831
	0.0026
	Not Normal



	
	High
	0.902
	0.0448
	Not Normal



	222Rn Concentration
	Low
	0.923
	0.113
	Normal
	30.91
	1.94 × 10⁻⁷
	Significant



	
	Moderate
	0.829
	0.0025
	Not Normal
	
	
	



	
	High
	0.915
	0.0811
	Normal
	
	
	







Fig. 3.The histogram with normal distribution curves for both 226Ra and 222Rn concentrations across different activity levels.
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Given this mixed normality behavior, the non-parametric Kruskal–Wallis test was performed (Table 3). The Kruskal–Wallis test revealed statistically significant differences in radium (H = 37.06, P = 8.96 × 10–9) and radon (H = 30.91, P = 1.94 × 10–7) concentrations among the three activity levels. These results suggest that human activities significantly influence the distribution of radium and radon in the studied areas and the differences in 226Ra and 222Rn concentrations across the three activity groups (low, moderate, and high) are shown in Fig. 4.

Fig. 4.A bar chart comparing Ra and Rn concentrations across different activity levels with error bars indicating uncertainty.
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Correlation analysis

To quantify the relationship between radium and radon concentrations, linear regression analyses were conducted separately for each activity level.

As illustrated in Figs. 5–7, a strong positive correlation between Radium Concentration (Bqkg-1) and Radon Concentration (Bqm-3) was observed, with R² values of 0.708, 0.867, and 0.879 for low, moderate, and high activity areas, respectively. Additionally, the P-value below 0.05 for all the activity areas suggests that the relationship is statistically significant. This indicates that the radium content in the soil is the primary source of radon in these environments, consistent with established radiological principles. The stronger correlations in areas of moderate and high human activity suggest that human activities, such as intensive farming, construction, burning fossil fuels, and traffic, may enhance radium release into the air.

Fig. 5.Correlation Between Radium and Radon concentration in low-activity areas.
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Fig. 6.Correlation Between Radium and Radon concentration in moderate-activity areas.
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Fig. 7.Correlation Between Radium and Radon concentration in high-activity areas.
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Radiological hazard assessment

The annual effective dose due to radon inhalation (DRn) was estimated using Equation 5. As shown in Table 2, the average doses for low, moderate, and high activity areas are 0.295, 0.362, and 0.420 mSvy-1, respectively. The estimated annual effective doses due to radon inhalation are lower than the permissible limit of 1 mSvy-1 according to the ICRP recommendation (38). Although all calculated annual effective doses remain below regulatory limits, prolonged exposure to even low levels of radon poses potential long-term health risks, particularly for vulnerable populations such as children, the elderly, and individuals with pre-existing health conditions.

The results obtained in this study have been compared with previously reported values from various locations in Bangladesh, including Kuakata and Cox’s Bazar, as presented in Table 4. Additionally, international studies on soil radon concentrations from India, Malaysia, Egypt, Saudi Arabia, and Iraq have been included. The present study reports lower values than those in Kuakata and Cox’s Bazar, Bangladesh, but higher values than those recorded in Garhwal Himalaya, India; Perak State, Malaysia; West Nile Delta, Egypt; Al-Qassim, Saudi Arabia; Thiqar, Iraq; and Al-Diwaniyah, Iraq. Notably, the radon concentration in Rajasthan, India, is significantly lower than in other cities and countries. These variations may be attributed to differences in soil depth, anthropogenic activities, detection techniques, and geological characteristics.




Table 4.Comparison of measured radon concentration and the radon exhalation rate with published data from worldwide and research conducted in a few other areas in Bangladesh


	Location
	Depth (cm)
	Detector type
	Radon concentration (Bqm-3)
	Radon exhalation rate (Bqm-2h-1)
	References





	Garhwal Himalaya, India
	25, 30, 35
	Smart RnDuo
	9 ± 1 – 680 ± 95
	3 ± 0.7 to 98 ± 3
	(45)



	Perak State, Malaysia
	80
	RAD7
	0.11 – 434.5 (kBqm−3)
	-
	(46)



	Westnile Delta, Egypt
	_
	CR-39
	236.34 – 717.78
	0.28 to 0.86
	(47)



	Al-Qassim, Saudi Arabia
	Surface, 60
	AlphaGUARD
PQ2000 PRO
	26 ± 5 – 340 ± 22
	-
	(48)



	Al-Diwaniyah, Iraq
	Surface, 10, 20, 30, and 40
	CR-39
	163.6 – 689.9
	0.015 to 0.063
	(49)



	Rajasthan, India
	10, 40, 70, and 100
	RAD7
	0.09 – 10.40
	-
	(50)



	Thiqar, Iraq
	Surface and 10
	CR-39
	75.875 ± 21.80
	33.003 to 139.103 (mBqm-2h-1)
	(51)



	AL-Qadisiyah, Iraq
	5 to 15
	CR-39
	83.14 – 323.95
	0.021–0.083 (mBqm-2h-1)
	(52)



	Kuakata, Bangladesh
	Surface, 20 and 40
	AlphaGUARD
PQ2000 PRO
	10 ± 4 – 4790 ± 51
	-
	(53)



	Cox’s Bazar, Bangladesh
	20, 40 and 60
	AlphaGUARD
PQ2000 PRO
	132 ± 20 to 66,800 ± 2108
	-
	(54)



	Satkania & Fatikchari, Bangladesh
	Surface and 30
	RadonEye Plus 2
	15 ± 5 – 59 ± 9
	0.086 to 0.34
	Present study





Limitations

The study was conducted on soil samples from specific sites within Satkania and Fatikchari Upazilas. While the selected sites were categorized by human activity levels, the sampling may not fully capture the variability in radon emissions across a broader area. Additionally, key environmental factors like soil moisture, temperature, and atmospheric pressure, which can influence radon exhalation, were not analyzed in detail. The closed-chamber technique minimized environmental impacts during measurements, but year-round sampling, detailed soil analysis, and atmospheric monitoring are recommended for future studies. Furthermore, health risk assessments were based on standard conversion factors rather than direct epidemiological data. Despite these constraints, the findings offer valuable baseline data, and future research with extended monitoring and broader sampling will help refine risk assessments and mitigation strategies.

Conclusion

This study demonstrates the fact that human activities significantly influence radium (226Ra) and radon (222Ra) concentrations in soil across Satkania and Fatikchari, Bangladesh. The findings reveal a consistent increase in radium and radon levels with higher anthropogenic activity, with statistical analysis confirming significant differences among low, moderate, and high-activity areas. The strong positive correlation between radium and radon concentrations suggests that land-use changes, industrial activities, and increased vehicular emissions contribute to elevated radon emissions. Although the measured radon concentrations remain below internationally recommended safety limits, prolonged exposure, particularly in high-activity zones, may pose long-term health risks, including an increased likelihood of lung cancer. Children may still be susceptible to the effects of the observed radon exhalation level due to their thin skin and high breathing frequency. Therefore, proactive mitigation strategies are essential to minimize radon exposure risks. Policymakers should implement radon mitigation measures such as improved ventilation in buildings, radon-resistant construction techniques, and retrofitting existing structures with radon barriers. Public health awareness campaigns are also necessary to educate communities about the risks of radon inhalation and encourage radon testing in homes, workplaces, and schools. Additionally, regular monitoring and regulatory updates, including region-specific safety standards aligned with international guidelines, should be enforced to manage exposure risks effectively. Further research, including expanded radon surveys across different regions and seasons, incorporating soil geochemistry and meteorological factors, would enhance the understanding of radon behavior. Developing a radon potential map for Chattogram could serve as a vital tool for risk assessment and targeted mitigation efforts. By adopting these measures, policymakers can minimize health risks, ensure safer urban expansion, and promote sustainable land-use planning in rapidly developing areas. Overall, the data gathered through this research will help establish a comprehensive reference database, enabling the identification of future changes due to geogenic and anthropogenic activities and the implementation of radiation safety measures. The data may aid in the identification of radon sources and the development of nationwide mapping of radon.
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