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A B S T R A C T   

To study the distributions and potential dispersions of naturally occurring radioactive materials (NORMs: 226Ra, 
232Th, and 40K) from coal-based activities (Barapukuria, Bangladesh), we studied a suite of systematically 
collected surface and sub-surface soil samples by X-ray fluorescence and high purity germanium detector based 
γ-spectroscopy. The average (range) radioactivities of 226Ra, 232Th, and 40K in the studied soil samples were 80.6 
(33.0–118.0), 104.4 (43.0–182.0), and 508.1 (318.3–743.4) Bq.kg− 1, respectively, which are significantly higher 
than the corresponding world average value. No significant fractionations of NORMs were observed between the 
surface and sub-surface soils, except for 232Th. Along with the anthropogenic origin, several geochemical pro
cesses (e.g., weathering, mineralogical dissolution/precipitation, alteration, leaching, differential solubility 
mediated geochemical mobility etc.) play significant role in NORM distributions. Major-oxide abundances, 
indices-based calculations, and correlation studies on the measured parameters revealed the natural processes (e. 
g., geochemical mobility, mineralogical distributions, water logging based differential solubility) responsible for 
NORM distributions. In terms of mean radium equivalent activity, internal hazard index, and total annual 
effective dose values, the studied area possesses trivial radiological risks, whereas the values of internal absorbed 
gamma dose and excess lifetime cancer risk demonstrate significant health hazards. Considering the adverse 
radiological risks originating from coal-based industrial activities and the long half-lives of NORMs, the present 
scenario will potentially be deteriorated.   

1. Introduction 

The exposure of humans to external gamma ray from geo-resources is 
a continuing and inescapable feature of living beings in the world given 
that natural radionuclides are ubiquitous and widely distributed at 
different trace levels in various geological samples (Bunzl et al., 1984; 
Siegel and Bryan, 2014; Alazemi et al., 2016; Aközcan et al., 2018; 
Ugbede et al., 2021). Coal-fuel is combusted for nearly 38% of power 
production throughout the world. From 2017 to 2018, the global utili
zation of coal to generate electricity increased by 3%, and it was driven 
by the increased use in numerous developing countries, such as 
Bangladesh, China, India, and Southeast Asia (Habib and Khan, 2021). 
Inherently, feeding coals and associated tailings and wastes commonly 
contain a significant fraction of various (in)organic constituents, 

including trace quantities of naturally occurring radioactive materials 
(NORMs e.g., 226Ra, 232Th, and 40K), which are potentially harmful and 
radiotoxic (Vuković et al., 1996; Dragović et al., 2013, Galhardi et al., 
2017; Turhan, 2020). These materials can result in significant additional 
contributions to the radioactive burden of the ambient environment and 
people living and working in the immediate vicinity of coal mine and 
coal-based power stations (CMPSs) (Noli et al., 2017; Khan et al., 2018, 
2021a, 2021b; Habib et al., 2019a, 2019b). NORMs are commonly 
present at different trace levels in all geo-materials and represent the 
main external source of radiation to the people (UNSCEAR, 2010). Soil 
contamination with NORMs draws great attention worldwide due to its 
possible threat to food safety, living beings, and its detrimental effects 
on the surroundings. 

NORMs can easily be released from coal-related products in diverse 
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means and pathways (e.g., emissions, effluents, and leachates from 
CMPSs) with substantial proportions penetrating the ambient environ
ment (Sengupta and Agrahari, 2017). Moreover, these excessive NORMs 
can infiltrate, adsorb, and excessively accumulate in soils and result in 
the increased levels of these pollutants and their transfer from soil to 
water sources and food chain (Skoko et al., 2017), which ultimately 
promote human exposure to gamma radiation and consequently harm 
public health through the food chain (Skoko et al., 2017; Duong et al., 
2021). Once the specific activities involving NORMs exceed the corre
sponding desirable limits, environmental contamination becomes inev
itable. The location, extent, and severity of exposure to gamma radiation 
can be distorted by the differential migration of transportable pro
portions of NORMs to the environment. Soil serves as the primary 
reservoir for NORM accumulation in the terrestrial environment (Dai 
et al., 2007). Moreover, soil is one of the most important environmental 
backgrounds because it provides water and nutrients for plant produc
tion (Kabata-Pendias, 2010). Thus, the identification, quantification, 
characterization of the activity level, effective dose consequences, un
favorable impacts, potential radiological risk and distribution, accu
mulation, migration, and source of NORMs in soils are crucial to 
ascertain possible changes in environmental radioactivity due to such 
activities (Baeza et al., 2012; Ćujić et al., 2015). Moreover, quality 
standards on a national and regional level must be established to form 
and enforce regulations on NORM discharges. 

A rapidly growing research interest that receives global attention 
focuses on determining the radioactivity in soil along with their radio
logical risks for the establishment of national, regional, and global data 
banks despite the inevitability of radioactivity on earth. Previous studies 
demonstrated insignificant effects of NORMs from CMPS on the soil 
(Rosner et al., 1984; Vuković et al., 1996; Tsikritzis, 2004; Charro et al., 
2013a, 2013b; Papaefthymiou et al., 2013; Lu et al., 2013; Suhana and 
Rashid, 2016; Habib et al., 2019a), whereas other research identified the 
profound impacts of NORMs on soil quality (Bem et al., 2002; Flues 
et al., 2002; Papp et al., 2002; Dai et al., 2007; Amin et al., 2013; Ćujić 
et al., 2015; Liu et al., 2015; Medunić et al., 2016; Parial et al., 2016; 
Gören et al., 2017; Zhang, 2017; Dhingra et al., 2020; and the references 
therein). However, an uncertainty surrounds the degree of radiological 
influence and radioactivity impact on human health due to the operation 
of CMPSs. Radiological study on soils around the Barapukuria coal- 
based power plant (Bangladesh), which was confined to a 3 km perim
eter, demonstrated 2–4 times elevated concentrations of NORMs than 
the recommended limits of the United Nations Scientific Committee on 
the Effects of Atomic Radiation (UNSCEAR, 2000, 2010) (Habib et al., 
2019b). Thus, considering the radiological risks, studies should deter
mine the level of NORMs and their influence on soils and human health 
around CMPSs. In this endeavor, the radiological doses and associated 
risk were computed for the population residing up to a distance of 15 km 
from a CMPS. The measurement and characterization of NORM distri
butions in soils can offer useful information not only about the levels, 
spatial variation, sources, transport mechanisms, and environmental 
fate but also the evaluation of radio-environmental risks and the control 
of radioactivity (Çayır et al., 2012; Tanić et al., 2016). 

The geochemical characterization of soils was extensively considered 
to decipher source rock geochemistry, provenance, and source-area 
weathering. These factors greatly influence the sink material composi
tion. The provenance analysis enabled us to detect the source areas of 
the samples and establish the linkage between the province and depo
sitional areas through specific geological processes (Carvalho et al., 
2011; Begum et al., 2021a, 2021b). The abundances of specific major 
and radioactive elements were less altered by diverse geological pro
cesses, as determined by the examination of geochemical characteristics 
of soils. The levels of radioactivity were generally associated with the 
types of rocks and their geochemistry, sediments, or soils from which the 
samples were derived (Begum et al., 2021a, 2021b). However, potential 
interactions between major and radioactive elements along with their 
influences and function of minerals on the variability of the activity, 

genesis, environmental fate, and behavior of NORMs in soils have not 
been explored thus far in and around the Barapukuria area (Dragović 
et al., 2008; Suresh et al., 2011; Churchman and Lowe, 2012; Ćujić et al., 
2015; Guagliardi et al., 2016; Ribeiro et al., 2018). Furthermore, coal- 
fuel will play an important role to meet the growing energy needs of 
Bangladesh in the coming years (Habib et al., 2020). At present, the 
established electricity production capacity of the country is above 
12,780 MW, which is planned to increase to 39,000 MW by 2030, and a 
major portion of it will be sourced from coals (Habib and Khan, 2021). 

This study dealt with the evaluation of the influences of a CMPS on 
the activity levels of NORMs and major elemental chemistry of soils in 
their immediate proximity with deciphering information regarding 
provenance and weathering conditions. The principal focuses of the 
current research are to (i) quantify the activity levels, (ii) compute the 
radiological dose consequences of radiation received for the nearby 
population, (iii) evaluate the radiological distribution and risk maps for 
the studied area, (iv) evaluate their mutual relationships between major 
oxides and NORMs, (v) determine potential source rocks of the analyzed 
soils and weathering, and (vi) evaluate the radiological hazards. The 
outcomes of this study will update existing scientific knowledge for 
further research, pollution control, and environmental management and 
will be treated as valuable reference information for future endeavors. 
This study lays the groundwork for future research related to the envi
ronmental and health concerns of waste disposal and accidental release 
of wastes containing increased concentrations of NORMs to the ambient 
environment. Furthermore, monitoring data on NORM distribution in 
and around the CMPS can help policymakers to enforce regulations on 
NORMs discharged from CMPSs. 

2. Materials and analytical methods 

2.1. Geomorphology, geology, pedology, and profile of the study area 

The Barapukuria CMPS is situated at 25◦33′36′′ N, 88◦56′45.6′′ E in a 
humid subtropical region in Dinajpur district in the northwestern region 
of Bangladesh (Fig. 1). The surrounding areas are extensively used for 
agriculture, mainly in paddies with double/triple crops. The population 
density in the area is 770 km− 2 (Population Census of Bangladesh, 
2011). The average annual rainfall varies from 1104 mm to 2985 mm 
(from 1991 to 2015), of which 85% falls from May to September, and the 
relative humidity is 80% to 90%. The prevailing dominant local wind 
direction is from east to west (40%), followed by west to east (25%) and 
north-east (18%). Wind speeds rarely exceed 8 m.s− 1. The wind changes 
its directions depending on the seasons. 

Tectonically, the area is situated within the Rangpur Saddle (Dinaj
pur Shield) of the Stable Shelf Zone, northwestern Bengal Basin, 
Bangladesh (Habib et al., 2019b). Physiographically, it is located at the 
northern fringe of a Pleistocene terrace (level Barind clay residuum) and 
close to the Young Tista floodplain, in an alluvial–fluvial floodplain 
system. Barind clay is mainly composed of red, reddish brown, brownish 
gray and gray mottled sandy clay, clayey silt, or silty clay, whereas Tista 
floodplain consists of olive gray, dark gray to gray clayey silt and silty 
clay loam soil. Iron–manganese oxide nodules are common in the upper 
part. The area is well-drained by a number of rivers, such as Atrai, little 
Jamuna, Karatoya, Banglai, Jabuneswari, Kala, Kharkhari, Tilai, Chirnai 
etc., flowing from north to south. Pedologically, the area comprises gray 
floodplain (dominant) and non-calcareous brown floodplain soils, deep 
red-brown terrace soils, and gray terrace soils (Habib et al., 2019a). 
Topographically, it is nearly a level board terrace/medium high-land 
type. Amnura, Belabo, Noadda, and Jagdal are the local soil series 
types. According to United States Department of Agriculture taxonomy, 
the soil is Aerie Haplaquept. The mean grain distribution of sand, silt, 
and clay are 7.8%, 75.1%, and 17.2%, respectively. The soil pH ranges 
from 4.0 to 6.3 with an average of 5.4 (Habib et al., 2019b). 
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2.2. Sampling strategy and sample preparation 

To provide a satisfactory radio-environmental representation of the 
study area, a total of 48 samples of (un)cultivated soils (predominantly 
silty clay to clayey silt loam) were taken in the Barapukuria power-plant, 
coalfield and settlement areas applying the ‘systematic random sam
pling’ procedure (IAEA, 2004; ASTM C 998–83, 1983; Dragović et al., 
2013; Ćujić et al., 2015, 2016; Liu et al., 2015) at a certain interval up to 
15 km distance from the CMPS surroundings with a corer using cylin
drical sampling units made of steel from 24 locations (predefined sample 
code S1-S24) to the NW, SE, SW, and NE (Tanić et al., 2018) (topsoil, n 
= 24, 0–15 cm depth: plough layer, A-horizon; sub-soil, n = 24, 15–30 
cm, depth: undisturbed layer, B-horizon) in order to determine whether 
the NORMs concentrated mostly on the surface or whether they moved/ 
mixed with deeper layers. From each site, 2–3 subsamples were 
collected from a 1 × 1 m2 area up to a depth of interest (Fig. 1) in order 
to assess soil NORMs pollution. The sampling sites were selected in such 
a way to cover the entire vicinity of the power-station. The locations for 
sampling were selected so that they proportionately represent all geo
morphologic units, spatial, lithological, geomorphological, pedological 
variability; various land uses, wind directions, height of the chimney, 
proximity to highly contaminated areas, and behind and in front of 
CMPS along the most frequent wind direction in the region. A sampling 
depth of 0 of 15 cm was selected because the study was primarily 
focused on human exposure risks from ingestion, inhalation, and dermal 
contact of these surface soils. Moreover, these topsoils are more chem
ically and biologically more active than underlying soils. Sites far away 
(15 km) from the power-station area are believed to be less affected by 
pollution due to combustion and other associated activities. After sam
pling, all samples were immediately packed in bags with proper label
ing, carefully transported back to the laboratory and stored at low 
temperature before subsequent analysis. In all studies, the soil sub
samples were blended thoroughly to have a composite replicate sample. 
All samples were then air-dried at room temperature and ground into 

powder by agate mortar and pestle to pass through a 2-mm sieve fol
lowed by 70 ◦C oven drying to have constant weight. 

2.3. Sample analysis 

Organic carbon was determined by a standard method, and the 
values were converted to organic matter (OM) content multiplied by a 
factor of 1.724 (Tsikritzis, 2004; Charro et al., 2013 a, b; Habib et al., 
2019b). On the other hand, the levels of major elements (eight oxides: 
SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, and TiO2) of the soil samples 
were examined by following the identical procedure of Goto and Tat
sumi (1994, 1996) using X-ray fluorescence (XRF; PW 2400, Philips, The 
Netherlands) through quantitative analyses at the Office of Scientific 
Instrument and Testing, Prince of Songkla University, Thailand. The 
prepared powdered samples (3 g) were placed in a porcelain crucible, 
mixed with a binder (wax: sample, 1:3), and shaken for 2 h. The 
resulting mixture was spooned into an aluminum cap (30 mm) that was 
sandwiched between two tungsten carbide pellets with a hydraulic press 
and then pressure was removed gradually. Finally, the pellet was 
determined by XRF. The Standard Reference Materials (SRMs) preferred 
in the current study were Stream Sediments (JSD 1, JSD 2 and JSD 3) 
sourced from the Geological Survey of Japan for the construction of 
calibration curves in order to verify sensitivity, repeatability, and 
reproducibility of the measurements and to check the quality assurance 
and control. The obtained experimental uncertainties were of ~2%. The 
calibration curve for individual major constituents were constructed 
based on the K X-ray and L X-ray intensities computed for the respective 
constituents contain the SRMs. The precision and accuracy of the mea
surement were welcomed only when the estimated Relative Standard 
Deviations (RSD) were of <5%, according to the results of duplicate 
analyses of the measured soils and the SRMs. The precision of major 
element abundances (<5%) was proved by analysis of the SRMs during 
operation. To verify the precision of the measurement, two randomly 
selected samples were measured three times and the estimated RSDs 

Fig. 1. Map showing the location of sampling sites in the surveyed area (Barapukuria, Bangladesh) with photographs of major contributing possible sources of 
NORMs to the surroundings. 
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were found at 3 to 5%. The accuracy of measurement was calculated by 
comparing the obtained results of SRM against the certified values and 
the percentage of recovery was within 94–106%. 

The NORMs in soil samples were determined by following the 
identical procedure reported by our previous studies (Habib et al., 
2019a, 2019b; Khan et al., 2019a, 2019b, 2019c, Khan et al., 2021a, 
2021b). Samples were hermetically filled in cylindrical container to 
prevent the loss of the NORMs in the form of gaseous radon (Rn) and 
stored at least for 4 weeks to attain the secular equilibrium. Prepared 
samples were then measured by γ-ray spectrometer with low back
ground HPGe detector (GEM 30–70, ORTEC, p-type, co-axial) for 
~90,000 s. Similarly, a procedure blank sample was also measured for 3 
days. Energy and efficiency calibration of γ-spectrometer were con
ducted by using a set of standard sources (109Cd: 88.03 keV; 57Co: 
122.06, 136.47 keV; 139Ce: 165.85 keV; 51Cr: 320.08 keV; 85Sr: 513.99 
keV; 137Cs: 661.65 keV; 54Mn: 834.83 keV; 88Y: 898.02 keV; 60Co: 
1173.24, 1332.5 keV; 88Y: 1836.01 keV) those consist of radionuclides 
with known radioactivity and emits from low to high energy γ-ray 
manufactured by Japan Radioisotope Association. Activity concentra
tion of NORM was calculated by considering net count, counting effi
ciency and emission rate of certain radionuclides and weight of sample, 
as in the following Eqs. (1) and (2): 

A =
Cpssample − CpsBG

ε × Iγ
(1)  

AC =
A
w

(2)  

where, A is activity (Bq), AC is activity concentration (Bq.kg− 1), 
Cpssample is counts per second of sample (s− 1), CpsBG is counts per second 
of background (s− 1), ε is counting efficiency of the HPGe detector, Iγ is 
intensity of γ-ray and w is sample weight (kg). 

The NORMs of concern in this measurement are long half-lived ra
dionuclides including 226Ra and 232Th and were estimated based on the 
activity concentration of γ-rays of their progenies in samples, except for 
40K that was measured directly. In 232Th decay series, 228Ac, 208Tl, 212Pb, 
212Bi were used to estimate 232Th (L’Annunziata, 2003). In 238U decay 
series, 214Pb and 214Bi were used to estimate 226Ra. Reference materials 
(IAEA-RM-Soil-6 and IAEA-RM-375) were measured similarly to ensure 
the data quality. The specific activity levels (Bq.kg− 1) of U and Th were 
transformed to mass concentrations (ppm) divided by factors of 12.35 
and 4.06, respectively. 

2.4. Dosimetric calculations 

The most commonly used radiological hazard parameters used in this 
study were radium equivalent activity (Raeq) (Beretka and Mathew, 
1985), internal hazard index (Hin), internal absorbed gamma dose 
(GADi), total annual effective dose (AEDT), and excess lifetime cancer 
risk (ELCR: ICRP (International Commission on Radiological Protec
tion), 1990), which were respectively estimated by the following 
equations (UNSCEAR, 2000): 

Raeq =

(
ARa

370
+

ATh

259
+

Ak

4810

)

× 370 (1)  

Hin =
ARa

185
+

ATh

259
+

Ak

4810
(2)  

GADi = (0.462ARa + 0.604ATh + 0.0417AK)× 1.2 (3)  

AEDT = GADi × 8760× 0.2× 0.7× 10− 6 (4)  

ELCR = AEDT ×Alf ×Rf (5)  

where the activity concentrations of 226Ra, 232Th, and 40K (Bq.kg− 1) are 
expressed by ARa, ATh, and AK, respectively. Alf represents the average 

lifetime (70 yr), and Rf denotes the cancer risk factor (0.5 × 10− 4 Sv− 1) 
for public exposure. 

2.5. Data presentation and statistical approaches 

Spatial distribution maps of NORMs and corresponding radiological 
risks were prepared by ArcGIS software (Version 10.3, ESRI, California 
USA). Using SPSS software (Version-20, IBM-Corporation, Armonk, NY, 
USA), multivariate statistical analyses (Hasan et al., 2022; Ahsan et al., 
2019; Rahman et al., 2022) were carried out on the measured parame
ters to determine the existing inter-relations and the spatial distribution 
of radionuclides. 

3. Results and discussions 

3.1. Organic materials and major oxides in soil samples 

In this work, the content of OM ranged from 0.5% to 9.5% with an 
average of 1.5%. Table 1 presents the concentrations of major elemental 
constituents in soil samples in and around the Barapukuria CMPS. The 
average (range) concentrations of SiO2, Al2O3, Fe2O3, TiO2, Na2O, and 
K2O in soils were 65.8 (56.4–78.9), 12.8 (8.2–18.6), 3.6 (1.2–6.8), 0.91 
(0.50-4.1), 0.34 (0.13–1.1), and 2.0 (1.2–2.9) wt%, respectively. 
Compared with world soil (WS: Bowen, 1979), the Ti and K contents 
were relatively higher (Fig. S1), whereas other major elements were 
depleted in the samples. Upper continental crust (UCC: Rudnick and 
Gao, 2014), WS, and world shale (WSH: Bowen, 1979)-normalized 
major oxides contents of the investigated samples were < 1, which 
indicated their loss from source rocks during diverse natural processes 
compared with the background composition, except for Ti (for UCC, WS, 
and WSH), K (for WS), and Si (for WSH) (Fig. S1). The major oxides with 
other trace elements (e.g., Th and U) are intimately related to the soil 
characteristics and its mineral lattice structure and are mostly controlled 
by silicate and aluminosilicate minerals (Churchman and Lowe, 2012). 
The abundances of major elements, such as Si, K, and Al-rich phases, 
were predominantly associated to quartz, feldspar, and clays, whereas 
Fe and Ti were presumably bound to pyrite, hematite, titanite, and rutile 
in soils (Churchman and Lowe, 2012). The K2O/Al2O3 ratios (mean: 
0.16, range: 0.09–0.30) for the measured soils suggest the predominance 
of clays (K2O/Al2O3: 0–0.30) rather than feldspars (0.3–0.9) or illites 
(0.28) (Cox et al., 1995). However, the K2O/Na2O ratio (mean: 6.6, 
range: 2.6–18.6) demonstrated probable occurrences of feldspars (Nes
bitt and Markovics, 1980; Roser and Korsch, 1986; Carvalho et al., 
2011). Furthermore, the SiO2/Al2O3 ratio (mean: 5.5, range: 3.4–8.1) in 
investigated soils was significantly greater than that for kaolinite (1.18) 
(Roser and Korsch, 1986), indicating the relatively high proportions of 
quartz (Table 1). The Al2O3/TiO2 values (mean: 15.5, range: 2.0–29.8) 
for the studied soil samples were relatively higher than the mafic (3–8) 
and lower than those of felsic sources but are comparable to those of 
intermediate source rocks (8–21) (Hayashi et al., 1997). Thus, the 
samples were presumably derived from felsic to intermediate igneous 
rock provenance (e.g., granitic source) (Begum et al., 2021b). 

Considering the demonstration of Nesbitt and Young (1982), the 
chemical index of alteration (CIA = [(Al2O3)/(CaO + Na2O + K2O +
Al2O3)] × 100%) were calculated for the studied soil samples, with the 
values ranging from 68.1% to 86.3% and having a mean of 80.6%. Thus, 
in terms of CIA value, the analyzed soil samples were highly weathered 
(Nesbitt and Young, 1982). Secondary clays and clay-like phases (e.g., 
kaolinite) had a CIA value of nearly 100% (Fedo et al., 1995; Nesbitt and 
Young, 1982), whereas illite and smectite revealed CIA values of 
75–85%. UCC had a mean CIA of 47% (McLennan et al., 1993). Hence, 
considering the CIA values of the above-mentioned geo-materials, 
inference of the mineralogical compositions of studied soil samples 
indicated that kaolinite can be the major component of clays. Earlier 
studies have identified that clays comprise illite (26.3%), kaolinite 
(73.7%) (Aftabuzzaman et al., 2013), and quartz, feldspar, illite, 
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kaolinite, monazite, rutile, zircon, biotite, tourmaline, garnet, ilmenite, 
kyanite, and sillimanite minerals (major, trace, and accessory) (Habib 
et al., 2019b) present in soils from the present investigated area. 

3.2. Soil radioactivity 

The summary of radioactivity concentrations in the measured sam
ples in this work and affiliated hazard indices, e.g., Raeq, Hin, GADi, 
AEDT, and ELCR, was compared with the relevant literature data in 

Table 1 
Major oxides (wt%), radionuclides (Bq.kg− 1), and calculated U and Th concentrations (μg.g− 1) in soil samples around the coal-based power plant were compared with 
those of other geo-materials.   

SiO2 Al2O3 Fe2O3 TiO2 Na2O K2O CaO MgO 226Ra 232Th 40K U Th Th/U 

Mean (n = 48) 65.8 12.7 3.6 0.91 0.34 2.0 0.54 0.44 80.6 104.4 508.1 6.5 25.7 4.2 
SD (1σ) 4.3 2.7 1.2 0.50 0.15 0.36 0.48 0.37 16.3 28.4 90.8 1.3 7.0 1.5 
RSD (%) 6.6 21.5 32.9 55.1 43.9 17.7 88.1 83.7 20.3 27.1 17.9 20.3 27.1 37 
Median 65.7 12.4 3.6 0.85 0.31 2.0 0.31 0.33 81.8 103.7 498.9 6.6 25.5 3.9 
Min 56.4 8.2 1.2 0.5 0.1 1.2 0.1 0.0 33.0 43.0 318.3 2.7 10.6 1.4 
Max 78.9 18.6 6.8 4.1 1.1 2.9 1.8 1.7 118.0 182.0 743.4 9.6 44.8 8.6  

Relevant geo-materials 
WSa 70.6 13.4 5.7 0.83 0.67 1.7 2.1 0.83 24.7 36.5 438.2 2 9 4.5 
WSHa 59.3 16.6 6.9 0.77 0.80 2.95 2.2 2.7 45.7 48.7 766.9 3.7 12 3.2 
Granitesa 71.9 14.6 3.9 0.38 3.7 4.0 2.2 0.27 54.3 93.4 1045.4 4.4 23 5.2 
Basaltsa 51.3 16.6 8.0 1.5 2.6 1.0 9.4 7.5 5.3 6.5 259.8 0.43 1.6 3.7 
UCCb 66.6 15.4 5.0 0.64 3.3 2.8 3.6 2.5 33.3 42.6 720 2.7 10.5 3.7 

WS: world soil; WSH: world shale; UCC: upper continental crust; aBowen (1979); bRudnick and Gao (2014); granites (felsic source rock); basalts (mafic source rock). 

Table 2 
Activity concentration of 226Ra, 232Th, and 40K (Bq.kg− 1) in soils from this study were compared with those of other regions of Bangladesh and coal industries around 
the world along with their calculated radiological risk indices: Raeq (Bq.kg− 1), Hin, GADi, AEDT, and ELCR (Sv− 1).  

Region 226Ra 232Th 40K Raeq Hi GADi AEDT ELCR (×10− 3) Reference 

This work          
Mean (n = 24) A-horizon 72.32 122.31 516.16 286.97 0.97 157.09 0.23 0.56  
Mean (n = 24) B-horizon 89.28 87.91 473.74 251.46 0.92 138.64 0.21 0.50 This study 
Overall mean (n = 48) 80.61 104.40 508.05 269.03 0.94 147.89 0.22 0.53   

Literature data          
Bangladesh (Rangpur) 87 140 1844 429.19 1.394 244.40 0.36 0.67 Hamid et al., 2002 
Bangladesh (Rampal) 34.8 48.9 719 160.09 0.526 91.53 0.14 0.56 Khan et al., 2019b 
Bangladesh (Chittagong) 35.9 65.5 272 150.51 0.503 82.34 0.12 0.63 Chowdhury et al., 1999 
Bangladesh (Southern) 42 81 833 221.97 0.713 125.17 0.19 0.78 Chowdhury et al., 2006 
Bangladesh (Chittagong) 61 79.68 856.9 240.44 0.784 135.86 0.20 0.66 Alam et al., 2013 
Bangladesh (Dhaka) 33 55 574 155.85 0.510 87.89 0.13 0.47 Miah et al., 1998 
Bangladesh (Cox’s Bazar) 19 36.7 458.2 106.76 0.340 60.71 0.09 0.48 Alam et al., 1999 
Overall (mean: Bangladesh) 44.7 72.40 793.9 209.3 0.686 118.3 0.18 0.50   

Global data          
Xitulvye, China 49.4 63.5 396.3 170.72 0.59 94.49 0.14 0.58 Zhang, 2017 
Kangal, Turkey 37 17 222 78.40 0.31 44.21 0.07 0.53 Gören et al., 2017 
Serbia 50.7 48.6 560 169.58 0.58 95.77 0.14 0.59 Ćujić et al., 2015 
Egypt 14.7 17.1 222 56.25 0.19 31.94 0.05 0.56 El-Mekawy et al., 2015 
Mawan, South China 199 264 1216 670.15 2.35 367.86 0.55 0.54 Liu et al., 2015 
Kapar, Malaysia 86.7 74.3 297.3 215.84 0.82 118.28 0.18 0.52 Amin et al., 2013 
Raša, Croatia 55.2 0 365.2 264.74 0.95 145.91 0.22 0.54 Medunić et al., 2016 
Megalopolis, Greece 45 32.5 337 117.42 0.44 65.93 0.10 0.64 Papaefthymiou et al., 2013 
Velilla, Spain 38.7 42.9 445.3 134.34 0.47 75.60 0.11 0.52 Charro et al., 2013a 
Douro, Portugal 53.105 46.3 845.1 184.36 0.64 105.96 0.16 0.54 Ribeiro et al., 2010 
Agios Dimitrios,Greece 26.8 36.8 492.6 117.35 0.39 66.81 0.10 0.46 Karamanis et al., 2009 
Nasik, India 37 69.6 396 138.37 0.48 78.58 0.12 0.54 Mishra, 2004 
Kolaghat, India 111.4 140.2 350.7 338.9 1.22 183.87 0.27 0.49 Mandal and Sengupta, 2005 
Baoji, China 32.1 49.8 720.6 158.80 0.52 90.79 0.13 0.59 Dai et al., 2007 
Figueira, Brazil 133 39 233 206.71 0.92 114.31 0.17 0.50 Flues et al., 2002 
Lodz, Poland 16.6 15.7 306.7 62.67 0.21 36.16 0.05 0.52 Bem et al., 2002 
Ajka, Hungary 129 26.9 337 191.77 0.72 106.28 0.16 0.53 Papp et al., 2002 
Germany 35 27 362 101.48 0.37 57.53 0.09 0.45 Roser and Korsch, 1986 
Overall (mean: Global) 62.9 54.9 444.3 175.6 0.64 97.92 0.15 0.54   

Bangladesh 34 (21–43)  350 (130–610)      UNSCEAR, 2000 
Critical values 370 259 810–925      Kabata-Pendias, 2010 
Threshold values 33 45 420 ≤370 ≤1 ≤60 ≤0.50 ≤0.29E-03 UNSCEAR, 2000 
World soil 24.7 36.5 363.8 104.91 0.35 59.03 0.09 0.67 Bowen, 1979 
Crust 33.3 42.6 720 149.66 0.494 86.04 0.13 0.56 Rudnick and Gao, 2014 
Shale 45.7 48.7 766.9 175.59 0.598 100.56 0.15 0.63 Bowen, 1979  
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Table 2 along with their graphical distributions (Figs. 2–5). The average 
(ranges) radioactivity concentrations of 226Ra, 232Th, and 40K for the top 
soils (A-horizon; depth: 0–15 cm) were 71.2 (54.2–99.0), 120.0 
(76.6–182.0), and 525.8 (383.6–743.4) Bq.kg− 1, respectively. Mean
while, for subsoils (B-horizon; depth: 15–30 cm), the mean (ranges) 
radioactivity concentrations were 90 (33–118), 88.9 (43.0–122.7), and 
490.3 (318.3–682.0) Bq.kg− 1, respectively. The total radioactivity (Bq. 
kg− 1) of NORMs in the measured soils was 693, while 795.9 for UCC 
(Rudnick and Gao, 2014), 499.4 for WS, 861.3 for WSH, and 465 for the 
typical world value (UNSCEAR, 2010). The measured activity of NORMs 
were about 2.9–3.3, 1.8–2.1, 2.4–2.5, and 2.3–2.4 times higher 
compared with those of the typical median values for WS, WSH (Bowen, 
1979), world recommended corresponding standards (UNSCEAR, 
2010), and the background value for UCC, respectively, except for 40K, 
whose relatively lower values were determined compared with the 
background values (Table 2). According to UNSCEAR (2000), the 
average (ranges) activity levels of 226Ra and 40K in Bangladesh soils are 
34 (21–43) and 350 (130–610) Bq.kg− 1, respectively. 

Earlier reported mean radioactivity concentrations of 226Ra, 232Th, 
and 40K in the surface soils (within 3 km radius nearby Barapukuria 
CMPS) were 64, 103, and 494 Bq.kg− 1, respectively (Habib and Khan, 
2021), which are relatively higher compared with those in the world 
recommended standard (UNSCEAR, 2010). However, the overall mean 
(ranges) radioactivity concentrations (n = 48) of 226Ra, 232Th, and 40K 
were 80.6 (33.0–118.0), 104.4 (43.0–182.0), and 508.1 (318.3–743.4) 
Bq.kg− 1, respectively, for the analyzed samples in this study. The overall 
published mean (ranges) radioactivity concentrations of 226Ra, 232Th, 
and 40K in soils around several power stations around the globe are 62.9 
(14.7–199.0), 54.9 (15.7–264.0), and 444.3 (222–1216) Bq.kg− 1, 
respectively, which are considerably lower than the undesired higher 
radioactivity concentrations in this work (Table 2). The present specific 
activities of 226Ra and 232Th in soils around Barapukuria CMPS are 
unusually and relatively higher in the surveyed area than all other re
gions of Bangladesh, except for the northwestern (Rangpur) part of the 
country (Table 2). The radioactivity concentrations of 226Ra of this work 
are 1.5–5.5 times higher than the other reported values for relevant soil 
samples around the world, except for Mawan (China: Liu et al., 2015), 
Kapar (Malaysia: Amin et al., 2013), Kolaghat (India: Mandal and Sen
gupta, 2005), Figueira (Brazil: Flues et al., 2002), and Ajka (Hungary: 
Papp et al., 2002) (Table 2). Meanwhile, the mean 232Th activity con
centrations of this work are 1.4–6.6 folds greater than the relevant re
ported global values, except for Mawan (China: Liu et al., 2015) and 
Kolaghat (India: Mandal and Sengupta, 2005) (Table 2). Concomitantly, 
the measured mean (n = 48) radioactivity concentrations of 226Ra and 
232Th of this study are respectively 1.8 and 1.4 times higher than those 
results reported for soil samples from different parts of the country 
(Table 2). Furthermore, the 40K radioactivity concentrations of this 
study are 1.0–2.3 times higher than the global values presented in 

Table 2, except for Serbia (Ćujić et al., 2015), Mawan (China: Liu et al., 
2015), Douro (Portugal: Ribeiro et al., 2010), and Baoji (China: Dai 
et al., 2007). Meanwhile, the mean 40K contents in Barapukuria CMPS 
soils are significantly lower than the mean values of the country 
(Table 2). 

3.3. Potential incorporations of anthropogenic NORMs in the ambient 
pedosphere 

In this study, the calculated mean (ranges) mass concentrations and 
mass ratios of U, Th, and Th/U, were 6.5 (2.7–9.6) ppm, 25.7 
(10.6–44.8) ppm, and 4.2 (1.4–8.6), respectively. The mass concentra
tions of U and Th were evidently higher than those in WS, WSH, granites, 
basalts, and UCC (Bowen, 19799; Rudnick and Gao, 2014) (Table 1). The 
high Th/U ratios of this study were supposedly influenced by the 
weathering conditions of soils, which are an indication of dissolution 
and loss of U during geological processes (McLennan et al., 1993). A Th/ 
U ratio > 4 denotes extreme weathering in provenance areas or sedi
mentary recycling, which is concomitant with the estimated CIA values 
(80.6%). Moreover, a high Th/U ratio value indicates the relatively high 
mobility of U compared with Th, which is expected to have high affinity 
with the accessory resistant minerals, such as monazite and zircon 
(Tamim et al., 2016). Therefore, U might have been washed away from 
the surroundings by alluvial–fluvial processes, leading to an elevated 
Th/U ratio. The calculated mean activity ratio of 232Th/226Ra for this 
study was 1.4, which is relatively higher than that of UCC (1.3), 
invoking an additional anthropogenic incorporation of 232Th over 226Ra. 

The Al, UCC-normalized enrichment factors (EFs) of U and Th were 
3.0 (range: 1.4–6.3) and 3.0 (range: 1.3–5.5), respectively, for the 
studied samples. An EF ≤ 2 can be assumed to be of geogenic source for 
an element, whereas EF > 2 is an indication of biogenic and/or 
anthropogenic origins (Reimann and de Caritat, 2005; Dragović et al., 
2008; Sucharovà et al., 2012; Tume et al., 2018). The mean (range) 
ratios of radioactivity concentrations of 226Ra, 232Th, and 40K between 
the surface soil and the corresponding sub-surface soil (A/B) were 0.83 
(0.5–2.3), 1.44 (1.0–2.7), and 1.12 (0.7–2.3), respectively. NORM 
abundances in the surface soils were relatively higher in the south- 
eastern part of the Barapukuria CMPS, whereas sub-surface soils 
showed opposite trends (Fig. 3), which are likely to be controlled by the 
wind-flow direction during winter. In terms of NORM ratios (surface/ 
sub-surface), no distinct variations of NORM contents were observed 
between the surface and sub-surface soils, except for 232Th, which can be 
explained by the variation in geochemical mobility, water solubility 
(rainwater), and redox conditions of the soil (Begum et al., 2021b; Khan 
et al., 2015, 2017, 2021a, 2021b). Furthermore, NORM concentrations 
in the studied area were relatively higher compared with those in the 
local and international reference data presented in Table 2, except for 
40K. Thus, given the EFs, the fractionation of 232Th between surface and 

Fig. 2. Average activity of measured radionuclides in the samples collected at different depths (A-horizon, topsoil; B-horizon, sub-soil), directions, and distances. 
Uncertainty bars are also shown. Herein after, “A” and “B” indicate the surface layer and substrate soils, respectively. 
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sub-surface soils and comparisons with the literature data, the studied 
area receives anthropogenic NORMs from the coal-based power plant 
and coal mining activities. 

3.4. Geochemical associations and co-occurrences 

Geochemical associations and partitioning of NORMs in Barapukuria 
soils were evaluated by the correlation analysis in this study (Table S1). 
The strong correlation of Fe oxides (total) with Al2O3 (r = 0.610, p <
0.01) indicates the possible association of Fe-rich clays and other phases, 
such as Fe oxy-hydroxides, siderite, or hydrous clays and/or shales 
(Begum et al., 2021a, 2021b). These trends indicated that the 

abundances of Fe and K in the samples were appreciably influenced by 
Al-rich phases, such as clays, which are progressively diluted by quartz 
(Suresh et al., 2011). Moreover, the overall positive correlation 
(Table S1) between Al2O3 and K2O (r = 0.308, p < 0.05) in the analyzed 
samples indicated the control of aluminosilicates residual clays, such as 
illite/smectite, kaolinite, and alkali feldspar, which are common in soils 
(Suresh et al., 2011). Clay minerals are great concentrators, carriers, and 
repositories for most of the elements in varying proportions given its 
large cation exchange capacity and very fine sized-grain and negatively 
charged surface (Habib et al., 2019b; Begum et al., 2021b; Khan et al., 
2021a). In addition, the positive correlation between K2O and Al2O3 
implies that the concentrations of K-bearing minerals have a significant 

Fig. 3. Interpolated spatial variations of determined radionuclide activities (Bq.kg− 1) for both surface soils (A-horizon) and sub-surface soils (B-horizon) in the 
studied area. 
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influence on Al distribution and that the abundances of these elements 
are primarily controlled by the clay content (Suresh et al., 2011). Hence, 
Fe oxides (total), K2O (along with 40K), and Th (232Th, r = 0.410, p <
0.01) showed a positive correlation with Al, which is likely due to their 
cooccurrence in nature and mutual dependence (Table S1). 232Th was 
also positively correlated with 40K (r = 0.316) in Barapukuria soils, 
which revealed their identical source of origin, e.g., coal-based indus
trial activities. Although, organic constituents can increase the solubility 
of Th, its mobility may be hindered due to the formation of almost 
insoluble precipitates and by adsorption on clays (rAl-Th = 0.41) and 
organics (rTh-OM = 0.40) (Barnett et al., 2000). The Th4+ subjects to 
extensive sorption by clays and organic substances at near-neutral pH 
(Ames et al., 1983), which leads to the immobilization of 232Th and its 
fractionation between the surface and sub-surface soils. However, 226Ra 
was not correlated with 232Th and 40K in the studied area, which is likely 
due to their different geochemical dynamics; the results are in good 
agreement with those of Pandit et al. (2020). Weak correlations among 
the NORMs were observed in this study. Thus, the coexistence of these 
NORMs is rare and likely governed by multiple factors, including re- 
condensation during coal burning, differential geochemical character
istics, aerodynamic dispersions of NORMs containing partials from 
CMPS, rainwater leaching, various physicochemical properties, etc. 

3.5. Environmental fate and behavior of radioactive species in soils 

The environmental fate and behavior of measured NORMs can be 
explained in terms of their relative geochemical mobility during diverse 
natural/geogenic processes. The computed RSD (n = 48) for 40K and K2O 
was ~18% (lowest among the NORMs), which indicates an almost ho
mogeneous distribution with minor fractionations. K-bearing minerals, 
such as feldspars, clays, salts, and micas (fixed K), are relatively resistant 
to weathering (Nesbitt and Young, 1982; Kabata-Pendias, 2010), with 
~95%–99% of this K being placed in the lattice of the associated min
erals. However, during weathering (leaching) and alteration-dissolution 
these minerals potentially release K+ ions, which are transferred to soil 
solutions and adsorbed on clays (Rachkova et al., 2010; Barnett et al., 
2000). The high water solubility of K allows its high mobility during 
common geological processes. Thus, the almost homogeneous distribu
tion of K (along with 40K) in floodplain Barapukuria’s soils can therefore 
be linked to the alluvial–fluvial processes that are concentrated during 
monsoonal heavy precipitation and flooding. 

On the other hand, RSD (~27%, n = 48) for the 232Th is the highest 
among the measured NORMs which reflect its relatively higher immo
bility. In geo-materials (e.g., soil and sediment), K along with Th are 
exclusively associated with aluminosilicates, namely, feldspar and clays, 

which are common in soils (Carvalho et al., 2011; Habib et al., 2019b). 
However, unlike K, Th is also partitioned in weather-resistant sysnse
dimentary/syngenetic detrital particles/heavy minerals (e.g., monazite, 
zircon, fluorite, and apatite) (Khan et al., 2019a, 2019b, 2019c; Khan 
et al., 2021a, 2021b). Thus, Th migration usually occurs as a discrete 
mineral grain to the depository basin (syngenetic origin) (Parial et al., 
2016). Hence, Th may not easily migrate in solutions from the source 
region due to its hydrolysis (as Th hydroxide) followed by on-site 
deposition (Khan et al., 2017, 2021a). As explained previously, 40K 
distribution over the studied area was homogenized by flooding, surface 
run-off or by water logging during rainy season. However, in the case of 
Th, in aqueous systems, only Th4+ undergoes hydrolysis in aqueous 
solutions above pH 2–3. The Th4+ is subjected to extensive sorption by 
clays and organic acids at near-neutral pH (Kabata-Pendias, 2010). In 
near-neutral pH and alkaline soils, the precipitation of Th as a highly 
insoluble hydrated oxide phase and co-precipitation with hydrated ferric 
oxides (r = 0.301, p < 0.05) may, in addition to adsorption reactions, be 
important mechanisms for the removal of Th from solutions during 
flooding period in Barapukuria (Arogunjo et al., 2009). Given the 
sorption and precipitation reactions and slow solution rate of Th-bearing 
minerals, Th levels in natural waters are generally low (Greeman et al., 
1990). Thus, migration of Th in the studied area is influenced by the 
formation of hydrated Th4+, which is accountable for its immobilization 
over a wide range of soil pH. Furthermore, Th is unaffected by redox 
conditions and remains as insoluble Th4+, which is the dominant species 
in soils. Hence, the water logging of the Barapukuria floodplain pos
sesses trivial impact on the homogenization of the Th distribution. 
However, relatively lower RSD (~20%, n = 48) is observed for U 
(≈226Ra) in the studied site reflecting its relatively more water solubility 
and higher geochemical mobility than Th (Barnett et al., 2000; Rach
kova et al., 2010; Siegel and Bryan, 2014). This condition is particularly 
true for weathering, in which K and U are well leached during the 
weatheringand alteration processes and easily transported in surficial 
media, but the highly stable Th is not (Barnett et al., 2000). The 
comparatively insoluble Th is concentrated in resistant minerals (e.g., 
monazite, zircon, and apatite), whereas U is redistributed in water 
sources (Harmsen and De Haan, 1980). 

Usually, K, U, and Th contents and their corresponding activities are 
high in felsic granite rather than mafic basaltic source rocks (Pagel, 
1982; Bowen, 1979; Kabata-Pendias, 2010; Yang et al., 2005), from 
where the studied soils might have originated. Habib et al. (2019b) 
demonstrated the presence of heavy minerals (e.g., monazite, rutile, 
zircon, biotite, tourmaline, garnet, ilmenite, etc.) in the studied area’s 
soil samples, which contained high concentrations of Th and U. Thus, 
along with the anthropogenic source (such as coal-based industrial 

Fig. 4. Comparison of radiological hazard indices, such as Raeq (Bq.kg− 1), Hi, GADi (nGy h− 1), AEDT (mSvy− 1), and ELCR (sv− 1), in different directions of Bar
apukuria CMPS for A- and B-horizon soils. 
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Fig. 5. Spatial distributions of radiological hazard indices, such as Raeq (Bq.kg− 1), Hi, GADi (nGy h− 1), AEDT (mSvy− 1), and ELCR (sv− 1) in and around the CMPS in 
Barapukuria. 
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activities), geochemical provenance plays a significant role in explaining 
the fate and distribution of NORMs. The retention of U by soils may 
occur due to certain effects of geochemical mechanisms (Rachkova 
et al., 2010; Khan et al., 2019a, 2019b; Khan et al., 2021a, 2021b). The 
processes of ion exchange, complexing, hydrolysis, and redox condition 
are responsible for U and Th fixation in soils (Arbuzov et al., 2011a, 
2011b; Rachkova et al., 2010). Uranium, however, exists as the insol
uble and stable U4+ in geological formations under reducing conditions, 
and it is relatively immobile because it forms sparingly soluble minerals 
(Chen et al., 2017). Moreover, the dissolved U3+ easily oxidizes to U4+

under most reducing conditions found in nature (Santos-Francés et al., 
2018). However, under oxidizing conditions, insoluble U4+ is trans
formed into the comparatively soluble U6+ in soil solutions and water 
sources because UO2

+2 or as uranyl fluoride-, phosphate-, or carbonate- 
complexes can be mobilized easily in surficial processes and readily 
removed from soils, leading to the loss of U and simultaneously elevated 
Th/U (this study: 1.4 to 8.6) mass ratio in weathered products (Khan 
et al., 2015, 2018). Additionally, OM (this study: 0.5% to 9.5%) and 
clays are the most important sorbents of actinides (Rachkova et al., 
2010), which can extract dissolved U from water sources and added 
slowly to soils over geologic time. Thus, the oxidizing environment 
triggered by rainwater logging distributed U (along with its daughter 
products) almost homogeneously among the surface and sub-surface 
soils of the studied area. 

3.6. Radiological risk assessment 

Maps of radioactivities, Raeq, Hi, GADi, AEDT, and ELCR of NORMs 
for the area were produced using geostatistical interpolation techniques 
and are presented in Figs. 3 and 5. The mean (n = 48) Raeq for the 

studied area is 269.0 (range: 182.0–398.1) Bq.kg− 1, which is lower than 
the threshold limit (370 Bq.kg− 1: UNSCEAR, 2000), except for the 
~4.2% observed in sampling sites, where Raeq > 370 Bq.kg− 1. However, 
the mean Hi value of 0.94 (range: 0.66–1.33) is very close to the rec
ommended limit (≤1), with ~23% of sampling sites possessing Hi ≥ 1. 
Moreover, GADi (nGy.h− 1) values ranged from 101.1 to 216.2, with a 
mean value of 147.9, which are remarkably higher than the prescribed 
limit (60). On the other hand, all the estimated AEDT (mSv.y− 1) values 
(mean: 0.22, range: 0.15–0.32) is lower than the threshold limit 
(≤0.46). The estimated mean ELCR (Sv− 1) is 0.53 × 10− 3 (range: 0.36 ×
10− 3 to 0.78 × 10− 3) (limit: ≤ 0.29 × 10− 3), which is significantly larger 
than the allowable limit. Hazard index values of GADi and ELCR crosses 
the limit of all sites in this study. The average soil activity of NORMs in 
soils at the studied area is within the recommended limits, except for 
GADi and ELCR whose values exceed the limit, although several unusual 
values have been noted. These findings are similar with those of global 
studies (Fig. 6). The average NORM activity of soils and the computed 
doses around CMPS are within the recommended limit for the world 
average for soil with several local variations. 

This endeavor will encourage the concerned authorities to adopt 
proper measures to manage the produced wastes and tailings scientifi
cally and sustainably to protect the environment and human health from 
potential radiological hazards, specifically the inhabitants residing 
around Barapukuria CMPS. In addition, caution should be provided 
concerning waste dumping because these disposal sites present a high 
specific activity and corresponding radiation dose consequences. 

Environmental radioactivity and ionizing radiation exposure are also 
important phenomena of concern that may cause effects on human be
ings and the surroundings (Brugge and Buchner, 2011; Arbuzov et al., 
2011a, 2011b; Bjørklund et al., 2017). Barapukuria soils are slightly 

Fig. 6. Mean (n = 48) radioactivity concentrations and calculated radiological factors from this study were compared with worldwide literature data on coal in
dustrial areas. The data were obtained from the following references: Xitulvye, China (Zhang, 2017); Kangal, Turkey (Gören et al., 2017); Serbia (Ćujić et al., 2015); 
Egypt (El-Mekawy et al., 2015); Kapar, Malaysia (Amin et al., 2013); Raša, Croatia (Medunić et al., 2016); Megalopolis, Greece (Papaefthymiou et al., 2013); Velilla, 
Spain (Charro et al., 2013a, 2013b); Douro, Portugal (Ribeiro et al., 2010); Nasik, India (Mishra, 2004); Figueira, Brazil (Flues et al., 2002); Lodz, Poland (Bem et al., 
2002); Ajka, Hungary (Papp et al., 2002); Germany (Roser and Korsch, 1986); safe limit (UNSCEAR, 2000). Radiological indices: total specific activity (TAC, Bq.kg− 1), 
Raeq (Bq.kg− 1), Hin, GADi (nGy h− 1), AEDT (mSvy− 1), and ELCR (sv− 1). 
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enriched with NORMs in comparison with the corresponding world 
average standards, posing a concern for potential radiation exposure of 
nearby living beings (Habib et al., 2019b). Environmental problems 
related to NORMs in feeding coals and associated combustion wastes 
may cause enhanced specific activities in soils, plants, and water around 
CMPS. Based on the earlier noted values, the mean activity levels of 
226Ra, 232Th, and 40K in soils are 63.6, 103.4, and 494.2 Bq.kg− 1, 
respectively, which are higher relative to world average (Habib et al., 
2019b) although the country has no national or regional limit values for 
NORMs in soils. In northwestern region of Bangladesh, the levels of 
NORMs are substantially higher in soils in comparison with UNCEAR- 
recommended values (Hamid et al., 2002), in agreement with the cur
rent research findings. Similar observations involving high specific 
radioactivity in soils from coal utilization regions have been reported in 
global literatures (Table 2). 

4. Conclusion 

This study explored the potential geo-environmental pathways of 
NORM distributions in the ambient pedosphere in and around Bar
apukuria CMPS. The overall radioactivity concentrations in the studied 
soil samples were 1.3–3.5 times higher than the world average. The 
surface soil samples possessed relatively higher NORM contents 
compared with the sub-surface soils, where the 232Th content was 
significantly fractionated between the surface and sub-surface soils. All 
the major oxides were depleted compared with those in crustal values, 
except for TiO2. Concomitantly, the estimation of CIA (68.1–86.3%) 
revealed that the studied soil samples were highly weathered. The 
elevated abundances of NORMs compared with relevant local and in
ternational data along with the enriched NORMs in the surface soil 
(compared with the sub-surface soil) invoked the anthropogenic incor
poration of NORMs to the geological background. This anthropogenic 
incorporation was then passed through several natural processes in the 
studied highly weathered pedosphere. Mineralogical phases dominated 
by clays with accessory heavy minerals, rainwater logging, redox con
dition, relative geochemical mobility, leaching, and differential solubi
lity parameters of NORMs govern the NORM distribution. According to 
the interpolated spatial variations maps, 226Ra and 232Th are mostly 
partitioned in the eastern side when considering the surface soil only. 
However, only the aerodynamic dispersion of NORM-containing par
ticulate matters from the power plant was not invoked because 40K 
showed an opposite trend. 

Radiological indices, e.g., Raeq, Hin, and AEDT values, were within 
the recommended threshold values, although specific sampling points 
surpassed the limits. However, the values of GADi and ELCR were 
significantly higher than the threshold values. Thus, long-term accu
mulations of anthropogenic NORMs in the local geology, their long half- 
lives, and life-long exposure to ionizing radiation can deteriorate the 
hazardous impacts of additional anthropogenic radioactivity. Thus, the 
outcomes of this study should be used to recommend proper steps in the 
management of technogenic wastes from power plants, which can be 
considered to have identical conditions globally. 
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G., 2018. Concentration of uranium in the soils of the west of Spain. Environ. Pollut. 
236, 1–11. 

Sengupta, D., Agrahari, S., 2017. Heavy metal and radionuclide contaminant migration 
in the vicinity of thermal power plants: Monitoring, remediation, and utilization. In: 
Modelling Trends in Solid and Hazardous Waste Management. Springer, Singapore, 
pp. 15–33. 

Siegel, M.D., Bryan, C.R., 2014. Radioactivity, geochemistry, and health (chapter 11.6). 
In: Holland, H.D., Turekian, K.K. (Eds.), Treatise on Geochemistry, 2nd ed. Elsevier, 
Amsterdam, Netherlands; Oxford, England; Waltham, Massachusetts, pp. 191–256. 
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