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The present research was carried out to investigate the behavior of radon (222Rn) concentrations over the carbonate and evaporite sequences and to assess the related health hazards. A total of 50 points from three different stratigraphic units, namely, the Bahadurkhel Salt, Jatta Gypsum, and the Kohat Formation of the Eocene age, were analyzed for radon concentrations in the district of Karak, Khyber Pakhtunkhwa, Pakistan. Measurements for radon levels were made by using RAD7 of Durridge, United States. The highest average 222Rn concentration (16.5 Bq/L) was found in the limestone unit of the Kohat Formation of the Eocene age. However, the lowest radon levels were observed in the salt-bearing strata of the Bahadurkhel Salt of the Eocene age. The study revealed that the average radon concentration in all the lithologies varied in the order of RnLimestone > RnSalt > RnGypsum. The findings of the current research suggest that the study area is safe from radon-related health hazards.
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INTRODUCTION
222Rn, an invisible radioactive gas with a half-life of 3.82 days, is naturally occurring in all types of soils in measurable quantities (Goodwin et al., 2009). 222Rn is a 238U chain progeny decaying to 218Po and discharging a potentially harmful alpha particle. Radon and its progenies like 218Po, 214Po, and 214Bi have been pointed out to be the major sources of public exposure from natural radioactivity, contributing to almost 50% of the worldwide mean effective dose to the community (UNSCEAR, 2000; Somlai et al., 2007). Over 90% of the total radiation dose received due to radon exposure is contributed by two of the alpha-emitting daughters of 222Rn, i.e., 218Po and 214Po (Gillmore et al., 2001). After inhalation or ingestion, radon decays and releases energy, causing lung and stomach cancer (Khattak et al., 2011). Exposure to elevated radon concentrations via inhalation for a long time is the second major cause of lung cancer, with smoking being the first cause (The World Health Organization, 2005; Matiullah and Muhammad, 2017). This phenomenon of radon makes it a human health menace. The presence of radon, on the other hand, in the rocks, soil, and alluvial material can serve as a tool for exploring geological features and predicting earthquakes.
Radon emanates from rocks and easily migrates and enters the groundwater bodies that fracture (Arabi et al., 2016; Khan et al., 2022). Although radon can occur in almost all rock and soil types, the concentration differs with different sites and geological materials (Singh et al., 1999). The source and distribution of radon is mainly controlled by the geology (Appleton and Miles, 2005; Appleton and Miles, 2010). Particular rock types (not all) and unconsolidated deposits have relatively high radon emanation, for example, granites, phosphatic rocks with uranium enrichment, and organic shales. The chemical composition of the rocks and soils and the distribution of alluvium and till deposits are controlled by the geology of the region from which radon is being released. According to Gundersen et al. (1992) and Schumann (1993), different rocks and soils act as sources for radon gas. Amongst the most likely rock types that are causing radon emissions are carbonaceous shales, glauconitic sandstones, fluvial deposits, carbonate rocks (karst topography), chalk, phosphorites, tillites, granites, metamorphosed rocks with granitic composition, bauxite, different types of coal deposits, graphite schists, silica-rich volcanic rocks, fractured or faulted rocks, and some types of contact metamorphic rocks. The different rocks, e.g., quartzose sandstone, non-organic shales and siltstones, and silica-deficient igneous and metamorphic rocks, are least likely to cause radon emanations. Localized uranium deposition as hydrothermal vein deposits in igneous and metamorphic rocks and roll-front deposits in sedimentary rocks can cause exceptions to radon discharge (Gundersen, 1991).
The most important fundamental influence on soil 222Rn potential is the concentration of radionuclides in the rocks. In most cases, a high soil gas 222Rn concentration is developed over the rocks with high 226Ra concentrations (Schumann and Gundersen, 1996; Khan et al., 2022). Not only is the 238U or 226Ra concentration of a soil controlled by the type of bedrock but also the gas permeability of a soil, which determines the migration distance, depends on the bedrock. By comparing the average 238U concentration of rocks and soils indicate that enrichment of radionuclides can take place in soils due to weathering processes. This is particularly true for limestones; even if these rocks are poor in 226Ra, high 226Ra concentrations are observed within their soils (Wiegand, 2001). Limestones were intensely chemically weathered during the tropic conditions of the Tertiary period, absorbing a large fraction of the mobilized 226Ra by the thin layer of clay minerals, which is usually developed above limestone. The overall concentration of 238U in sediments from the limestone catchment is low (2.8–3.6 ppm). High radon emissions can occur on limestone because of the higher permeability and high specific surface area of these uranium minerals, allowing the efficient release of radon (Ball et al., 1991). Additionally, elevated migration rates are prompted by the high fracture and joint permeability of the limestone and the permeability of the overlying soils.
The term evaporite is generally used for rocks that are formed as a result of the process called evaporation. These rocks are also called crystalline rocks because they are formed by the linking or bonding of crystals with each other. The most common types of evaporites are salt (NaCl) and gypsum (CaSO4.2H2O). These rocks are made up of crystals of minerals that do not have uranium in them, so they are considered to be less radon-prone rocks (Baloch et al., 2012). If any intrusion occurs, it may increase the probability of radon emanation in evaporites, such as granitic intrusion (Scheib et al., 2013).
The transport of gases is influenced by the main component of soil regarded as diffusivity (Ball et al., 1991; Ehsan et al., 2018). The interstitial pore spaces of soil are the sites from which radon gas can emanate. A controlled measurement of radon can be carried out from the bedrock or soil as it diffuses to the surface before decaying. The two main constituents required to predict the radon hazard potential of an area include the soil radon concentration and soil gas permeability (Neznal et al., 2004). The elevated levels of radon gas identified in indoor air make it a dangerous agent for human health.
Different research practices have been carried out to assess the impacts of environmental issues on human health. According to the United Nations’ sustainable development goals, environmental conditions have direct and indirect impacts on human wellbeing. It is claimed that better opportunities for human wellbeing are produced by better ecological conditions, thus creating positive associations between good quality environmental conditions and human wellbeing (Sohail et al., 2019; Bhandari, 2022; Sohail et al., 2022). The present study is aimed to measure the soil gas radon concentration over three different lithological units, i.e., salt, gypsum, and limestone, with the active method of using an electronic RAD7 radon monitor to establish a database for soil gas radon levels and associated health risks as the literature survey shows that no attempt has been made in the area in this regard.
GEOLOGICAL SETTING
The study area lies in the southern Kohat Plateau. The geology of the area has been studied in great detail by many workers (Meissner et al., 1974; Ahmad, 2003). In general, the rocks are characterized by multiple deformations resulting in superimposed folding and repeated faulting and thrusting. The stratigraphic units of the study area comprise the Bahadurkhel Salt (salt with intercalations of shale) and Jatta Gypsum (gypsum and clay intercalations) of the Eocene age, being the oldest exposed rocks in the study area. The salt and gypsum units are overlain by the Kuldana (red clay) and Kohat formations (limestone and shale) of the Eocene age, respectively (Figure 1). The complete rock series of the Siwalik Group (Miocene–Pleistocene age), comprising the Kamlial Formation (sandstone, siltstone and conglomeratic lenses), the Chinji Formation (shale and sandstone), the Nagri Formation (massive sandstone and shale), the Dhok Pathan Formation (friable sandstone), and the Soan Formation (pebbles, sandstone, and shale), in turn overlies the Eocene sequence in the area (Meissner et al., 1974). Karak District consists of huge deposits of evaporites, hydrocarbons, coal, and uranium (District Profile Karak, 2009).
[image: Figure 1]FIGURE 1 | Geological map of the study area (redrawn after Meissner et al. (1974).
During late Miocene, the Kohat Plateau had been subjected to the southward progression in deformation. The boundary in the northern part of the plateau is marked by the Main Boundary Thrust (MBT). This thrust brings the older rocks of the Kohat Range of Mesozoic age over the younger rocks of the Tertiary age of the Kohat Plateau (Yeats and Hussain, 1987). Toward the south, the Kohat Plateau is bounded by the Bannu Basin, while the south-eastern boundary is marked by the Surghar Range. The left lateral Kurram Fault is juxtaposing the Mesozoic age rocks with the Tertiary age rocks toward the west (Ahmad, 2003).
The area is tectonically disturbed and consists of major thrust faults: the Karak Thrust, Methakhel Thrust, Garori Thrust, Banda Khungarah Fault, and Nari Panos Fault. Along the Karak Thrust, Jatta Gypsum is thrown over the Chinji Formation, while the Garori and Methakhel thrusts emplace the Nagri Formation on top of the Chinji Formation, and similarly, both Banda Khungarah and Nari Panos faults are back-thrust and bring the older Eocene rocks on top of the Pliocene age rocks in the area (Khan, 2013; Khattak et al., 2014; Khattak et al., 2016; Khan et al., 2022) (Figure 1).
MATERIALS AND METHODS
Radon measurements can be made in the field or samples can be taken and measured in laboratories where background contributions can be reduced by shielding the detector (e.g., by using lead) from ambient gamma radiation. Continuous and time-integrating measurements are generally made in situ, while instantaneous measurements can be made in the laboratory or in situ. In this study, the grab-sampling mode of Durridge RAD7 was used during the measurements of in situ radon. For collection of soil samples, a depth of 60 cm was attained at every measuring station.
A stainless steel soil gas probe supplied by Durridge Company (United States) was used to measure radon activities in soil gas. A 60 cm deep and 2 cm wide hole was made by inserting the probe with a hollow tube through the soil with the help of a hammer (Figure 2). Sometimes the depth of the hole was less than 50 cm due to poor development of soil above the parent rock or the pebbly nature of the soil that did not allow the rod to reach 60 cm depth. The probe was connected to RAD7 by pushing the plug-in hose connector into the probe to prevent any water entry into the detector. After the water trap, the air passed through a drierite desiccant tube (calcium sulfate, CaSO4), then to a filter, and finally to the RAD7 system. Before the counting process started, the hole was properly sealed in order to prevent the mixing of soil air with air from the atmosphere. Air was then drawn up the tube into RAD7 and circulated in a closed circuit for a period of 5–10 min, and then, four 5-min cycles are counted. A printout summary with the bar chart for the counted cycles (four), the average concentration of radon, and a collective spectrum is produced by RAD7 at the end. A total of 30 min is taken by the process of measurement in the grab method. Correction factors for radon decay must be applied if the measurements are made after an hour of sample collection. But during this study, all the measurements were taken at the location, which is why no correction factors have been applied (Khan et al., 2022).
[image: Figure 2]FIGURE 2 | Measurement procedure for radon in soil (Liu et al., 2016).
Durridge calibrates all instruments to a set of four “master” instruments with a calibration precision of about 1%. The master instruments have been calibrated by way of inter-comparison with secondary standard radon chambers designed by the U.S. EPA. The estimated accuracy of the master instrument is to be within 4%, based on inter-comparison results. It is estimated that the overall calibration accuracy of RAD7 is better than 5%.
RESULTS
Evaporites
The evaporitic sequence of the study area consists of Bahadurkhel Salt and Jatta Gypsum of the Eocene age. The concentration of radon in Bahadurkhel Salt varies from 0.15 to 7.6 Bq/L with an average of (1.8 Bq/L) for 10 measuring points, and Jatta Gypsum yielded radon levels in the range of 0.2–3.4 Bq/L; the average concentration of radon for Jatta Gypsum for 20 sampling points is revealed (1.6 Bq/L (Figures 3, 4). The number of sampling points along Bahadurkhel Salt was limited to 10 because of the extent of the formation in the study area. The results of the present study clearly indicate that Bahadurkhel Salt has higher values of radon concentrations than Jatta Gypsum.
[image: Figure 3]FIGURE 3 | Sample locations of radon levels in the evaporite sequence of the study area.
[image: Figure 4]FIGURE 4 | Radon concentration in the evaporite sequence of Karak District.
Limestone
The limestone present in the study area belongs to the Kohat Formation of the Eocene age. The Kohat Formation comprises bioclastic limestone in the lower parts and grades into massive limestone toward the top. Throughout the limestone unit, variable radon concentrations were observed. The highest concentration of radon was measured in the lower unit of the formation. A total of 20 radon measurements were made along the Kohat Formation (Figure 5), and a wide range of radon concentrations was observed. The radon concentrations varied between a wide range of 0.44–16.5 Bq/L and an average concentration of 3.3 Bq/L (Figure 6).
[image: Figure 5]FIGURE 5 | Location for radon measurement in the limestone unit of the study area.
[image: Figure 6]FIGURE 6 | Radon concentration in the limestone unit of the Kohat Formation.
DISCUSSION
Radon is mainly responsible for such public exposure to natural radiation (Cinelli et al., 2015). Different factors might be responsible for the soil-radon activity: 1) the parent radionuclide concentration in different rocks; 2) the volume-to-surface ratio of the soil and sub-soil clasts (the low-volume ratio to surface area causes low efficacy in the radon escape from the rock matrix); 3) the sub-surface rocks’ average bulk permeability and permeability type (secondary or primary); and 4) due to variance in the deep gas flux, the changes in the transport mechanism driven by advection (Singh et al., 2002).
Low radon levels, as expected, were observed in the areas where salt and gypsum occur, clearly indicating that these lithological units are made up of mineral crystals poor in uranium mineralization, so they are considered to be less radon-prone rocks (Baloch et al., 2012). If any intrusion occurs, it may increase the probability of radon concentrations in evaporites, such as granitic intrusion (Scheib et al., 2013). It can also be inferred that the salt-bearing Bahadurkhel Formation is yielding much concentrations of radon in comparison to the gypsum-dominated Jatta because secondary porosity is more common in salt, creating more intense pores for facilitating invasion.
Radon is considered to have originated from uranium-rich bedrocks (Esan et al., 2020). Elevated radon concentrations in limestone can be attributed to the generally fairly high concentration of uranium in the carbonates as compared to evaporites. The high surface area of uranium and the high permeability of the bedrock can result in the high concentrations of radon (Scheib et al., 2013). Uranium has a uniform distribution within the limestones, which is usually <10 ppm, and is often associated with the finely disintegrated organic matter of bioclastic limestones. This high surface area of uranium in limestones compared to granites allows the effective release of 222Rn into the air and water (Appleton and Ball, 1995). But the migration of radon is likely to be restricted by the carbonate cements by greatly reducing both the permeability and porosity of the matrix (Scheib et al., 2013).
Due to ubiquitous aeration of the soil, the radon concentration is variable from the soil to the atmosphere (Clavensjö and Åkerblom, 1994). The overall concentration of radon in all the three lithologies at different sampling locations in the studied area ranges between 0.15 and 16.5 Bq/L. Nevertheless, the variation in the average radon levels in all the three lithologies fluctuates between 1.8 Bq/L, 1.6 Bq/L, and 3.3 Bq/L for Bahadurkhel Salt, Jatta Gypsum, and Kohat Formation, respectively.
In Table 1 a comparison of the soil gas radon concentration in the salt, gypsum, and limestone lithologies from different countries and the present investigation by using passive and active techniques has been presented. The yielded results show that the radon concentrations determined in the salt lithology of both Romania and Pakistan are lower than the reported values in the present investigation. However, the radon concentrations observed in the gypsum and limestone lithologies in India, Portugal, England, and Scotland are higher than the reported values in this study.
TABLE 1 | Comparison of radon concentrations in salt, gypsum, and limestone under investigation with those in other countries.
[image: Table 1]Descriptive statistics of the soil gas radon concentrations obtained in the study area are presented in Table 2. Soil gas radon concentration values obtained across all the sampling locations ranged between 0.15 Bq/L and 16.5 Bq/L with a mean of 1.8 Bq/L. However, in the soil overlying the three lithologies, the concentration values varied from 0.15 to 7.6 Bq/L, 0.2 to 3.4 Bq/L, and 0.44 to 16.5 Bq/L with mean values of 1.8 Bq/L, 1.6 Bq/L, and 3.3 Bq/L for salt, gypsum, and limestone, respectively. The distributions of the soil gas radon concentration throughout the study area and across the three lithologies of the study area are positively skewed. A skewness value of 3.87 was obtained for the measured soil gas radon concentration across the study area, whereas across the three lithologies, skewness values of 1.99, 0.35, and 3.27 were obtained for salt, gypsum, and limestone, respectively.
TABLE 2 | Statistical data summary.
[image: Table 2]The data have been analyzed using the box and whisker plot, as shown in Figure 7. The limestone box plot shows the four major quartiles, of which Q4 is the major quartile. The median lies on the value of 2.385. One value is found as an outlier in the data on sample 1. The evaporites show a narrow range of values as compared to the limestone, with a median value of 1.27 and major coverage by the Q4 values. One outlier was also found in this analysis for salt lithology.
[image: Figure 7]FIGURE 7 | Displaying box and whisker plot of the Rn concentration.
On the basis of the intercomparison among these plots, it is clearly revealed that the highest variations of values are found in the limestone, whereas evaporites have lesser variations.
The radon concentrations over the carbonate and evaporite sequence of the study area indicate that the health hazards related to radon and its progenies are within safe limits. Radiological health hazards such as the presence of CO2, SO2, CO, and other radioactive elements posing health concerns are not considered in this study. Proper regulatory measures such as ventilation and regular dosimetry of inhabitants must be adopted in order to minimize the health hazards related to radon and its progenies and other radioactive pollutants. It is also recommended that extensive research should be carried out in the quarries and mines where the gypsum and salt are extracted because the dust in these quarries and mine atmosphere normally contains radioactive aerosols that can adhere to the lungs and respiratory tract and can damage the bronchial tissues and cause lung cancer (Qureshi et al., 2000).
CONCLUSION

• The present study revealed that the radon concentration in the observed lithologies varies in the order of: RnLimestone > RnSalt > Rn Gypsum. The radon concentration in limestone is about two times greater than that of salt and gypsum.
• The soil gas radon concentration in the study area exhibits wide variation, ranging between 0.15 and 16.5 Bq/L, in comparison with salt, limestone, and gypsum.
• The elevated radon potential of the limestone in comparison to the evaporite sequence in the study area can be related to the high joint and fracture permeability of the limestone and to the amount of uranium present in carbonates.
• The area under study is fairly safe from the health hazards related to radon gas and its progenies. Other radioactive pollutants and gaseous elements posing health risks may be present in the area and need to be monitored and minimized.
• The present findings will act as baseline data for further investigation in the region regarding radon levels in soil gas, particularly in the carbonate and evaporite sequences.
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Limestone 20 044 1355 2385 4.19 165 33 34142
Evaporites 30 0.15 06475 127 2.03 407 14 09723
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1 Pylon AB-5 Salt 007 Romania Calin and Calin, (2010)
2 SSNTD Salt 0.04 Pakistan Baloch et al. (2012)
3 RAD7 Salt 003 Pakistan Baloch et al. (2012)
4 RAD7 Gypsum 574 India Mittal et al. (2016)
5 Lucas cell Limestone 41.59 Portugal Pereira et al. (1999)
6 SSNTD Limestone 625 England Scheib et al. (2013)
7 Pylon AB-5 Limestone 57.98 Scotland Scheib et al. (2009)
8 RAD7 Salt 183 Pakistan This study
9 RAD7 Gypsum 161 Pakistan This study
10 RAD7 Limestone 327 Pakistan This study
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