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ABSTRACT
India faces significant radioactive hazards from both natural and human-made sources. Certain regions, particularly Kerala and Tamil Nadu, exhibit naturally high radiation levels due to thorium-rich monazite sands containing uranium-238 (U-238), thorium-232 (Th-232), and potassium-40 (K-40). Additionally, industrial activities such as uranium mining, coal-based power generation, and excessive use of phosphate fertilizers contribute to environmental contamination, increasing radiation exposure risks. This study examines the sources, distribution, and health impacts of radioactive hazards across different Indian states. Key radiological indices—including radium equivalent activity (Raeq), absorbed dose rates, and hazard indices—are analysed to evaluate potential risks. Prolonged exposure to ionizing radiation is associated with severe health consequences, including cancer, genetic mutations, respiratory diseases, and reproductive disorders. Furthermore, radioactive contamination degrades soil fertility, pollutes water sources, disrupts agricultural productivity, and threatens biodiversity. To address these challenges, the paper recommends stricter monitoring systems, improved radioactive waste management, and enhanced public health measures. Transitioning to cleaner energy alternatives and implementing stricter industrial regulations can help reduce radiation exposure. Public awareness campaigns are also essential to educate communities about radiation risks and preventive measures. By adopting a proactive approach, India can mitigate radioactive hazards, ensuring environmental sustainability and safeguarding public health.
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1. INTRODUCTION
Radioactivity, a naturally occurring phenomenon, arises from the instability of certain atomic nuclei, resulting in the emission of ionizing radiation such as alpha particles, beta particles, and gamma rays (Papastefanou, 2010). This process has been integral to Earth’s environment since its formation, driven by naturally occurring radioactive isotopes. However, the escalation of human activities in recent decades has significantly intensified radiation exposure in many regions, posing environmental and public health challenges. India, with its vast mineral wealth and burgeoning industrial sector, faces distinct challenges in managing both natural and anthropogenic sources of radioactive hazards, necessitating comprehensive strategies for monitoring and mitigation (Mishra et al., 2023; Ravisankar et al., 2014).Natural radioactivity in India primarily stems from isotopes like uranium-238 (U-238), thorium-232 (Th-232), and potassium-40 (K-40), which are abundant in soils, rocks, sediments, and construction materials (Chandra et al., 2023; Garba et al., 2019). Certain regions, notably the coastal areas of Kerala and Tamil Nadu, exhibit elevated background radiation levels due to the presence of monazite sands rich in thorium (Thangam et al., 2022; Ravisankar et al., 2015). These naturally high radiation zones are compounded by anthropogenic contributions, including the widespread use of phosphate fertilizers in agriculture, which introduces radionuclides into soils, and the generation of industrial by-products such as fly ash from coal-fired power plants, phosphogypsum from fertilizer production, and red mud from aluminium processing (Hameed et al., 2014; Alam et al., 2021; Bhangare et al., 2014). These materials, often repurposed for construction or land reclamation, significantly elevate environmental radioactivity levels.
The environmental consequences of radioactive contamination are far-reaching. Radionuclides released into ecosystems can degrade soil quality, pollute groundwater, and enter food chains, leading to bioaccumulation and biomagnification in plants, animals, and ultimately humans (Natarajan et al., 2020; Tripathi et al., 2013). The dispersion of these radioactive elements is influenced by geological formations, weathering processes, and human activities such as mining, industrial waste disposal, and urbanization (Dizman et al., 2019; Karuppasamy et al., 2024). For instance, uranium mining and phosphate fertilizer application have been linked to groundwater contamination, posing risks to both ecosystems and human populations reliant on these water sources (Hameed et al., 2014). The health implications of radiation exposure are equally concerning. Ionizing radiation is a well-established carcinogen, with chronic exposure linked to increased risks of cancers, genetic mutations, and disorders affecting the respiratory, reproductive, and haematological systems (Kaur & Mehra, 2022; Sharma et al., 2019). A major public health concern is radon gas, which emanates from soils and radioactive building materials, accumulating in poorly ventilated homes and increasing the risk of lung cancer (Devi & Chauhan, 2020; Lyngkhoi & Nongkynrih, 2020). Similarly, exposure to thoron and its decay products in high background radiation areas further elevates health risks (Singh et al., 2009; Kumar et al., 2022).
Industrial activities exacerbate these challenges. Coal combustion in thermal power plants releases fly ash enriched with radionuclides, contributing to atmospheric pollution and terrestrial contamination (Mishra et al., 2023; Mahur et al., 2008). Additionally, building materials such as cement, bricks, and granite, derived from naturally radioactive raw materials, increase indoor gamma radiation exposure, posing risks to occupants (El-Taher et al., 2010; Turhan, 2008). To address these issues, systematic assessment of radioactive sources, their environmental behaviour, and associated risks is critical. In India, the Atomic Energy Regulatory Board (AERB) provides a regulatory framework emphasizing continuous monitoring, risk assessment, and the implementation of mitigation measures to minimize radiation exposure and promote sustainable environmental management (Sivakumar, 2014; Suresh et al., 2022). This review provides a comprehensive analysis of radioactive hazards in India, examining their sources, environmental pathways, and health impacts. By synthesizing recent research, it evaluates the risks posed by natural and anthropogenic radioactive materials and explores methods for their assessment and control, aiming to inform strategies for environmental safety and public health protection.
2. MATERIALS AND METHODS: 
2.1 SOURCES AND TYPES OF RADIOACTIVE MATERIALS CONTRIBUTING TO HAZARDS
The radioactive hazards in India originate from both natural and human-induced sources, encompassing a range of materials that contribute to environmental and health risks.
2.1.1 SOILS AND SEDIMENTS
Soils in regions with high natural radiation, such as Kerala and Tamil Nadu, contain elevated levels of radionuclides like uranium-238 (U-238), thorium-232 (Th-232), and potassium-40 (K-40) (Thangam et al., 2022; Kasumović et al., 2015). Coastal sediments, influenced by both natural geological processes and industrial activities, tend to accumulate these radioactive elements, amplifying environmental exposure (Karuppasamy et al., 2024; Tripathi et al., 2013).
2.1.2 CONSTRUCTION MATERIALS
Building materials, including cement, bricks, tiles, and granite, often harbour radionuclides due to the geological composition of their raw materials (Ravisankar et al., 2012; Gawad et al., 2024). These materials elevate indoor radiation levels, primarily through gamma emissions and radon gas release, posing health risks to occupants (El-Taher et al., 2010; Turhan, 2008).
2.1.3 INDUSTRIAL BY-PRODUCTS
Industrial processes generate by-products such as fly ash from coal-based power plants, phosphogypsum from fertilizer manufacturing, and red mud from aluminium production, all of which concentrate radioactive elements (Mishra et al., 2023; Alam et al., 2021). These by-products, frequently repurposed for construction, agriculture, or land reclamation, introduce significant radiological hazards (Bhangare et al., 2014; Mahur et al., 2008).
2.1.4 WATER AND FOOD
Groundwater in areas affected by uranium mining or phosphate fertilizer use often contains radionuclides, leading to contamination (Hameed et al., 2014; Natarajan et al., 2020). Additionally, radionuclides enter the food chain through crops, fish, and livestock, resulting in ingestion-related exposure risks for human populations (Singh et al., 2009; Pradhoshini et al., 2024).
2.1.5 ASSESSMENT TECHNIQUES FOR RADIOACTIVITY AND RADIATION HAZARDS
Various methods are utilized to evaluate the levels of natural and human-induced radioactivity and their associated risks in environmental samples.
2.1.5.1 GAMMA-RAY SPECTROMETRY
This technique is commonly applied to measure concentrations of radionuclides such as radium-226 (Ra-226), thorium-232 (Th-232), and potassium-40 (K-40) in soils, sediments, and construction materials (Ravisankar et al., 2012; Singh et al., 2015). Detectors like High Purity Germanium (HPGe) and sodium iodide (NaI (Tl)) are frequently used for precise analysis (Devi & Chauhan, 2020). Radon and thoron exhalation rates from soils and building materials are assessed using tools like the Smart RnDuo monitor or closed-chamber methods (Sharma et al., 2019; Kumar et al., 2022).
2.1.5.2 RADIOLOGICAL HAZARD INDICES
To quantify radiological risks, indices such as radium equivalent activity (Raeq), external and internal hazard indices (Hex, Hin), absorbed gamma dose rate, and annual effective dose are calculated (Ravisankar et al., 2014; Raghu et al., 2017).
2.1.5.3 PARTICLE SIZE AND MINERALOGICAL STUDIES
Techniques like X-ray diffraction (XRD) and particle size analysis are employed to examine the distribution and association of radionuclides in soils and sediments, aiding in understanding their behaviour (Thangam et al., 2022; Rangaswamy et al., 2016).
3. MAJOR SOURCES OF RADIOACTIVE HAZARDS IN INDIA
India’s diverse geological landscape and expanding industrial activities contribute to a range of radioactive hazards, both natural and human-induced. These hazards arise from naturally occurring radionuclides in soils and rocks, industrial by-products, construction materials, agricultural practices, and contaminated water sources. Each source contributes to external and internal radiation exposure, posing risks to human health and the environment.
3.1. NATURALLY OCCURRING RADIOACTIVE MATERIALS (NORMS)
Certain regions in India exhibit elevated levels of natural radioactivity, particularly along the coasts of Kerala and Tamil Nadu, where thorium-rich monazite sands elevate concentrations of thorium-232 (Th-232) and uranium-238 (U-238) (Ravisankar et al., 2015; Thangam et al., 2022). These areas experience heightened gamma radiation and increased exhalation of radon and thoron gases, which pose significant health risks to local populations (Sharma et al., 2019). Additionally, soils in regions like the Himalayas, Karnataka, and other geologically active areas show higher levels of U-238, Th-232, and potassium-40 (K-40), driven by the region’s unique mineral composition (Kaur & Mehra, 2022; Kumar et al., 2022; Srinivasa et al., 2022).


3.2. MINING AND MINERAL EXTRACTION
Mining operations for uranium and thorium, as well as other minerals, disturb large volumes of earth, releasing radioactive dust and radon gas into the environment (Adagunodo et al., 2018). In states like Jharkhand, Meghalaya, and Andhra Pradesh, uranium mining activities elevate radionuclide levels in surrounding soil, air, and water, amplifying radiological risks (Kasumović et al., 2015; Lyngkhoi & Nongkynrih, 2020). These operations contribute to both occupational and environmental exposure.
3.3. COAL-BASED POWER GENERATION
Thermal power plants in India, reliant on coal combustion, produce significant quantities of fly ash containing concentrated radionuclides such as U-238 and Th-232 (Bhangare et al., 2014). The widespread use of fly ash in construction, agriculture, and landfill applications raises concerns about radiation exposure in nearby communities and ecosystems (Mishra et al., 2023; Mahur et al., 2008). Improper disposal of this by-product further exacerbates environmental contamination.
3.4. PHOSPHATE FERTILIZERS IN AGRICULTURE
Phosphate fertilizers, commonly used in Indian agriculture, often contain uranium and its decay products, leading to radionuclide accumulation in soils (Hameed et al., 2014). These radioactive elements can transfer to crops, entering the food chain and resulting in internal exposure through consumption (Natarajan et al., 2020). This pathway poses a long-term health risk, particularly in intensively farmed regions.
3.5. INDUSTRIAL BY-PRODUCTS: PHOSPHOGYPSUM AND RED MUD
Phosphogypsum, a residue from phosphate fertilizer production, is enriched with radium-226 (Ra-226) and is frequently utilized in agriculture and construction, increasing radiation exposure risks (Al-Hwaiti & Al-Khashman, 2015; Alam et al., 2021). Similarly, red mud, a by-product of aluminum processing, contains naturally occurring radionuclides and is often used in construction or land reclamation, contributing to environmental and health hazards (Alam et al., 2021).
3.6. CONSTRUCTION MATERIALS
Building materials such as granite, cement, bricks, and tiles, sourced from naturally radioactive raw materials, elevate indoor gamma radiation levels (El-Taher et al., 2010; Gawad et al., 2024). In regions like Tamil Nadu, these materials are significant sources of radon and thoron gas exhalation, leading to internal exposure through inhalation (Ravisankar et al., 2012; Turhan, 2008). The widespread use of such materials in residential and commercial structures amplifies public health risks.
3.7. CONTAMINATION OF SURFACE AND GROUNDWATER
Groundwater in areas affected by uranium mining or heavy fertilizer use often contains elevated radionuclide levels, posing risks when used for drinking or irrigation (Tripathi et al., 2013; Devi & Chauhan, 2020). Contaminated water serves as a direct source of internal radiation exposure and facilitates the transfer of radionuclides to crops and livestock, further impacting the food chain (Garba et al., 2019).
3.8. HIGH BACKGROUND RADIATION AREAS (HBRAS)
Specific regions, including coastal Kerala, Tamil Nadu, and parts of the Himalayan belt, are designated as high background radiation areas (HBRAs) due to thorium-rich sands and uranium-bearing rocks (Sharma et al., 2019; Thangam et al., 2022). Populations in these areas face chronic exposure to elevated terrestrial radiation doses, increasing the risk of health impacts (Kaur & Mehra, 2022; Kumar et al.,2022).
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Fig 1: Sources of radioactive hazards

Table 1: Major Sources and Their Impact in India

	Source
	Main Radionuclides
	Affected Medium
	Impact

	Monazite sands (Kerala, TN)
	Th-232, U-238
	Soil, Air
	External gamma dose, radon inhalation

	Uranium mining (Jharkhand, Meghalaya)
	U-238, Ra-226
	Soil, Water, Air
	Internal exposure through ingestion/inhalation

	Coal fly ash
	U-238, Th-232
	Air, Soil
	Atmospheric dispersion, land contamination

	Phosphate fertilizers
	U-238, Ra-226
	Soil, Crops
	Bioaccumulation in plants and humans

	Phosphogypsum, red mud
	Ra-226, Th-232
	Construction, Soil
	Radiation exposure in buildings/agriculture

	Building materials
	Ra-226, Th-232, K-40
		Indoor Air



	



	Indoor gamma dose, radon exposure

	Groundwater
	U-238, Ra-226
	Drinking water
	Ingestion hazards, health risks



4. ESTIMATION OF RADIOACTIVE HAZARDS IN INDIA 
Evaluating radioactive hazards involves measuring natural and human-induced radionuclides in environmental components such as soil, water, air, construction materials, and industrial residues. Various analytical methods and radiological indices are employed to quantify radioactivity levels and assess risks to human health and ecosystems. These assessments are vital for identifying the scope of radiological threats and implementing effective mitigation strategies.
4.1. MEASURING RADIONUCLIDE ACTIVITY CONCENTRATIONS
The initial step in hazard estimation is determining the activity concentrations of key natural radionuclides—uranium-238 (U-238), thorium-232 (Th-232), and potassium-40 (K-40)—in environmental samples. Gamma-ray spectrometry, utilizing detectors like sodium iodide (NaI (Tl)) or High Purity Germanium (HPGe), is the preferred method for this analysis (Ravisankar et al., 2012; Devi & Chauhan, 2020). Research across India reveals diverse radionuclide levels, influenced by regional geology and industrial activities, with higher concentrations often observed in areas with specific mineral deposits or industrial outputs (Thangam et al., 2022; Bhangare et al., 2014).
4.2. RADIUM EQUIVALENT ACTIVITY (RAEQ)
The radium equivalent activity (Raeq) index consolidates the activity concentrations of radium-226 (Ra-226), Th-232, and K-40 into a single metric to evaluate radiological risks. Measured in becquerels per kilogram (Bq/kg), Raeq is calculated using the equation:
Raeq = CRa + 1.43 × CTh + 0.077 × CK
Here, CRa, CTh, and CK denote the activity concentrations of Ra-226, Th-232, and K-40, respectively (UNSCEAR, 2000; Ravisankar et al., 2014). A Raeq value exceeding 370 Bq/kg signals potential health risks due to gamma radiation exposure, a concern noted in certain Indian regions with elevated radionuclide levels in soils and materials (Mishra et al., 2023; El-Taher et al., 2010).
4.3. ABSORBED DOSE RATE (D)
The absorbed dose rate in air, measured at 1 meter above the ground, quantifies external gamma radiation exposure from radionuclides in soils or building materials. This rate, expressed in nanogray per hour (nGy/h), is derived from the activity concentrations of U-238, Th-232, and K-40, applying dose conversion factors outlined by UNSCEAR (Chandra et al., 2023; Kumar et al., 2022). Elevated dose rates are frequently reported in high background radiation areas (HBRAs) like Kerala and Tamil Nadu, where natural radionuclide concentrations are significant (Sharma et al., 2019; Thangam et al., 2022).
4.4. ANNUAL EFFECTIVE DOSE EQUIVALENT (AEDE)
The annual effective dose equivalent (AEDE) estimates the yearly radiation dose an individual receives from external gamma exposure. It is calculated by converting the absorbed dose rate using a coefficient of 0.7 Sv/Gy and factoring in occupancy patterns (0.2 for outdoor and 0.8 for indoor exposure) (Ravisankar et al., 2015; Mahur et al., 2013). Residents in HBRAs or regions with intensive mining activities face higher AEDE values, often surpassing recommended safety thresholds, which increases health risks (Lyngkhoi & Nongkynrih, 2020).
4.5. HAZARD INDICES
4.5.1. EXTERNAL HAZARD INDEX (HEX)
The external hazard index (Hex) evaluates the safety of external gamma radiation exposure. It is calculated as:
Hex = (CRa / 370) + (CTh / 259) + (CK / 4810)
A value below 1 indicates that gamma radiation exposure is within safe limits (Ravisankar et al., 2014; Al-Hwaiti & Al-Khashman, 2015).
4.5.2. INTERNAL HAZARD INDEX (HIN)
The internal hazard index (Hin) assesses risks from internal exposure, particularly due to radon inhalation and its decay products, using the formula:
Hin = (CRa / 185) + (CTh / 259) + (CK / 4810)
Like Hex, a Hin value less than 1 ensures minimal radiological risk (Gawad et al., 2024). Elevated values of both indices have been observed in construction materials and soils in various Indian regions, highlighting areas where radiological hazards are more pronounced (Raghu et al., 2017; Bhangare et al., 2014).
These estimation methods provide critical insights into the distribution and impact of radioactive hazards, guiding regulatory and mitigation efforts to protect public health and the environment in India.

Table 2: Radiological Hazard Indices and Their Significance
	Hazard Indicator
	Purpose
	Safety Limit

	Radium Equivalent Activity (Ra_eq)
	Radiological hazard from Ra, Th, K
	≤ 370 Bq/kg

	Absorbed Dose Rate (D)
	External gamma exposure
	59nGy/h (UNSCEAR)

	Annual Effective Dose Equivalent (AEDE)
	Total radiation dose to humans
	1 mSv/year

	External Hazard Index (H_ex)
	External gamma dose hazard
	≤ 1

	Internal Hazard Index (H_in)
	Radon inhalation hazard
	≤ 1



5. HEALTH HAZARDS OF RADIOACTIVE EXPOSURE IN INDIA
Exposure to ionizing radiation, whether from natural or human-induced sources, poses severe health risks, ranging from immediate effects to long-term chronic conditions. Radiation interacts with human tissues at the cellular level, causing DNA damage, mutations, and a range of health complications. In India, populations in high background radiation areas (HBRAs), near uranium mines, thermal power plants, or industrial zones face elevated risks due to continuous exposure (Ravisankar et al., 2015; Thangam et al., 2022).
5.1. CANCER RISKS
Radiation exposure significantly increases the likelihood of developing various cancers. Inhalation of radon and thoron gases, prevalent in areas with radioactive building materials or specific soil compositions, is strongly linked to lung cancer (Sharma et al., 2019; Lyngkhoi & Nongkynrih, 2020). Radionuclides like radium-226 (Ra-226) and uranium-238 (U-238), which accumulate in bones and bone marrow, are associated with bone cancer and leukaemia (Karataşlı et al., 2016; Tripathi et al., 2013). Elevated cancer rates have been documented in regions with uranium mining, such as Jharkhand, and in high-radiation coastal areas of Kerala (Adagunodo et al., 2018; Kaur & Mehra, 2022).
5.2. GENETIC AND HEREDITARY IMPACTS
Chronic radiation exposure can induce DNA mutations, potentially leading to hereditary effects across generations. In regions like Kerala and Tamil Nadu, where natural radioactivity levels are high, there are concerns about increased risks of congenital anomalies and genetic disorders due to prolonged exposure (Thangam et al., 2022; Mitra et al., 2024). These effects underscore the need for long-term monitoring in affected communities.
5.3. RESPIRATORY HEALTH ISSUES
Inhaling radioactive particles, particularly radon gas or dust from uranium mining, contributes to respiratory ailments. Long-term exposure is linked to conditions such as chronic bronchitis, pulmonary fibrosis, and a heightened risk of lung cancer (Sharma et al., 2019; Devi & Chauhan, 2020). In mining-intensive areas like Jaduguda in Jharkhand, both workers and nearby residents report elevated rates of respiratory illnesses, highlighting the occupational and environmental risks (Adagunodo et al., 2018).
5.4. SKELETAL HEALTH PROBLEMS
Ingestion of Ra-226 through contaminated water or food can lead to its deposition in bones, increasing the risk of osteoporosis, bone necrosis, and bone cancers. This is particularly concerning in regions near uranium mines or where phosphate fertilizers are heavily used, such as parts of Punjab and Andhra Pradesh (Karataşlı et al., 2016; Tripathi et al., 2013). Studies indicate that long-term exposure to radionuclides in these areas poses significant skeletal health risks (Kaur & Mehra, 2022; Kumar et al., 2022).
5.5. GASTROINTESTINAL DISORDERS
Consumption of food or water contaminated with radionuclides can cause digestive system issues, including gastric irritation, ulcers, and gastrointestinal cancers. Agricultural practices involving phosphate fertilizers often introduce uranium into crops and water sources, posing health risks to rural populations across India (Hameed et al., 2014; Garba et al., 2019). This pathway of internal exposure is a growing concern in farming communities.

5.6. NEUROLOGICAL IMPACTS
Although less extensively studied, prolonged radiation exposure may contribute to neurological effects, including cognitive impairment, developmental delays in children, and damage to the central nervous system. Research in high-radiation areas like Kerala and Tamil Nadu is exploring these potential impacts, though evidence remains preliminary (Natarajan et al., 2020). Further studies are needed to clarify the scope of neurological risks.
5.7. EXCESS LIFETIME CANCER RISK (ELCR)
The excess lifetime cancer risk (ELCR) quantifies the probability of developing cancer due to lifelong radiation exposure. In regions such as Kerala’s coastal areas, Jharkhand’s uranium mining zones, and Punjab’s agricultural belts, ELCR values often exceed international safety thresholds, signalling significant public health concerns (Thangam et al., 2022; Adagunodo et al., 2018; Kaur & Mehra, 2022). These findings emphasize the urgency of implementing protective measures in high-risk areas (Chandra et al., 2023; Mishra et al., 2023).
6. ENVIRONMENTAL IMPACTS OF RADIOACTIVE HAZARDS IN INDIA
Radioactive hazards significantly affect India’s environment, impacting soil, water, air, plants, animals, and marine ecosystems. These hazards stem from both natural sources, such as thorium-rich monazite sands in high background radiation areas (HBRAs), and human activities, including uranium mining, coal combustion, phosphate fertilizer use, and improper disposal of industrial by-products. These sources contribute to widespread radioactive contamination, disrupting ecosystems and posing risks to biodiversity and human health (Ravisankar et al., 2014; Thangam et al., 2022).
6.1. SOIL DEGRADATION
Soils serve as primary sinks for radionuclides like uranium-238 (U-238), thorium-232 (Th-232), radium-226 (Ra-226), and potassium-40 (K-40). In HBRAs such as Kerala and Tamil Nadu, elevated radionuclide levels are naturally present due to mineral-rich deposits (Ravisankar et al., 2015; Thangam et al., 2022). Human activities, including uranium mining in Jharkhand and Meghalaya and the disposal of industrial residues like fly ash and phosphogypsum, further increase soil radionuclide concentrations (Adagunodo et al., 2018; Alam et al., 2021). This contamination reduces soil fertility, disrupts microbial ecosystems, and facilitates the transfer of radioactive elements into crops, posing risks to the food chain (Hameed et al., 2014; Natarajan et al., 2020).
6.2. WATER POLLUTION
Both groundwater and surface water in India face radionuclide contamination, particularly in regions with uranium mining, such as Jaduguda in Jharkhand, where U-238 and Ra-226 levels are elevated (Kaur & Mehra, 2022; Devi & Chauhan, 2020). The leaching of radionuclides from phosphate fertilizers and industrial waste into rivers, lakes, and aquifers exacerbates water pollution, threatening aquatic ecosystems (Tripathi et al., 2013; Garba et al., 2019). Radionuclides in water bioaccumulate in aquatic organisms like fish, disrupting food webs and entering human diets through consumption, amplifying health risks (Mishra et al., 2023).
6.3. ATMOSPHERIC CONTAMINATION
Uranium mining, coal-based power generation, and the use of radionuclide-rich building materials release radioactive dust and gases, such as radon and thoron, into the atmosphere (Bhangare et al., 2014; Mishra et al., 2023). Inhaling these particles poses direct health risks, while atmospheric deposition spreads radionuclides across landscapes, contaminating soils and water bodies. Indoor environments, particularly those constructed with materials high in natural radioactivity, often have elevated radon levels, creating additional environmental health challenges (Sharma et al., 2019; Lyngkhoi & Nongkynrih, 2020).
6.4. AGRICULTURAL IMPACTS
Radionuclides transfer from contaminated soils to plants, leading to the contamination of crops, particularly in areas with heavy phosphate fertilizer use, such as Punjab and Tamil Nadu (Hameed et al., 2014; Natarajan et al., 2020). Elevated uranium and radium levels in crops reduce yield and quality while introducing radioactive elements into the food chain, posing long-term risks to humans and livestock (Pradhoshini et al., 2024; Singh et al., 2009). This contamination undermines agricultural sustainability and food safety.
6.5. EFFECTS ON WILDLIFE
Radionuclide contamination in soils, water, and vegetation impacts terrestrial and aquatic fauna through bioaccumulation and biomagnification. Animals consuming contaminated plants or water accumulate radioactive substances, leading to genetic mutations, reproductive challenges, and higher mortality rates (Kasumović et al., 2015; Garba et al., 2019). Chronic exposure to low-level radiation disrupts wildlife populations, threatening biodiversity and ecosystem stability (Mitra et al., 2024).
6.6. MARINE AND COASTAL ECOSYSTEMS
Coastal areas in Kerala and Tamil Nadu, rich in monazite sands, exhibit naturally high radioactivity, with sediment samples showing elevated Th-232 and U-238 levels (Ravisankar et al., 2015; Karuppasamy et al., 2024). Marine organisms, including fish and shellfish, accumulate radionuclides, which can reduce biodiversity and enter human food chains through seafood consumption (Tripathi et al., 2013; Thangam et al., 2022). This contamination poses significant risks to marine ecosystems and coastal communities reliant on these resources.
These environmental impacts highlight the urgent need for monitoring and mitigation strategies to address radioactive hazards in India, protecting ecosystems and public health from the pervasive effects of radionuclide contamination.
7. ENVIRONMENTAL RADIOACTIVE WASTE MANAGEMENT CHALLENGES
Inadequate handling of radioactive waste from mining, industrial processes, and medical facilities intensifies environmental pollution in India (Natarajan et al., 2020; Sahoo & Joseph, 2021). By-products like phosphogypsum and red mud, often repurposed for agriculture and construction, contain elevated levels of radium-226 (Ra-226) and thorium-232 (Th-232). Without proper management, these materials pose persistent environmental risks, contaminating soil, water, and air, and threatening ecosystems and public health (Alam et al., 2021; Al-Hwaiti & Al-Khashman, 2015). Effective waste management strategies are critical to mitigate these long-term hazards.
8. STATE-WISE ANALYSIS OF RADIOACTIVE EMISSIONS IN INDIA
Radioactive emissions in India vary across states due to differences in industrial activities, coal-based power generation, and natural geological factors. Below is an overview of key states contributing to these emissions, along with their environmental and health implications.
8.1. CHHATTISGARH AND ODISHA
These states are major contributors to radioactive emissions, primarily due to extensive coal combustion and industrial operations. Annual emissions of radium-226 (226Ra) range from 600 to 1326 GBq, driven by thermal power plants and related activities (Mishra et al., 2023). The high output significantly impacts local ecosystems and public health.
8.2. GUJARAT AND MAHARASHTRA
Industrial activities, particularly in iron and steel production, generate substantial radioactive emissions in these states, with annual estimates surpassing 500 GBq for 226Ra (Mishra et al., 2023). The concentration of industries in these regions heightens environmental contamination risks, affecting air and soil quality.
8.3. KARNATAKA AND ANDHRA PRADESH
Soils in these states exhibit slightly elevated natural radioactivity compared to global averages, with 226Ra specific activities ranging from 36.13 to 58 Bq/kg (Sannappa et al., 2022). While less intense than industrial emissions, these natural sources contribute to background radiation levels, warranting monitoring.
8.4. UTTAR PRADESH AND MADHYA PRADESH
Regions like Sonbhadra (Uttar Pradesh) and Sidhi (Madhya Pradesh) experience elevated radionuclide emissions from coal-fired power plants, reaching up to 1278 GBq annually (Mishra et al., 2023). These emissions pose significant risks to both the environment and local populations.
9. HEALTH AND ENVIRONMENTAL IMPACTS
Prolonged exposure to radioactive emissions is linked to serious health conditions, including lung cancer, skeletal disorders, and genetic mutations (Dai et al., 2012). Additionally, soil and water contamination from these emissions disrupts ecosystems, threatening biodiversity and human well-being (Kravchenko & Lyerly, 2018). Effective management and monitoring are essential to mitigate these risks.
10. MITIGATION STRATEGIES AND POLICY RECOMMENDATIONS FOR RADIOACTIVE HAZARDS IN INDIA
To address radioactive hazards in India, comprehensive strategies and policies are essential to minimize environmental and health risks.
10.1. ENHANCED MONITORING AND REGULATION
Strengthen oversight of coal-based power plants and uranium mining operations by enforcing rigorous emission limits and regular inspections to reduce radionuclide releases (Mishra et al., 2023).
10.2. IMPROVED WASTE MANAGEMENT
Develop innovative techniques for the safe handling and utilization of fly ash and other radioactive by-products, ensuring proper containment to prevent soil and water contamination (Alam et al., 2021).
10.3. COMMUNITY EDUCATION
Raise public awareness about radiation risks and protective measures through educational campaigns, empowering communities to adopt safety practices (Sharma et al., 2019).
10.4. TRANSITION TO RENEWABLE ENERGY
Accelerate the shift to sustainable energy sources like solar and wind to decrease dependence on coal, reducing radioactive emissions and environmental impact (Sannappa et al., 2022).
11. RESULTS AND DISCUSSIONS ON RADIOACTIVE HAZARDS IN INDIA
11.1. SOURCES AND DISTRIBUTION OF RADIOACTIVE HAZARDS
India’s diverse geology and industrial activities shape the distribution of radioactive hazards. Coastal regions of Kerala and Tamil Nadu, rich in thorium-232 (Th-232) and uranium-238 (U-238) due to monazite sands, are notable high background radiation areas (HBRAs) (Ravisankar et al., 2015; Thangam et al., 2022). Uranium mining in Jharkhand and Meghalaya releases significant radionuclides into the environment, increasing radiation exposure for nearby communities (Adagunodo et al., 2018; Lyngkhoi & Nongkynrih, 2020).
11.2. ENVIRONMENTAL CONSEQUENCES
Soil contamination is a major issue in mining regions and areas with heavy phosphate fertilizer use, where radionuclides like U-238 and radium-226 (Ra-226) accumulate, degrading soil quality and entering food chains (Hameed et al., 2014; Natarajan et al., 2020). Groundwater in mining and agricultural zones is often contaminated, posing health risks through consumption (Devi & Chauhan, 2020; Kaur & Mehra, 2022). Airborne radionuclides from coal-based power plants and radioactive building materials elevate radon and thoron levels, particularly in indoor settings, contributing to atmospheric pollution (Sharma et al., 2019; Bhangare et al., 2014).
11.3. HEALTH IMPACTS
Chronic exposure to ionizing radiation results in severe health effects. Radon inhalation, prevalent in HBRAs and homes built with radionuclide-rich materials, is a leading cause of lung cancer (Sharma et al., 2019; Lyngkhoi & Nongkynrih, 2020). Accumulation of Ra-226 and U-238 in bones is linked to bone cancers and leukemia (Karataşlı et al., 2016; Tripathi et al., 2013). Prolonged exposure also increases risks of genetic mutations, reproductive issues, and gastrointestinal disorders in affected regions (Kaur & Mehra, 2022; Mitra et al., 2024).
11.4. RADIOLOGICAL RISK EVALUATION
Radiological indices, including radium equivalent activity (Ra_eq), absorbed dose rate (D), and annual effective dose equivalent (AEDE), are critical for assessing radiation risks. Many Indian regions exhibit values above international safety thresholds, underscoring the need for ongoing monitoring and robust risk management strategies (Ravisankar et al., 2014; Mishra et al., 2023). High external and internal hazard indices indicate significant risks from gamma radiation and radon inhalation across various states (Raghu et al., 2017; Gawad et al., 2024).
11.5. STATE-WISE INSIGHTS
Analysis across states highlights Kerala, Tamil Nadu, Jharkhand, Punjab, and Andhra Pradesh as key areas with elevated radioactive emissions and environmental contamination (Ravisankar et al., 2015; Kaur & Mehra, 2022; Adagunodo et al., 2018). Coastal regions face unique challenges due to sediment contamination, which leads to radionuclide bioaccumulation in marine organisms, threatening biodiversity and human health through seafood consumption (Karuppasamy et al., 2024; Tripathi et al., 2013). These findings emphasize the need for targeted interventions in high-risk areas to mitigate the impacts of radioactive hazards on both the environment and public health.
12. CONCLUSION
Radioactive hazards in India stem from both natural sources and human activities, posing significant environmental and public health challenges. Naturally occurring radioactive materials (NORMs), such as uranium-238 (U-238), thorium-232 (Th-232), and potassium-40 (K-40), are abundant in regions like Kerala and Tamil Nadu due to monazite-rich sands. These areas exhibit elevated background radiation, increasing exposure risks for local populations. Additionally, anthropogenic activities—including uranium mining, coal combustion, phosphate fertilizer use, and improper disposal of industrial by-products—further amplify radiological hazards, contaminating soil, water, and air. The environmental consequences of radioactive contamination are far-reaching. Radionuclides degrade soil fertility, pollute groundwater, and enter food chains, leading to bioaccumulation in crops, livestock, and aquatic organisms. Industrial by-products like fly ash, phosphogypsum, and red mud, often repurposed in construction and agriculture, contribute to long-term contamination. Atmospheric release of radon and thoron from mining and building materials exacerbates indoor air pollution, particularly in poorly ventilated structures. These factors collectively disrupt ecosystems, threaten biodiversity, and increase human exposure to harmful radiation.
Health risks associated with prolonged radiation exposure include cancer, genetic mutations, respiratory diseases, and skeletal disorders. Radon inhalation is a leading cause of lung cancer, while ingestion of contaminated water and food introduces radionuclides into the body, increasing risks of bone cancer, leukaemia, and gastrointestinal ailments. High background radiation areas (HBRAs) and regions near mining or industrial zones report elevated cases of radiation-linked illnesses, underscoring the need for stringent monitoring and protective measures. Effective management of radioactive hazards requires a multi-faceted approach. Strengthening regulatory frameworks, such as those enforced by the Atomic Energy Regulatory Board (AERB), is essential to control emissions and ensure safe waste disposal. Transitioning to cleaner energy sources, such as solar and wind, can reduce reliance on coal and minimize radioactive by-products. Public awareness campaigns are crucial to educate communities about radiation risks and preventive measures. Additionally, advanced remediation techniques should be employed to decontaminate affected soils and water sources.
India must prioritize research and policy interventions to mitigate radioactive hazards. Enhanced monitoring systems, sustainable industrial practices, and community engagement can significantly reduce exposure risks. By adopting a proactive approach, India can safeguard both environmental integrity and public health, ensuring a safer future in the face of growing radiological challenges. Collaborative efforts between government agencies, researchers, and local communities will be key to achieving these goals.
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