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Abstract. The features of the distribution of toxic elements in the ¢4 coal seam of «Blahodatna» mine field are
considered. The research aims to establish regularities in the distribution of toxic elements in the coal seam c; of
Blahodatna mine of Pavlohrad-Petropavlivka geological and industrial area of Donbas.

Samples were taken from mine opening (reservoir samples, selected by the trench method and from duplicates of
drill core personally). Content of toxic elements was determined by quantitative emissive spectrum analysis.

The values of the main descriptive statistical indicators were calculated.

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%.

As a result of the performed studies, maps of the isoconcentrate of toxic elements and maps of the regional
constituent of their contents by the area of the mine field were constructed. Linear regression equations are calculated
between the concentrations of toxic elements and the main technological parameters of coal.

Analyzing the result of statistical processing of geochemical information and geological and structural
characteristics of the coal seam ¢4 of «Blahodatna» mine field allowed us to establish, that the formation of the
association of cobalt, nickel, vanadium, lead, chrome and manganese is associated with the enrichment of contact
zones of the coal seam by these elements and is genetically is due to influence of adsorption and reductive-oxidative
barriers on the migration of matter during the diagenesis and catagenesis of coal-bearing series.

The main scientific importance of the results of the performed studies is the establishment of genetic causes that
have a significant effect on the distribution of toxic elements in coal seam of ¢1.

Keywords: toxic and potentially toxic elements, thickness of a coal seam, ash content, content of total sulfur, 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 region.
The study 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
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
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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.l.  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] 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 c; of «Blahodatna» mine of the Pavlogradsko-Petropavlovskiy
geological and industrial area was not performed before.

The research aims to establish regularities in the distribution of toxic elements in
the coal seam ¢ of «Blahodatna» mine field.

Method of research. Consideration of the 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.

Samples were taken from mine opening (reservoir samples, selected by the trench
method [22] 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.
Content of toxic elements was determined by quantitative emissive spectrum analysis
[23]. 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
1s considered satisfactory.
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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 Fi,
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

XHOpM :()(z - Xmm) / (Xmax - Xmin),

where X; - is the result of a single determination of the concentration of the element,
Xomax - 18 the result of the maximum determination of the concentration of the element;
Xumin - 18 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 cobalt content. The concentration of cobalt varies
from 1,61 g/t to 8,59 g/t (Fig. 1a). The average concentration of cobalt in the coal
seam is 5,75 g/t. The maximum value is set in the extreme northern part of the plot
and timed to the well bore Ne8469. Concentration of Co does not depend from the
depth, content of total sulfur and ash in the coal. The regional component of Co
content increases in the southeastern direction. The regional component of the Co
content increases in the southeastern direction (Fig. 1b).

A close inverse relationship was established between the content of cobalt and the
thickness of the coal seam (r = -0,89), a close direct relationship with cumulation of
manganese (r=0,65), nickel (»r = 0,75), lead (r = 0,70), chrome (r = 0,77), vanadium
(r = 0,82). Linear regression equations

Co=1,0503-0,9972 xm; Co=0,292+0,6676 xMn; Co=0,1819+0,761 xNi,
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Co=0,153+0,7353xPb;  C0=0,2461+0,7082*Cr, Co=0,2427+0,6617xV.

Regularities of changes in manganese content. The content of manganese
varies from 109,61 g/t to 226,34 g/t (Fig. 2a).
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Figure 1: a - Map of isoconcentrate of normalized content of Co in the coal seam c1; b - Map of the
regional constituent of normalized contents of Co in coal seam ci
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The average content of Mn in the coal seam is 162,33 g/t. The largest location of
manganese is timed to the plot of seam near well bore Ne7760 in the center of the
mine field. Cumulation of Mn does not depend from the depth, content of total sulfur
and ash in the coal. The regional component of manganese content increases in the
southeastern direction (Fig. 2b).
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Figure 2: a - Map of isoconcentrate of normalized content of Mn in the coal seam c1; b - Map of the
regional constituent of normalized contents of Mn in coal seam ci
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A close inverse correlation was found between the content of manganese and the
thickness of the coal seam (r = - 0,79), a close direct correlation with the
concentration of cobalt (» = 0,65), nickel (r = 0,57), lead (» = 0,50), chrome
(r=10,67), vanadium (r = 0,61). Linear regression equations

Mn= 0,8492-0,868 * m; Mn= 0,0739+0,6364x Co;, Mn = 0,1495+0,5586 % Ni;
Mn=0,1691+0,4715 x Pb; Mn= 0,1573+0,5999 x Cr;, Mn = 0,1963+0,4814x V.

Regularities of changes in nickel content. Cumulation of nickel ranges from
14,03 g/t to 27,88 g/t (Fig. 3a). The average content of Ni in the coal seam is
21,52 g/t. The plot with largest location of Ni is located in the center of the mine field
in the area of the well bore No7760.
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Figure 3: a - Map of isoconcentrate of normalized content of Ni in the coal seam c1; b - Map of the
regional constituent of normalized contents of Ni in coal seam ci
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Content of Ni does not depend from the depth, content of total sulfur and ash in
the coal. The regional component of nickel content increases in the southwestern
direction (Fig. 3b).

Concentration of mercury does not depend from the depth, content of total sulfur
and ash in the coal. The regional component of mercury content increases in the
northeastern direction (Fig. 3b).

A close inverse relationship was found between the content of nickel and the
thickness of the coal seam (r = - 0,81), a close direct correlation with the
concentration of cobalt (» = 0,75), manganese (r = 0,57), lead (r= 0,51), chrome
(r = 0,73), vanadium (» = 0,72). Linear regression equations

Ni =0,9538-0,9014 xm;  Ni =0,0981+0,746 x Co;  Ni =0,2815+0,5744 x Mn,
Ni=0,2236+0,5296 x Pb; Ni=0,216+0,6622 x Cr;,  Ni=0,234+0,5788 x V.

Regularities of changes in lead content. The content of Pb within the coal seam
varies from 4,63 g/t to 14,53 g/t (Fig. 4a). The average content of lead in the coal
seam is 10,57 g/t. The largest location is set in the northern part of the mine field near
the well bore Ne8469. Concentration of lead does not depend from the depth, content
of total sulfur and ash in the coal. The regional component of lead content increases
in the northeastern direction (Fig. 4b).

A close inverse relationship was found between the content of lead and the
thickness of the coal seam (r = - 0,72), a close direct correlation with the
concentration of cobalt (» = 0,70), manganese (» = 0,51), nickel (r =0,51), chrome
(r = 0,63) and vanadium (» = 0,606). Linear regression equations

Pb=0,9543-0,7752xm,;  Pb=0,3945+0,4533xMn;  Pb=0,3314+0,4951 xNi,
Pb =0,1992+0,6739xCo; Pb=0,3283+0,552*Cr; Pb=0,3279+0,5115%V.

Regularities of changes in chrome content. The content of Cr varies in a range
from 14,70 g/t to 31,52 g/t (Fig. 5a). The average content in the coal seam is
22,96 g/t. The maximum value is set in the center of the mine field near the well bore
Ne7760. Concentration of chrome does not depend from the depth, content of total
sulfur and ash in the coal layer. The regional component of chrome content increases
in the southeastern direction (Fig. 5b).

A close inverse relationship was established between the content of chrome and
the thickness of the coal seam (r = - 0,86), a close direct relationship with the
cumulation of cobalt (» = 0,77), manganese (r = 0,67), nickel (r = 0,73), lead
(r = 0,63), vanadium (r = 0,75). Linear regression equations

Cr =0,9698-1,0458 x my Cr=20,155+0,7434 x Mn;,  Cr =0,0591+0,798 % Ni;
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Cr=0,0644+0,7115 x Pb;, Cr =-0,0058+0,8365 x Co;, Cr=0,1423+0,6571 x V.
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Figure 4: a - Map of isoconcentrate of normalized content of Pb in the coal seam c1; b - Map of the
regional constituent of normalized contents of Pb in coal seam ci
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Figure 5: a - Map of isoconcentrate of normalized content of Cr in the coal seam c1; b - Map of the
regional constituent of normalized contents of Cr in coal seam ci

Regularities of changes in vanadium content. Cumulation of V varies in a
range from 17,29 g/t to 35,07 g/t (Fig. 6a). The average content in the coal seam is
26,72 g/t. The maximum value is set in the center of the mine field near the well bore
Ne7760. Concentration of vanadium does not depend from the depth, content of total
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sulfur and ash in the coal layer. The regional component of vanadium content
increases in the southeastern direction (Fig. 6b).
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Figure 6: a - Map of isoconcentrate of normalized content of V in the coal seam c1; b - Map of the
regional constituent of normalized contents of V in coal seam ci
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A close inverse relationship was established between the content of vanadium and
the thickness of the coal seam (r = - 0,87), a close direct relationship with the
concentration of cobalt (» = 0,82), manganese (» = 0,61), nickel (r = 0,72), lead
(r = 0,66), chrome (r = 0,75). Linear regression equations

V=1,0808-1,2017 % m; V="-0,0718+1,0144 x Co, V=0,1806+0,7743 x Mn,
V=0,0176+0,8558 x Pb; V=10,1118+0,8528 % Cr, V=10,0407+0,9052 x Ni.

Conclusions. On the basis of the obtained results of statistical processing of
geochemical information and analysis of the maps of isoconcentrate of toxic elements
and maps of the regional constituent of their contents, we can do the following
conclusions:

- The joint accumulation of such elements as Co, Ni, Pb, Cr, V and Mn, which
form the geochemical association and the close negative connection of the
concentrations of these elements with the thickness of the coal seam that conditioned
of their joint accumulation in the contact areas of the seam with the formation of
original zones of enrichment by thickness of 0,15 - 0,2 m.

- The formation of such zones is related with integral effect of the adsorption and
oxidation-reducing geochemical barriers in the zone of contact of the coal seam
during the migration of the moving forms of the substance of the coal-bearing strata
during the process of its diagenesis and catagenesis.

The scientific importance of the obtained results is the determination of the
geochemical associations of toxic elements and the genetic causes of their variability
in the coal layer, 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 and the calculation of regression
equations between their content and the main technological parameters of coal.
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AHoTauif. Y cTaTTi po3rnsHyTO 0COONMBOCTI PO3NOAINY MOTEHUIMHO TOKCUYHUX eNEeMEHTIB Y BYriNNi nnacra Ci
Wwaxtn «bnarogatHa.

MeTa poboTH - BCTAHOBUTI 3aKOHOMIPHOCTI B PO3MOZiNi NOTEHLIMHO TOKCUYHWX ENEMEHTIB Y BYrini nnacra ¢4 nons
waxtu «bnarogatHay lNaBnorpaacbko-leTponaeniBcbKOro reosioro-MPOMUCIIOBOrO paiioHy [JoHbacy.

Mpobu Gynu BigibpaHi 3 BUPobOK WwaxTu (KONeKTUBHI mpobw, BigibpaHi TpaHWwehHUM meTogoM i ocobucto 3
pyonikaTiB kepHa). 3MICT TOKCUYHWX ENEMEHTIB BU3HAYaMNM KiNbKICHUM CMEKTparnbHO-eMICiiHM aHaniaoMm.

Po3paxoBaHO 3HAYeHHSI OCHOBHUX OMUCOBUX CTATUCTUYHUX MOKA3HWKIB. 3 METOIO BUSBNEHHS CKMagy reoxXiMiYHnx
acoujauin po3paxoBaHo KOeILieHT Kopensuii (r) Mk BMICTOM TOKCUYHUX eNemMeHTIB. Y eauHy reoximiyHy acolliaLliio
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NOEOHAHO eNleMEHTH, 3B'A30K MiX 3MICTOM SKWX OMMUCYeTbes KoedilieHTOM kopensdii, wo nepesuwiye 0,5, npu piBHi
3HauMMOcCTi He Huk4e 95%.

B pesynbTarti BUKOHaHWX JOCTipkeHb NOBYA0BAHO KapTy i30KOHLEHTPAT MOTEHLNHO TOKCUYHUX €NEMEHTIB i KapTy
perioHanbHOI CKMagoBoi iX BMICTY MO NAOWi LWaxTHOro nons. Po3paxoBaHO MiHiAHI PIBHAHHS  perpecii  Mix
KOHLLEHTPaLisIMM NOTEHLIMHO TOKCUYHIX EJIEMEHTIB | OCHOBHUMM TEXHOMOMYHUMI NapameTpamu Byrinns.

AHaniaytoun pesynbTaTi CTaTucTMYHOI 06pobKM reoximivHOi iHchopmaLlii no naacTy ¢ nons waxtu «bnarogatHay
MOXHa BCTAHOBUTH, L0 (hOpMyBaHHS acoujauii kobanbTy, Hikento, BaHafito, CBMHLI0, XPOMY Ta MapraHLto MoB'A3aHo i3
30arayeHHsaM LMMKU enemMeHTaMu MPUKOHTAKTOBWX 30H BYFiMbHOMO Mracta, L0 MOXMMBO TEHETUYHO OBYMOBMEHO
BNIMBOM aACcopOLiiHOrO i OKMCMIOBANbHO-BIAHOBNIOBANLHOMO Bap'epiB Ha MirpaLilo PeYOBWHM Yy MPOLECI AiareHesy i
KaTareHe3y BYrfeHOCHOT TOBLL.

OcHoBHe HayKOBE 3HAYEHHS PE3yNbTaTiB BUKOHAHUX AOCTILKEHD NMONSArae y BCTAHOBMEHHI FEHETUYHUX MPUYMH, SKi
YWMHATB ICTOTHWIA BNNUB HA 0COBNMBOCTI PO3NOAINY NOTEHLINHO TOKCUYHMX ENEMEHTIB Y BYTiNMi nnacTa c1.

Knto4oBi cnoBa: NOTEHLHO TOKCUYHI enemMeHTu, BYrifbHWA NNacT, KapTa i30KOHLEHTPpaT, kapTu perioHanbHol
CKNafoBol, NiHINHI PIBHSHHA perpecii.

AHHoTaums. B ctatbe paccMoTpeHbl 0COGEHHOCTU pacnpeseneHns NoTeHUManbHO TOKCUYHBIX 3NIEMEHTOB B yrie
nnacTa waxtbl «brnarogarHasy.

Llenb paboTbl — yCTaHOBWTL 3aKOHOMEPHOCTW B pacrpefeneHnn MoTeHUManbHO TOKCUYHBIX 3MIEMEHTOB B yrne
nnacta i nons waxtbl «bnarogatHas» [laBnorpaacko-lleTponaBnoBCKOro reonoro-NpOMbILIMEHHOMO  paioHa
JloHbacca.

Mpobel Gbinn oTobpaHbl 13 BbIpabOTKM WaxTbl (KONMEKTUBHLIE NPOObI, 0TOBPaHHbLIE TPaHLLEMHbIM METOAOM W
NMYHO M3 OybnukatoB kepHa). CopmepxaHne TOKCMYHBIX 3IIEMEHTOB OMPEdENsNM KONMMYECTBEHHbIM CMEKTPanbHO-
SMUCCHOHHBIM aHanM3oMm.

PaccuntaHbl 3HAa4eHWs1 OCHOBHbIX OMMCATENbHbIX CTATUCTUYECKUX nokasaTenen. C Lenbio BbISBIIEHMS COCTaBa
FEOXMMUYECKMX acCoLMaLMin paccumTaHbl KOIPMUUMEHTHI KOpPensaLmm (r) MeXay COAepKaHNEM TOKCUYHBIX 3/IEMEHTOB.
B eomHyo reoxummdeckyto accoumaumio 06beauHe bl ANEMEHTbI, CBA3b MEXOY COAEPKAHMEM KOTOPbIX OMUCHIBAETCA
K03hhuLMeHTOM Koppensaumm, npesblwatolymm 0,5, npu ypoBHE 3HaYMMOCTL He Hike 95%.

B pesynbTaTe BbIMOMHEHHbIX WCCREAOBAHWA MOCTPOEHbI KapTbl W3OKOHLEHTPAT MOTEHUMANbHO TOKCUMYHBIX
3NEMEHTOB M KapTbl PErMOHaNbHOM COCTaBMALWEA WX COAEpKaHMs NO MAoWaaM LWaxTHoro nons. PaccuuTtaHbl
NIMHENHbIE YPABHEHUS PErPECcCM MEXOY KOHLEHTPaUUsSIMKU MOTEHLMANbHO TOKCUMYHBIX 3MTEMEHTOB M OCHOBHbIMY
TEXHONOrNYECKMMM NapameTpamm yras.

AHanuanpys pesynbTaTbl CTAaTUCTUYECKON 0BPaboTKM reoXMMMYEecKon WHGOpMaLMM No NacTy €1 NONS WaxThbl
«bnarogatHas» MOXHO YCTaHOBWTb, YTO (HOPMMPOBaHME accoupaunn kobanbTa, HUKens, BaHagus, CBMHLA, XpoMa u
MapraHua CBsi3aHO C oboralleHneM 3TUMKU 3NeMeHTaMu MPUKOHTAKTHBIX 30H YrOfbHOrO Mnacrta, YTo BO3MOXHO
reHeTnyeckn O0OYCMOBNEHO BIUSIHUEM OKUCTUTENbHO-BOCCTAHOBUTENBHOrO Oapbepa Ha Murpauuio BellecTBa B
npoLiecce anareHesa u katareHesa yrreHOCHOM TOMLWM.

OCHOBHOE Hay4yHOE 3HaYeHMe Pe3ynbTaToB BbINOMHEHHbIX UCCMEAOBaHUIA COCTOUT B YCTAHOBNEHWUN FEHETUYECKNX
MPUYMH, OKa3bIBAKLWMX CYLLECTBEHHOE BIMSHWE Ha OCOBEHHOCTW pacnpeneneHnst NoTEeHUMAnbHO TOKCWUYHbBIX
3NEMEHTOB B YrIe Nnacta Ci.

KnioyeBble c€noBa: NOTEHUMANBHO TOKCUYHBLIE 3NIEMEHTHI, YrOMbHbIA MAACT, KapTa WM3OKOHLEHTpaT, KapTbl
pervoHanbHoM COCTaBNAOLLEN, NMMHENHbIE YPABHEHUS perpeccuu.

The manuscript was submitted 10.06.2021
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