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Abstract. Spatial distribution of arsenic, mercury, fluorine and beryllium in the c1 coal seam of «Blahodatna» mine 
field are considered. This research associated with increasing requirements for environmental protection, which 
necessitate the need for new scientifically based methods for predicting the content of toxic elements in rock mass that 
extracting by mines and mining waste and coal enrichment. 

The aim of the research is to establish features and regularities in the distribution of arsenic, mercury, fluorine and 
beryllium in the coal seam c1 of Blahodatna mine of Pavlohrad-Petropavlivka geological and industrial area of Western 
Donbas. 

Maps of the isoconcentrate of arsenic, mercury, fluorine and beryllium and maps of the regional constituent of their 
contents by the area of the mine field were constructed. Linear regression equations are calculated between their 
concentrations and the main technological parameters of coal. 

On the basis of the results of statistical processing of geochemical information and geological and structural 
characteristics of the coal seam c1 of «Blahodatna» mine field allowed us to establish, that the beryllium is the only 
element mainly associated with the organic constituent of the coal layer. Cumulation of its main part occurred in the 
process of peat accumulation. Close correlation connection between mercury and arsenic with sulfur and the analysis of 
the spatial location of the anomalies of these elements with the geological and structural features of the seam indicates 
the accumulation of these elements at the post-sedimentation stage of the formation of coal deposits and their genetic 
connection with the tectonic disturbance. Moreover, if large disturbances basically have a role of supply and transit 
channels, then minor disturbance and make a controlling function. Close direct correlation relationship of fluorine with 
coal ash and analysis of the constructed maps indicate that its predominant accumulation during the formation of a 
paleo-turfary in the composition of layered aluminosilicates. 

The main scientific importance of the results of the performed studies is the establishment of geochemical 
associations and genetic causes that have a significant effect on the distribution of toxic elements in coal seam of c1. 

Keywords: arsenic, mercury, fluorine, beryllium, toxic elements, map of isoconcentrate, map of the regional 
constituent of content, linear regression equation. 

 

Introduction. Pavlohrad-Petropavlivka geological and industrial area of Western 
Donbas administratively belongs to the Pavlohrad district of Dnipropetrovsk area. 
The research of the features of the distribution of toxic elements in the coal of the 
seams  in  this district  is  associated with  increasing  requirements for environmental 
protection, which necessitate the need for new scientifically based methods for 
predicting the content of toxic elements in rock mass that extracting by mines and  
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mining waste and coal enrichment. 
For an objective impact assessment of the coal-mining industry and heat power 

engineering companies on the environmental situation and planning the most 
effective measures aimed at improving it, it is necessary to have information about 
distribution and concentration of toxic elements in coal and host rocks. The special 
relevance of this problem is determined by the Law of Ukraine «About Subsoil», the 
decrees of the Cabinet of Ministers of Ukraine No. 22 dated September 30, 1995 and 
No. 688 dated June 28, 1997, as well as the normative documents of the State 
Commission for Mineral Reserves [1]. 

Recent achievements. Previously together with A.I. Chernobuk, 
D.Ya. Mihalchonok, V.V. Dvoretskyi [2-3] the features of distribution of some toxic 
elements in products and waste of enrichment of a number of coal preparatory 
factories in the Donbas were investigated. V.V. Ishkov together with Ye.S. Kozii [4-
16] investigated the features of the distribution of some toxic elements in coal seams 
of the Pavlohrad-Petropavlivka geological and industrial area of Western Donbas, 
Krasnoarmiisk [17-19, 22] and Donetsk-Makiivka [20-21] geological and industrial 
areas of the Donbas. 

At the same time, wide consideration and analysis of the distribution of toxic 
elements in coal seam с1 of «Blahodatna» mine of the Pavlogradsko-Petropavlovskiy 
geological and industrial area was not performed before. 

The research aims to establish features and regularities in the distribution of 
arsenic, mercury, fluorine and beryllium in the coal seam с1 of «Blahodatna» mine 
field of Western Donbas. 

Method of research. Research and analysis of the spatial distribution of toxic 
elements in geological objects of different nature and scale is necessary for the 
establishment of the laws of their migration, concentration and dispersion. The 
peculiarity of the performed research was in the impossibility of direct observation of 
these processes. In this case, consideration of process dynamics is traditionally 
performed by comparing statistical data and analysis of cartographic materials for the 
distribution of chemical elements in the objects under consideration. Then the 
obtained results are interpreted taking into account physico-chemical and geological 
features. Thus, obtaining information about distribution of chemical elements in 
geological objects is the first stage of the study, which proceeds from generalization 
of the actual material, through its theoretical comprehension to verify the revealed 
regularities by experimental way. 

At the beginning of the research samples were taken from mine opening (reservoir 
samples, selected by the trench method [23] and from duplicates of drill core 
personally by authors with the participation of geological services of coal mining 
enterprises and industrial exploration organizations in the period from 1981 to 2013. 
The scope of the control test was 5% of the total volume of samples. All analytical 
work was carried out in central certified laboratories of production geological 
exploratory organizations. The mercury content was determined by atomic absorption 
analysis, arsenic [24], fluorine and beryllium – by quantitative emissive spectrum 
analysis [25]. 
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In quantity of 6% of duplicate samples are sent to the internal laboratory control. 
10% of duplicate samples were subjected to external laboratory control. The tests 
quality of the results (correctness and reproducibility) was evaluated as the 
significance of the average systematic error checked by Student's criterion and the 
significance of the average random error checked by Fisher's criterion. Whereas the 
aforementioned errors with a significance level of 0,95 are not significant, the quality 
of the analysis is considered satisfactory. 

At the initial stage of the processing of primary geochemical information using 
Excel 2020 and Statistica 11.0, the values of the main descriptive statistical indicators 
(selective average arithmetic, its standard error, median, excess, mod, standard 
deviation, sampling dispersion, minimum and maximum value of content, coefficient 
of variation, asymmetry of the sample) were calculated, construction of frequency 
histograms of the contents and the establishment of the law of distribution of toxic 
elements were carried out. 

With the aim of identify the composition of the geochemical associations, 
correlation coefficients (r) were calculated between the content of the toxic elements. 
In a single geochemical association united elements in which the relationship 
between the content is described by the correlation coefficient that exceeds 0,5, with 
a significance level of at least 95%. 

In assessing the relationship of toxic and potentially toxic elements with the 
organic or mineral part of the coal, the coefficients of affinity with the organic 
substance Fo were used, which shows the ratio of the content of elements in coal with 
a low (<1.6) and high density (> 1.7), coefficients of the given concentration Fнк, 
showing the ratio of the content of elements in the fraction i (Ci) to the content of the 
initial coal, the correlation coefficients of the content of the studied elements and the 
ash content of coal and the coefficients of given extraction of the element in a 
fraction of different density. 

During the construction of all maps, the Surfer 11 program was used. During the 
construction of maps, charts and calculation of correlation coefficients, all values of 
concentrations of TaPTE were normalized by the formula 

 
Хнорм =(Хі - Хmin) / (Хmax - Хmin), 

 
where, Хі - is the result of a single determination of the concentration of the element, 
Хmax - is the result of the maximum determination of the concentration of the element; 
Хmin - is the result of the minimum determination of the concentration of the element; 
Rationing was carried out to bring the samples to one scale. 

Regularities of changes in arsenic content. Concentration of arsenic in the coal 
seam (Fig. 1a) varies in a significant range from 10,43 g/t to 78,61 g/t and is not 
related with the direction of fall, depth, thickness of a coal seam and ash content. 
Average content of arsenic on the mine field is 35,15 g/t. The largest location of 
arsenic is located in the north of the mine field. It is spatially connected with the well 
bore №8410. The map of the change of the regional component of the concentration 
of arsenic represented on (Fig. 1b) shows an increase in its content in the coal seam с1 
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in the north direction. Arsenic forms the geochemical association with mercury 
(r=0,90) and is related to the total sulfur content in the coal (r = 0,92). Linear 
regression equations 

 
As = 0,0957+0,9414 × Hg;   As = 0,1369+1,0221 × St

d. 
 

a 

 
 

b 

 
 

Figure 1: а - Map of isoconcentrate of normalized content of arsenic in the coal seam с1;  
b - Map of the regional constituent of normalized contents of arsenic in coal seam с1 
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Regularities of changes in mercury content. The content of mercury varies from 
0,03 g/t to 0,71 g/t (Fig. 2a). The average content of mercury in the coal seam is 
0,23 g/t. The largest location of this element is located in the northwestern part of the 
mine field near the well bore №НЗ2233. Concentration of mercury does not depend 
from the depth, thickness of the coal seam and content of ash in the coal. The regional 
component of mercury content increases in the northeastern direction (Fig. 2b). 

 
a 

 
b 

 
 

Figure 2: а - Map of isoconcentrate of normalized content of mercury in the coal seam с1; 
b - Map of the regional constituent of normalized contents of mercury in coal seam с1 
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A close direct relationship was found between the content of mercury and content 
of total sulfur of the coal seam (r = 0,98), and with the concentration of arsenic 
(r = 0,90). Linear regression equations 

 
Hg = 0,0502+1,0568 × St

d;   Hg = -0,0308+0,867 × As. 
 

Regularities of changes in fluorine content. The content of fluorine within the 
coal seam varies from 16,94 g/t to 91,85 g/t (Fig. 3a). The average content of fluorine 
in the coal seam is 49,57 g/t. The largest location is set in the center of the mine field 
near the well bore №7783. Cumulation of fluorine does not depend from the depth, 
content of total sulfur and thickness of the coal layer. The regional component of 
fluorine content increases in the northwestern direction (Fig. 3b). 

A close direct relationship of fluorine concentration with the content of ash was 
established (r = 0,93), close inverse relationship with beryllium cumulation (r=-0,74). 
Linear regression equation 

 
F = 0,0923+1,0182 × Ad;   F = 1,0356-0,8631 × Be. 

 

 
а b 

Figure 3: а - Map of isoconcentrate of normalized content of fluorine in the coal seam с1; 
b - Map of the regional constituent of normalized contents of fluorine in coal seam с1 

 
Regularities of changes in beryllium content. The content of beryllium in coal 

seam varies from 1,02 g/t to 3,47 g/t (Fig. 4a), with an average content of 2,72 g/t. 
The largest location of beryllium is located in the southern part of the mine field near 
the well bore №НЗ2058. The content of Be does not depend from the depth, 
thickness of a coal seam and total sulfur content in the coal. The regional component 
of its content increases in the southeastern direction (Fig. 4b). 

There is a close inverse statistical relationship between the content of beryllium 
and ash (r = -0,77), fluorine (r = -0,74). Linear regression equations: 
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Be = 0,9384-0,7214× Ad;   Be = 0,973-0,6377 × F. 
 

a 

 
b 

 
 

Figure 4: а - Map of isoconcentrate of normalized content of beryllium in the coal seam с1; 
b - Map of the regional constituent of normalized contents of beryllium in coal seam с1 
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Conclusions. On the basis of the obtained results of statistical processing of 
geochemical information and analysis of the maps of isoconcentrate of arsenic, 
mercury, fluorine, beryllium and maps of the regional constituent of their contents, 
there may be such following conclusions: 

- Beryllium is the only element mainly associated with the organic constituent of 
the coal layer. Cumulation of its main part occurred in the process of peat 
accumulation. 

- Close correlation connection between mercury and arsenic with sulfur and the 
analysis of the spatial location of the anomalies of these elements with the geological 
and structural features of the seam indicates the accumulation of these elements at the 
post-sedimentation stage of the formation of coal deposits and their genetic 
connection with the tectonic disturbance. Moreover, if large disturbances basically 
have a role of supply and transit channels, then minor disturbance and make a 
controlling function. 

- Close direct correlation relationship of fluorine with coal ash and analysis of the 
constructed maps indicate that its predominant accumulation during the formation of 
a paleo-turfary in the composition of layered aluminosilicates. 

The scientific importance of the obtained results is the determination of the 
geochemical associations of arsenic, mercury, fluorine and beryllium and the genetic 
causes of their variability in the coal seam c1, as well as in the detection of polygenic 
and polychronous nature of their accumulation. 

The practical importance of the results obtained is the construction of maps of 
isoconcentrate toxic elements in the coal seam c1 and the calculation of regression 
equations between arsenic, mercury, fluorine, beryllium and the main technological 
parameters of coal. 
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Анотація. Розглянуто просторовий розподіл миш’яку, ртуті, фтору та берилію у вугільному пласті с1 поля 

шахти «Благодатна». Проведені дослідження пов'язані з підвищенням вимог до охорони навколишнього 
середовища, що зумовлює необхідність в нових науково обґрунтованих методах прогнозування концентрацій 
токсичних елементів у гірській масі, яку видобувають шахти, та відходах видобутку і вуглезбагачення. 

Мета дослідження – встановити особливості та закономірності розподілу миш’яку, ртуті, фтору та берилію у 
вугільному пласті с1 шахти Благодатна Павлоградсько-Петропавлівського геолого-промислового району 
Західного Донбасу. 

Побудовано карти ізоконцентрат миш’яку, ртуті, фтору та берилію та карти регіональної складової їх вмісту 
за площею шахтного поля. Розраховані лінійні рівняння регресії між їх концентраціями та основними 
технологічними параметрами вугілля. 
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На основі результатів статистичної обробки геохімічної інформації та геолого-структурних характеристик 
вугільного пласта с1 поля шахти «Благодатна» встановлено, що берилій є єдиним елементом, переважно 
пов'язаним з органічною складовою вугільного пласта. Накопичення основної його частини відбулося в процесі 
торфонакопичення. Тісний кореляційний зв'язок ртуті і миш'яку з сіркою та аналіз просторового розташування 
аномалій цих елементів з геолого-структурними особливостями пласта свідчить про накопичення цих елементів 
на постседиментаційній стадії формування вугільних відкладів і їх генетичний зв'язок з тектонічним порушенням. 
Причому якщо великі розривні порушення відігравали в основному роль підвідних і транзитних каналів, то дрібні 
порушення і особливо зони тріщинуватості, що оперяють їх, виконували контролюючу функцію. Тісний прямий 
кореляційний зв'язок фтору із зольністю вугілля й аналіз побудованих карт свідчить про його переважне 
накопичення у процесі формування палеоторф’яника у складі шаруватих алюмосилікатів. 

Основне наукове значення проведених досліджень – встановлення геохімічних асоціацій і генетичних 
причин, які суттєво впливають на розподіл токсичних елементів у вугільному пласті с1. 

Ключові слова: миш’як, ртуть, фтор, берилій, токсичні елементи, вугільний пласт, карта ізоконцентрат, 
карта регіональної складової, лінійне рівняння регресії. 

 
Аннотация. Рассмотрено пространственное распределение мышьяка, ртути, фтора и бериллия в угольном 

пласте с1  поля шахты «Благодатная». Проведенные исследования связаны с повышением требований к охране 
окружающей среды, что приводит к необходимости новых научно обоснованных методов прогнозирования 
концентраций токсичных элементов в горной массе, которую добывают шахты, и отходах добычи и 
углеобогащения. 

Цель исследования – установить особенности и закономерности распределения мышьяка, ртути, фтора и 
бериллия в угольном пласте шахты Благодатная Павлоградско-Петропавловского геолого-промышленного 
района Западного Донбасса. 

Построены карты изоконцентрат мышьяка, ртути, фтора и бериллия и карты региональной составляющей 
их содержания по площади шахтного поля. Рассчитаны линейные уравнения регрессии между их 
концентрациями и основными технологическими параметрами угля. 

На основе результатов статистической обработки геохимической информации и геологоструктурных 
характеристик угольного пласта с1 поля шахты «Благодатная» установлено, что бериллий является 
единственным элементом, преимущественно связанным с органической составляющей угольного пласта. 
Накопление основной его части произошло в процессе торфонакопления. Тесная корреляционная связь ртути и 
мышьяка с серой и анализ пространственного расположения аномалий этих элементов с геолого-структурными 
особенностями пласта свидетельствуют о накоплении этих элементов на постседиментационной стадии 
формирования угольных отложений и их генетической связи с тектоническим нарушением. Причем если крупные 
разрывные нарушения играли в основном роль подводных и транзитных каналов, то мелкие нарушения и 
особенно оперяющие их зоны трещиноватости выполняли контролирующую функцию. Тесная прямая 
корреляционная связь фтора с зольностью угля и анализ построенных карт свидетельствует о его 
преимущественном накоплении в процессе формирования палеоторфяника в составе слоистых 
алюмосиликатов. 

Основное научное значение проведенных исследований – установление геохимических ассоциаций и 
генетических причин, существенно влияющих на распределение токсичных элементов в угольном пласте с1. 

Ключевые слова: мышьяк, ртуть, фтор, бериллий, токсичные элементы, угольный пласт, карта 
изоконцентрат, карта региональной составляющей, линейное уравнение регрессии. 
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