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Abstract 

This paper deals with 2D distribution of 238U, 226Ra, 232Th, 40K and 137Cs in soils located between two sources of pyrogenic carbon - coal 
extraction in “Maritza-iztok” mine and electricity production in “Maritza-iztok 2” Thermal Power Plant in order to trace a possible increase 
of radiation background and dose load of population. Smolnitsa (Pellic Vertisol) located outside industrial complexes is a control soil.  
Specific mass activity of natural radionuclides varied within the typical range for Bulgarian soils (Bq.kg-1): 238U 27-100; 226Ra 27-73; 232Th 
29-60; and 40K 400-700. Activity of 137Cs also falls in the normal range after Chernobyl accident. Soils vulnerable to pyrogenic carbon 
inputs show higher activity of radiocaesium (18.7 Bq.kg-1) compare to control soil (3.8 Bq.kg-1). Activity of 40K is also higher (12.5-43.0%) 
and also safe from radioecological point of view. 
Values of Hex (0.27 - 0.57) did not indicate a radioactive irradiation risk of population. 
Keywords: gamma-radiation, soil radionuclides, pyrogenic carbon, external hazard index, Smolnitsa. 

1. Introduction 

Soils as a product of the weathering of rocks inherit their chemical composition including small amounts of radioactive 
elements. Subsequent geochemical, biochemical and anthropogenic processes alter the activity of these elements, and convert 
soil ionizing radiation to a vital issue for people and scientists. Natural radionuclides that prevail in soils are: 40K, 238U, 232Th 
and 226Ra. The importance of other rare earth radioactive elements is very limited as well as of cosmogenous elements, carbon-
14 and tritium (3H), falling with precipitation. 
Mean values of natural radionuclides activity in undisturbed soils from various regions of the world are regularly reported by 
the United Nations Scientific Committee on the Effects of Atomic Radiation [1, 2, 3, 4]. These mean world values are (Bq.kg-

1): 40K 400, 238U 35, 226Ra 35, 232Th 30. The following specific activities (in Bq.kg-1) are cited for Bulgarian soils [5]: 40K - 400 
(ranging between 40 and 800); 238U - 40 (ranging between 8 and 190); 226Ra - 45 (ranging from 12 to 210); 232Th - 30 (ranging 
between 7 and 160). These reports show that activity of terrestrial radionuclides in Bulgarian soils are comparable to the global 
average values. 
Anthropogenic activities like coal mining and coal-fueled electricity production may increase content of natural radionuclides 
in soils. Sites, where such activities are carried out, are included in the country's legislation [6]. Radiation exposure due to coal 
mining and operation of thermal power plants belongs to the so-called anthropogenic radiation background. In relation to coal 
mining this additional radiation is induced by the extraction of materials (earth mases and coal) onto the earth's surface which 
were formed in other geological epochs and probably have a different radioisotope composition that could enhance radiation 
and, on the other hand, with technological processes that can redistribute radionuclides in various environmental components 
and thus also can affect the radiation background. TPPs generate large amount of waste containing radioactive elements and 
these waste are deposited in soils. The main mechanisms of radiation impact of TPPs emissions on humans are [7]: 
• inhalation of radionuclides from gas-aerosol emissions in the atmosphere – 68%; 
• internal exposure from digestion of radionuclides delivered by unwashed fruits and vegetables grown around TPPs– 28%; 
and 
• external exposure from the ground surface – 4%. 
Therefore the aim of the present study was to determine the radioactivity of soils near Maritsa-Iztok industrial complexes in 
order to trace a possible increase of radiation background due to 2D redistribution of 238U, 226Ra, 232Th, 40K and 137Cs and the 
risk of increased dose load of population in the area. 
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2. Materials and methods 

2.1. Objects and methods of field research 

The area of soil survey is conformed to results presented in the “Program for Reduction of Pollutants in the Atmospheric Air 
(particulate matter - PM10) and Reaching Established Norms for Harmful Substances on the Territory of Radnevo Municipality 
for the period of 2017 – 2021” [8]. It is located in the land of Kovachevo village, in the direction of prevailing winds and 
extends to 626 ha. According to the dispersion modeling data used in the Program, the average annual PM10 contents from all 
sources in this region vary between 5 and 30 μg/m3. 
Soil survey was designed in accordance with classical pedological methods for morphogenetic diagnosis of soils and 
monitoring approach [9]. The sampling scheme is shown on Fig. 1. Red ellipsoid outlines the studied area, wherein a 
monitoring network with density of 50x50 m was sited. Only four soil types located in the ellipsoid are selected for study on 
the basis of their location. Two of them are located at the ellipsoid edges close to the Maritsa-iztok mine (in the left of the 
figure) and to the coal-operating Thermal Power Plant Maritsa-iztok 2 (to the right of the figure) and two in the middle. One 
profile (trial pit) and several digs are mined in each soil type as the number of digs (maximum 8) depends on the landscape 
homogeneity and the degree of its anthropogenic modification. Soil sampling techniques reproduce the cited standard, 
according to which the composite soil sample consists of 5 single sub-samples, 4 of which are located at points on the 
periphery of a circle with a diameter of 10 m that coincide with the main geographic directions of the World and one in the 
center of circle. The description of soil profiles corresponds to the Guidelines for Soil Description [10]. 
 

 
Fig. 1. Soil study scheme in the region of Maritsa-iztok basin and Skalitsa village 

 
Slightly leached Smolnitsa, non-eroded, clayey, from the land of Skalitsa village was chosen as a control soil which will 
present the radiation background in non-affected soils (red cycle on Fig.1). 
Software ArcGIS for Desktop 10.6 was used for mapping soil varieties and sampling points. Open street map was used as a 
base map layer [11]. GPS Trimble JUNO and ArcPad Mobile GIS Software were used for field mapping applications. The 
images are geo-referenced in projection WGS_1984_UTM_Zone_35N. 

2.2. Description of studied soils 

Profile 1 (control soil) is positioned in a hill behind the yard of Skalitsa village, in the middle part of eastern convex slope with 
slight orientation to the Southeast at 42°16'29.10" N, 26°15'38.87" E and altitude 159 m. The soil is arable and planted with 
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sunflower at the time of study. Its name according to the International soil classification system WRB [12] is Pellic Vertisol 
(Mollic, Bathyhumic, Hypereutric, Clayic). 
Profile 2 is located in slightly leached Smolnitsa, non-eroded, loamic, deep. It is positioned on 5.8 km from the TPP and 450 
m south of a railway of Maritsa-Iztok mine, in the lower part of a northern convex slope with gently sloping gradient, slightly 
oriented to the Northeast. GIS metrics are: 121 m a.s.l., 42°13'45.30" N, 26°4'1.68" E. The diagnostic properties found are 
consistent with the classification Pellic Vertisol (Mollic, Bathyhumic, Hypereutric, Loamic), according to WRB [12]. 
Smolnitsa is sown with wheat. 
Profile 3 is located in Staroselets heap (south of the village of Kovachevo), in a lower part of northern concave slope with 
gently sloping gradient and slight orientation to the West. The altitude is 175 m and geographic coordinates – 42o13.58' N, 
26o05.316' E. This heap sector is occupied by soils reclaimed with clays distributed in the above coal strata of Maritsa-Iztok 
basin (finely dispersed, silty and silty-sandy clays with yellow-brown, light gray and blue-green colour) and humus horizons of 
soils destroyed by coal mining (previously deposited). They are also arable and are also sown with wheat. On the basis of their 
diagnosis, soils are classified as Reclaimed soils, black, calcareous, deep, according to the Bulgarian classification [13] and 
Spolic Technosol (Transporto-Mollic, Humic, Endogleyic, Hypereutric, Clayic), according to WRB [12]. 
Profile 4. Soils, which are located in the close vicinity to TPP (Fig. 1), are classified as Reclaimed soils, bright olive, 
calcareous, shallow which corresponds to the Spolic Technosol (Bathyochric, Gleyic, Hypereutric, Clayic). The profile that 
gives an idea of their morphology is situated in Staroselets heap, on 1.5 km Southwest of TPP “Maritsa-iztok 2” and 800 m 
from tilling ponds in a flat terrain with slight orientation to the Southwest. Geographic coordinates are: 42°14'49.45" N, 
26°6'22.76" E and the altitude - 182 m. These soils are sown with alfalfa (Medicago sativa). 
Profile 5 is also located in Staroselets heap, on 700 m southeast of profile 4, in flat terrain with straight very gentle slope to the 
South. It is positioned at: 42°14'26.97" N; 26°6'34.46" E and 164 m above sea level. The profile is formed under the influence 
of meadow vegetation, but characteristic is shrub vegetation of hawthorn type. The soils are named Reclaimed soils, dark gray, 
calcareous, deep or Spolic Technosol (Transporto-Mollic, Bathyhumic, Hypereutric, Clayic). 

2.3. Radiological method of analysis  

Collected soil samples were dried and homogenized, according to BDS ISO standard [14]. Content of natural and technogenic 
radionuclides was determined by gamma-spectrometric analysis [15]. The method is non-destructive, relatively fast and 
sufficiently accurate and informative to assess the impact of studied radionuclides on dose load. A multi-channel DSA 1000 
analyzer, (product of CANBERRA) with pure Ge detector, 20% efficiency and 1.8 keV resolution was used. Uncertainty 
corresponding to 95% level of confidence and coverage factor at k = 2 was calculated. 
Specific activities of radionuclides were determined as follows: 
• Caesium-137 (full energy peak at 661.6 keV); 
• Thorium-234 (63.5 and 92 keV); 
• Uranium-235 (185.7 keV); 
• Radium 226 (186.2 keV); 
• Lead-214 (295.2 and 352.0 keV); 
• Bismuth-214 (609.3 keV); 
• Actinium-228 (911 keV) and  
• Potassium-40 (1461 keV). 
Among these radionuclides 40K and 137Cs were directly measured. Remaining radioactive elements 238U, 232Th and 226Ra were 
determined via their gamma-emitting daughter products because of their radioactive equilibrium. Thus, 238U was determined by 
its daughter product 234Th, 232Th – by its daughter radioisotope 228Ac and 226Ra – by its short-lived progenies 214Pb and 214Bi, 
the full energy peak at 185.6 keV and correction factors (for uranium-235 contribution in gamma radiation with energy peak at 
185.7 keV).  

2.4. Statistical analyses 

Common descriptive statistics for each data set (average values, standard deviation, σ, etc.) is calculated by Microsoft Excel 
software. 
The coefficient of variation was calculated in accordance with equation 1 [16]: 
 

Cv = σ/ µ.100 (%)                                                    (1) 
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Where: σ is standard deviation, µ is a mean value of a population. 
Content is considered homogeneous if Cv varies between 10-12%, almost uniform at 12-30% Cv and very heterogeneous if Cv 
> 30% [16].  
To assess the risk of additional radioactive irradiation of population, the External Hazard Index (Hex) was calculated by the 
following equation [17]: 
 

Hex = CRa/370 + CTh/259 + CK/4810 ≤ 1                            (2), 
 
where CRa, CTh and CK are the activity of 226Ra, 232Th and 40K, respectively, in Bq.kg-1.  
The maximum Hex value that is considered not hazardous is 1.  

3. Results and discussion 

According to the results obtained (Table 1), the level of technogenic 137Cs fluctuates between the detection limit (<1 Bq.kg-1) 
and 40 Bq.kg-1, which are not hazardous values considering the safe specific activity of radiocaesium - 100 Bq.kg-1, 
promulgated in Regulation on radiation protection [6]. Radiocaesium 2D distribution in studied region is characterized by very 
strong heterogeneity (Cv is 53%) and this is also documented in various European soils after the Chernobyl accident [18, 19, 
20, 21, 22]. Still, soils vulnerable to the pyrogenic carbon inputs (located between the industrial complexes) show higher 
activity of 137Cs - 18.7 Bq.kg-1 average compare to control soil where it is 3.8 Bq.kg-1. In topsoil these values are 24.9 Bq.kg-1 
and 5 Bq.kg-1 respectively. Only in area of Spolic Technosol (Transporto-Mollic, Humic, Endogleyic, Hypereutric, Clayic), 
represented by profile 3, the activity of radiocaesium is higher along profile depth than in monitoring points as average values 
(fig. 1). This trend could be attributed to the profile location (in the lower, accumulative part of the slope) and its proximity to 
the road. 
 

Table 1. Major statistical data on specific activity of radionuclides in studied soils 

Parameter 
238U 226Ra 232Th 40K 137Cs 

Bq.kg-1 
Profile 1 

min 50 45 45 350 < 1 
max 60 50 50 400 5 

mean 56.
8 47.5 46.8 372.

5 3.8 

σ 4.1 2.5 1.9 19.2 1.0 
Profile 2 

min 46 27 38 400 < 1 
max 80 50 50 560 24 

mean 56.
5 37.5 45.8 490.

0 10.3 

σ 11.
4 6.8 4.6 52.3 9.7 

Monitoring points around profile 2 
min 27 40 29 500 < 1 
max 69 50 50 620 32 

mean 49.
4 43.8 44.0 560.

8 21.5 

σ 13.
2 6.0 5.3 56.5 8.5 

Profile 3 
min 60 50 40 560 < 1 
max 100 60 60 620 28 

mean 73.
3 54.3 53.3 

580.
0 26.5 

σ 18.
9 4.2 9.4 28.3 1.5 
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Monitoring points around profile 3 

min 30.
0 40.0 46.0 

490.
0 5.0 

max 57.
0 50.0 54.0 

560.
0 26.0 

mean 46.
3 46.8 50.3 

531.
7 14.0 

σ 8.7 13.5 12.9 
145.

5 9.7 
Profile 4 

min 73 60 56 660 < 1 
max 77 73 60 680 24 

mean 75.
3 66.0 58.0 673.

3 13.0 

σ 1.7 5.4 1.6 9.4 11.0 
Monitoring points around profile 4 

min 41.
0 40.0 42.0 540.

0 6.0 

max 74.
0 65.0 50.0 700.

0 35.0 

mean 62.
3 54.9 48.2 638.

9 19.2 

σ 9.5 7.8 2.6 52.2 11.1 
Profile 5 

min 30 32 44 440 6 
max 40 40 48 480 26 

mean 34.
0 35.5 46.0 462.

5 14.8 

σ 4.2 2.9 2.0 17.9 7.3 
Monitoring points around profile 5 

min 37 45 32 540 17 
max 50 55 50 550 40 

mean 43.
5 50.0 41.0 545.

0 28.5 

σ 6.5 5.0 9.0 5.0 11.5 
Average values for vulnerable area 

Kovachevo 
village land 

54.
0 

47.2 47.5 563.
3 

18.7 

Average values for control area 
Skalitsa village 

land 
56.
8 

47.5 46.8 372.
5 

3.8 

 

 
 

Fig. 1. Data on 2D distribution of radionuclides in studied soils 
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Naturally occurring radioisotopes are more homogeneously distributed considering the intensity of their decay. 238U (V = 29%) 
and 226Ra (V = 21%) are slightly fluctuating and almost uniformly distributed while 232Th and 40K show the most homogeneous 
activity (V = 13%) in studied vulnerable area. Comparison between these data (for Kovachevo village land) and those for 
Skalitsa control soil shows similar activity of uranium-238, radium-226 and thorium-232. The higher activity of U, Ra, Th and 
K in Spolic Technosol (Bathyochric, Gleyic, Hypereutric, Clayic) - profile 4 and monitoring points around it (fig. 1) is due to 
the dominant Pliocene clay content along the entire soil depth, which are slightly weathered clays and may contain high 
amounts of radioisotopes. This assumption is supported by the data in profile 3, where higher values of radionuclides activity 
are also established, but the contribution of soil parent materials to these elevated levels is more clearly observed. 
The mass activity of potassium-40 is about 12.5-43.0% higher, but also falls in the range of normal variations in Bulgarian 
soils - from 40 to 800 Bq.kg-1 [5], considering as safe (< 10000 Bq.kg-1) [6].  
Radium is the most toxic element among studied radioactive elements and could be very dangerous when participates in 
biochemical processes. Furthermore, radium is not necessary for living organisms and therefore is of paramount importance in 
urban and agro-ecosystems. Even in safe levels in both studied regions (< 1000 Bq.kg-1) [6] its behavior during hypergenic 
processes and pedosphere genesis should be well studied.  
A small step in this direction is the evaluation of 232Th/238U ratio. The ratio of these refractory lithophile elements is used in 
many concepts concerning the distribution of other chemical elements, of energetic and tectonic drive forces and the heat flow 
through the Earth’s surface (as the most significant heat-producing elements). Paul et al. [23] established that 232Th/238U ratio 
of the depleted upper mantle (κ) converged to 2.5 ± 0.1 and to ≈ 5 of the total continental crust. Our values are significantly 
lower (in the interval 0.4-1.6, average 0.9±0.1) revealing that pedosphere is the most depleted pool of radioactive lithophile 
elements although disturbed equilibrium between parent and progeny elements may also contribute to the low ratios found. 
The external hazard index (Hex) varied between 0.27 and 0.57. These values are lower than the permissible level (Hex = 1) and 
did not indicate radioactive irradiation risk on humans in regions of Maritsa-iztok basin and Skalitsa village. 

4. Conclusion 

Specific mass activity of natural radionuclides 238U, 226Ra and 232Th in soils vulnerable to pyrogenic carbon emissions (the land 
of Kovachevo village) does not differ significantly from that found in control soils located outside Maritsa-iztok complexes 
(the land of Skalitsa village). All values obtained varied within the typical range for Bulgarian soils considering as safe (Bq.kg-

1): 238U 27-100, 226Ra 27-73, 232Th 29-60, and 40K 400-700. 
Activity of 137Cs and 40K in soils from the land of Kovachevo village is higher compare to that of control soil but all are also 
safe from radioecological point of view.  
The external hazard risk (Hex) did not indicate radioactive irradiation risk of humans in both studied regions. 
Studied soils are depleted pool of primordial lithophile radioisotopes of U and Th. 
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