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Abstract. The results of long-term studies of the geochemical features of vanadium in the oil from 36 deposits of
the Eastern oil and gas region of Ukraine. Based on the results of correlation and regression analyses, the nature and
forms of the relationship between the vanadium content in oil and nickel, zinc, chromium, manganese, cobalt, iron,
mercury, aluminum and the total content of these metals were determined; average capacity of the productive horizon;
oil density value; oil viscosity value; resin content; the density of formation water from the productive horizon; sulfur
content in oil; actual depth of the productive horizon; actual temperature of the productive horizon; actual pressure of the
productive horizon; oil boiling point; paraffin content; the value of mineralization for formation water from the productive
horizon; content of asphaltenes. Correlation coefficients, pairwise linear regression equations as well as curves that
illustrate relationships between these parameters are obtained. Based on the results of the cluster analysis, a
dendrogram of the results for clustering by means of the weighted centroid method of the considered fields by the
content of vanadium in the oils was elaborated. Based on the results of clustering by means of the weighted centroid
method, the first natural classification of oil and gas fields of eastern region of Ukraine according to the content of
vanadium in oils was developed. It has been proven that heteroatomic low-molecular sulfur-containing components of
the petroleum system are the main concentrators of vanadium in the oil for the studied deposits. It has been shown that,
based on the results of the cluster analysis, sample average values of vanadium concentrations that vary significantly
between individual deposits or groups of deposits for established ranges could be interpreted in terms of qualitative
assessment as follows: abnormally low; low; below average; average; above average; high; abnormally high. The
implementation of this kind of approach makes it possible to visually compare and interpret in terms of geology various
scale and various indicators of oil deposits obtained by means of experimental study.

Keywords: vanadium, oil deposits, cluster analysis, linear regression equations, geochemical oil parameters,
correlation coefficient.

1. Introduction

Problems of accumulation and migration of microelements, in particular nickel
content in oil is related to actual scientific and technical issues of hydrocarbon
genesis, with possibility of their industrial extraction in oil refining for further sale, as
related raw materials, as well as the ability to determine the environmental risks of
using these oils as raw materials for the production of petroleum products and,
foremost, gasoline and diesel fuel are of particular interest. It is known, that all the
types of crude oil contain metals in small quantities. High content of metals, in
particular nickel, is also a serious problem in the processing of crude oil as it leads to
irreversible deactivation of catalysts as a result of compounds deposition for this
metal on the active surface as well as pore space and the catalyst structure get
blocked and destroyed respectively. In addition, inorganic metal compounds formed
during oil refining contribute to high-temperature corrosion of equipment surfaces,
reduce the service life of turbojets, diesel engines and power plants, gas corrosion of
active elements for gas turbine engines as well as increase of harmful environmental
impact of emissions. However, metals, including rare earth ones, are valuable by-
products, which content in oils and residues of their processing may even exceed
their content in raw ore [1]. However, in Ukraine, the industrial production of metals
(in particular, nickel) from crude oil has not sufficiently developed so far, although in
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the world practice of oil refining some technologies that allow simultaneous
production of concentrates with a high content of various metals has been developed.
In particular, about 8% of the world's vanadium production is obtained from crude oil
abroad, and in some countries this share reaches 20% (USA) [2]. Besides, the
presence and content of metals in oils from different deposits allows to establish
patterns of their migration and concentration in hydrocarbon systems. Among them,
in particular, should be mentioned metals of special industrial and environmental
significance, specifically vanadium, mercury, cobalt, nickel, iron, manganese,
aluminum, titanium, chromium and zinc.

This study is devoted to the results of research for the features of the
geochemistry of vanadium in the oils for the major deposits from the oil and gas
fields of Eastern region of Ukraine, which is the largest one in terms of proven
reserves, forecast resources and production. In tectonic terms, this region is located
within the Dnipro-Donetsk depression, which is a complex intra-platform rift
structure, and the latter, in turn, at a different scale level, is a link of the
heterogeneous transcontinental Sarmatian-Turanian lineament, spatially traced from
the western borders of Belarus to the off spurs of Tien Shan.

Recent achievements. One of the first classifications of oils according to their
general properties of metal content was made up by Barwise in 1990. He considered
the chemical composition, physical properties and content of metals in oil samples
[3]. Later in 2007, Shniukov published a very interesting review article about content
of vanadium and nickel in the world's natural oils [4]. It discusses in detail the
concentrations of heavy metals in oils in relation to their genesis. A year later in
2008, Sukhanov considered the current state of oil reserves assessment and, therefore,
related oil components (including heavy metals) as sources of high quality metal raw
materials [5]. In 2010, Yakutseni published the results of a study of the relationship
between the deep zoning of hydrocarbons and the enrichment of oils with heavy
impurities [6]. The paper indicates the presence of a correlation between the content
of heavy metals in oils with the depth of oil deposits. Back in 2014, Akpoveta
analyzed the content of heavy metals in petroleum products of the Nigerian deposits
(Agbor) [7]. The authors note that the high content of heavy metals in oils could pose
a serious environmental threat. It should be noted that not all heavy metal impurities
in oils are of a natural genesis. In Ukraine, such studies were conducted in 2013 on
high-sulfur oil of the Carpathian Depression [8]. This paper not only investigated the
fractional composition and physical-chemical properties of light fractions selected
from oil of the Orkhovytskyi oil field, but also studied the potential content of
fractions for which density, refractive index, molecular weight, sulfur content were
determined. Later, Wilberforce conducted studies of heavy metals in crude oil used in
medicine [9]. In this work, the levels of Cd, Ni, V and Pb were investigated by means
of atomic absorption spectrophotometry. As a result of the study, the average
concentration of metals was determined, indicating their impact on the human body.
Previously, some geochemical features of metals in oils from deposits of the Dnipro-
Donetsk depression were considered and the creation of a natural classification of
these oil deposits by metal content using clustering methods was substantiated [10-
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22]. At the same time, there are no studies aimed at studying the geochemical
features of vanadium in the oil deposits of the Dnipro-Donetsk Basin.

Thus, the study of metals, including nickel in oils from different deposits of
Ukraine, which provides an opportunity to determine their genetic parameters and
environmental consequences of use is an urgent problem, the solution of which will
help develop a set of predictive criteria for hydrocarbon accumulation and
scientifically prove geological, economic and environmental assessment of their use.

The research aims. Establishment of geochemical features for nickel in oils of
deposits of the Dnipro-Donetsk depression which are in operation as well as creation
of their classification according to the content of this metal has been elaborated.

2. Methods

Actual basis of the research is the results of analysis for the metal content in oils
from 36 fields: Bakhmachske, Prylukske, Krasnozayarske, Kachalivske,
Kremenivske, Karaikozovske, Korobochkynske, Kulychykhinske, Lipovodolynske,
Monastyryshchenske, = Matlakhivske, = Malosorochynske, = Novo-Mykolaivske,
Perekopivske, Prokopenkivske, Radchenkovske, Raspashnovske, Sofiivske,
Sukhodolivske, Solontsivske, Solokhivske, Talalaivske, Trostianetske, Turutynske,
Zakhidno-Kharkivtsivske, Shchurynske, Yuriivske, Yaroshivske, Khukhrianske,
Sahaidatske #1, Sahaidatsk #13, Kybytsivske #5, Kybytsivske #51, Kybytsivske #52,
Kybytsivske #56, Kybytsivske #1. Investigations of oil samples from these deposits
over nickel content were performed using X-ray fluorescence analysis by means of
the energy-dispersive spectrometer "Octopus" SEF 01. Spectrum accumulation time
1s 600 s. Samples preparation as well as their analysis were carried out according to
the standard ASTM D 4927 “Determination of the elemental composition for the
components of lubricants by means of X-ray fluorescence spectroscopy with a
dispersion of wavelength”. The following samples served as standard ones for metal
impurities: PM 23 (DSZU 022.122-00) MSO 0243: 2001 with certified values of Cd,
Mn, Pb, Zn; PM 24 (DSZU 022.123-00) MSO 0244: 2001 with certified values of Fe,
Co, Cu, Ni; RM 26 (DSZU 022.125-00) MSO 0246: 2001 with certified values of V,
Mo, Ti, Cr. Thus, 30 oil samples overall were analyzed from each of the 36 fields.
Then the values of nickel and other indicators were normalized by the expression as
follows:

)(i norm. — ()(z _)(imin) / ()(z max _)(imin);

where X; ,,-m. — normalized unit value of oil sample from a specific deposit; X; — unit
value of oil sample from a specific deposit; X; i — minimum value of oil sample
from a specific deposit; X; .. — maximum value of oil sample from a specific deposit.

Thus, normalized values of oil samples from each deposit were processed using
the statistics tool kit, which performed the calculation of descriptive statistics,
correlation, regression, cluster analysis as well as graphical visualization of the study
results.
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3. Results and discussions

The average content of vanadium in the oil of the considered deposits is
5.65ppm=1.47 with a confidence interval of 0.95, the sample variance is 77.93, the
standard deviation is 8.83, the median value is 1.01ppm, the kurtosis is equal to 1.44,
the asymmetry is 1,58. According to the results of the Kolmogorov-Smirnov and
Shapiro-Wilk tests, the distribution of the values for the average vanadium content in
the oil sample for all considered fields complies with the log-normal distribution. At
the same time, a more complicated distribution is observed for samples from
individual deposits. It turned out that for the majority of deposits (64% of cases for
the considered samples), the density distribution of the vanadium content complies
with the log-normal distribution, while for other samples the density distribution
complies with the normal distribution. Establishing the distribution law is of great
genetic importance, since the conditions for the normal and log-normal distribution
laws occurrence are determined by the implementation of various mechanisms of
formation. The log-normal distribution is formed as a result of the action of a single
or a very limited number of factors that differ significantly in their influence on the
final result. The normal distribution according to the central limit theorem describes
geochemical processes that occur under the influence of many independent factors
that are similar in their contribution to the final result.

The minimum average content of vanadium is equal to 0.02ppm for the oils of the
Karaikozovske, Korobochkynske, and Zakhidno-Kharkivtsivske Kachanivske
deposits. Maximum average value for this indicator reaches out 31ppm and describes
the oil of the Kybytsivske #51 deposit.

According to the results of the correlation and regression analysis and taking into
account the Chaddock scale in the oil samples from the considered deposits, it was
established the presence of a very weak correlation between the content of vanadium
and nickel (correlation coefficient is 0.08), asphaltenes (correlation coefficient is
0.02), paraffins (correlation coefficient is 0.09), resin (correlation coefficient is 0.24),
oil viscosity values (correlation coefficient is 0.15); very weak inverse correlation
between the content of vanadium and iron (correlation coefficient is -0.13), the
average thickness of the productive horizon (correlation coefficient is -0.13); weak
direct correlation between the content of vanadium and the temperature of the oil
boiling (correlation coefficient is 0.3), the total content of metals Ni, V, Zn, Cr, Mn,
Co, Fe, Hg, Al (correlation coefficient is 0.45); average direct correlation of
vanadium and zinc content (correlation coefficient is 0.59), manganese (correlation
coefficient is 0.61), oil density values (correlation coefficient is 0.52), average
inverse correlation of vanadium content and current temperature of productive
horizon (correlation coefficient is -0.53), current depth of the productive horizon
(correlation coefficient 1s -0.67); strong direct correlation of the vanadium content
and sulfur in oil (correlation coefficient is 0.77), mercury (correlation coefficient is
0.85), aluminum (correlation coefficient is 0.86), chromium (correlation coefficient is
0.88) strong reverse correlation between vanadium content and values of current
pressure within productive horizons (correlation coefficient is -0.7), formation water
mineralization from productive horizons (correlation coefficient is -0.72), density of
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formation water from productive horizons (correlation coefficient is -0.87); very
strong direct correlation between the vanadium content and cobalt in oil (correlation

coefficient is 0.91).

The calculated linear regression equations (Table 1) are indicated below and their
curves are shown in Fig. 1 — 22 respectively.

Table 1 — Linear regression equations between nickel content as well as geochemical and
geological-technological parameters of oil

V=0.1664 + 0.0886 x Ni

between vanadium and nickel content

V=0.0391 +0.6799 x A

between vanadium and asphaltenes content

V=0.1436 + 0,1351 x C

between vanadium and paraffin content

V=0.1119 + 0.3433 x Reoil

between vanadium and resin content

V=0.1276 + 0.1764 < noil

between vanadium and oil viscosity

V =0.1976 - 0.2099 x Fe

between vanadium and iron content

V=0.2024-0.2183 xm

between vanadium and deposit thickness

V =10.0559 + 0.4366 < Tinit. boil. point

between vanadium and oil boiling temperature

V =0.048 + 0.6462 x Metotal

between vanadium and total metal content

V =0.0025+ 0.6243 x Zn

between vanadium and zinc content

V =-0.0052 + 0.8485 x Mn

between vanadium and manganese content

V =-0.0858 + 0.6185 x poil

between vanadium and oil density

V=0.4491-0.496 x T

between vanadium and the current temperature of the

V =0.4956 - 0.6276 x h

between vanadium and depth of productive horizon

V=-0.0197+0.798 x S

between vanadium and sulfur content

V =0.0494 + 1.0316 x Hg

between vanadium and mercury content

V =10.0321 +0.9097 x Al

between vanadium and aluminum content

V=0.0417 + 0.9041 x Cr

between vanadium and chromium content

V=0.5339-0.691 x P

between vanadium and current pressure

V =0.5449 - 0.7806 x Mlayered water

between vanadium and mineralization of formation water

V =0.5449 - 0.7806 x Playered water

between vanadium and density of formation water from

V =10.0537 +0.9385 x Co

between vanadium and cobalt content
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Figure 2 — Curves of the linear regression equation
between nickel and zinc content
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As a result of previous studies [23], the method of weighted centroid cluster
analysis has been proven as the most suitable for the classification elaboration of oil
deposits of the Dnipro-Donetsk depression according to the content of metals taking
into account various approaches of previous studies. In the process of its
implementation, a dendrogram is made up (Fig. 23), which reflects the mutual natural
hierarchy of the analyzed deposits by vanadium concentration.

On the dendrogram of clustering for coal seams by vanadium content (Fig. 23),
seven stable clusters were identified: 1.1.1.1,1.1.1.2, 1.1.2, 1.2,2.1.1,2.1.212.2.
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Cluster 1.1.1.1 is formed by the deposits as follows: Karaikozovske,
Korobochkynske, Zakhidno-Kharkivtsivske, Kachalivske, Sukhodolivske,
Lipovodolynske, Novo-Mykolaivske, Trostianetske, Krasnozaiarske, Perekopivske,
Shchurynske, Solontsivske, and Monastyryshchenske with an abnormally low
vanadium content of 0.02 ppm (Karaikozovske, Korobochkynske and Zakhidno-
Kharkivtsivske) up to 0.17 ppm (Monastyryshchenske deposit), while the average
value of this indicator is 0.08 ppm.

Cluster 1.1.1.2 comprises deposits as follows: Kulychykhinske, Turutynske,
Bakhmachske, Sofiivske and Kremenivske with a low content of 0.32 ppm
(Kulychikhinske deposit) - 0.82 ppm (Kremenivske deposit), with an average value
of 0.56 ppm.
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1,2,1.1,1.2,2.1,2.2, 2.3 — clusters; Oil deposits: 1 — Bakhmachske, 2 — Prylukske, 3 —
Krasnozaiarske, 4 — Kachalivske, 5 — Kremenivske, 6 — Karaikozovske, 7 — Korobochkynske, 8 —
Kulychykhinske, 9 — Lipovodolynske, 10 — Monastyryshchenske, 11 — Matlakhivske, 12 —
Malosorochynske, 13 — Novo-Mykolaivske, 14 — Perekopivske, 15 — Prokopenkivske, 16 —
Radchenkovske, 17 — Raspashnovske, 18 — Sofiivske, 19 — Sukhodolivske, 20 — Solontsivske, 21 —
Solokhivske, 22 — Talalaivske, 23 — Trostianets'ke, 24 — Turutynske, 25 — Zakhidno-Kharkivtsivske,
26 — Shchurynske, 27 - Yuriivske, 28 — Yaroshivske, 29 — Khukhrianske, 30 — Sahaidatske #1, 31 —
Sahaidatske #13, 32 — Kybytsivske #5, 33 — Kybytsivske #51, 34 — Kybytsivske #52, 35 —
Kybytsivske #56, 36 — Kybytsivske #1

Figure 23 - Dendrogram of the clustering results performed by means of the weighted centroid
method of vanadium content in oil deposits

Cluster 1.1.2 is represented by the following deposits: Matlakhovske,
Yaroshivske, Radchenkovske, Prylutske, Raspashnovskyi, Solokhivskyi and
Malosorochynskyi with a concentration below the average value of 1.2 ppm
(Matlakhovske deposit) - 2.17 ppm (Malosorochynske deposit), the average content
for the cluster is 1.64 ppm.

The average content has the Khukhrianske deposit of cluster 1.2 with a value of

3.8 ppm.
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Cluster 2.1.1 is formed by the Yuriivske, Talalaivske, and Prokopenkivske
deposits with above-average values fall between 9.5 ppm (Yuryivske deposit) and
13.2 ppm (Prokopenkivske deposit), with an average cluster concentration of 11.63 ppm.

The following deposits have a high content value: Kybytsivske #5, Sahaidatske
#1, Kybytsivske #52 and Kybytsivske #56 of cluster 2.1.2 with values of 16.0 ppm
(Kybytsivske # 5 deposit) — 18.0 ppm (Kybytsivske # 56 deposit), average value for
the cluster equals to 17.0 ppm.

Cluster 2.2 is represented by deposits as follows: Sahaidatske #13, Kybytsivske
#1 and Kybytsivske #51 with abnormally high vanadium content that falls between
23.0 ppm (Sahaydatske deposit #13) and 31.0 ppm (Kybytsivske deposit #51), with
an average value for the cluster of 27.33ppm.

4. Conclusions

The conducted studies allow to form the following conclusions:

- vanadium content in oil samples from 36 deposits of the most significant oil and
gas region of Ukraine, i.e. the Eastern oil and gas region, shows significant variations
(the difference in significant average concentrations by sampling from the deposits is
more than in three orders of magnitude) for an average value of 5.65+1.47 ppm.
Considering the vanadium concentration for fundamental scientific advances in the
field of oil origin, the obtained results may indirectly indicate the implementation of
several genetic models of its formation within this region.

- Despite the significant variability of the strong correlation for the vanadium
content with other geochemical and geological-technological parameters, it is
necessary to take into account their statistically significant nature. This, in turn,
allows to identify a group genetically and/or paragenetically related to the
accumulation of vanadium in oil from all the parameters considered in the study (Co,
Al, Hg, Cr, S, Zn, Mn, Ni concentrations; total content of elements V, Zn, Cr, Mn,
Co, Fe, Hg, Al, density and viscosity values of oil).

- The established very weak correlation between the vanadium content and
asphaltenes, resins, paraffins (high molecular weight compounds) on the one hand, as
well as strong correlation with the sulfur content in the oils of the considered deposits
on the other hand, indicates the leading role of the main vanadium concentrators for
low molecular weight sulfur-containing components of the oil system (thiophyll
sulfides, thioethers as well as dithioethers) in deposits of the region.

- According to the results of the cluster analysis, the sample average values of
vanadium concentrations that vary significantly between individual deposits or
groups of deposits within the established ranges could be interpreted in terms of
qualitative assessment as: abnormally low; low; below average; average; above
average; high; abnormally high. The implementation of such an approach makes it
possible to visually compare and interpret in geological terms all various scales and
various indicators of oil deposits obtained in experimental study.

The scientific importance of the study results is the development of a natural
classification for oil deposits according to the vanadium content, identification of
typomorphic features of the oils from the considered deposits as well as definition
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that the heteroatomic low-molecular sulfur-containing components of the petroleum
system are the main carriers and concentrators of vanadium.

The practical importance of the study results is detemining the average
concentration and the possibility of the vanadium content forecasting in oils of the
deposits using regression equations obtained in the present paper.
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OCOBNNBOCTI FEOXIMII BAHALIIO Y HA®TAX POJIOBMULL, CXIAHOrO HA®TOFA30HOCHOIO
PETIOHY YKPAIHU
lwkoe B.B., Kositi €.C., Kozap M. A.

AHorauis. lNpueegeHi pesynbtati GaraTopiuHux [OCHILKEHb reoXiMiyHMX 0CoBnMBOCTEN BaHagito y HadTi 36
pogosuLy CxigHOro HachTora3oHOCHOrO perioHy YkpaiHu. 3a pesynbratamut KOpPensAuiiHoro Ta perpeciHoro aHanisis
BCTAHOBIIEHO XapakTep Ta (PopMM 3B'S3Ky MK BMICTOM BaHagjto Y HagTi i HIKENKO, LIMHKY, XpOMY, MapraHuo, kobanbTy,
3anisa, PTyTi, anOMiHil0 Ta CyMapHOrO BMICTYy LMX MeTaniB; CepeaHbOi MOTYXXHOCTI MPOAYKTWBHOIO TFOPU3OHTY;
3HAYEHHSAM TYCTUHU Ha(hTL; BENUYMHOK B'A3KOCTI HATW; BMICTOM CMOMM; LWiNBHICTIO NIacTOBOI BOAM 3 NPOLYKTUBHOMO
TOPWU3OHTY; BMICTOM CipKW B HadhTi; Cy4acHoi rnbuHM npoayKTUBHOIO rOPU3OHTY; Cy4acHoi TemnepaTypu npoayKTUBHOIO
TOPWU3OHTY; Cy4aCHOro TUCKY Y NMPOAYKTUBHOMY FOPU3OHTI; TeMnepaTypu KUNiHHA HadTh; BMICTY napadiHis; 3HAYEHHI0
MiHepanisaLji NnacToBoi BOAM i3 NPOLYKTUBHOMO FOPU3OHTY; BMICTY acanbTeHiB. HaBegeHi pospaxoBaHi koediLieHTu
Kopensuii, NiHiiHi napHi piBHAHHSA perpecii Ta ix rpadiku Mix UMMM napameTpamu. 3a pesynbTaTamut KracTepHOro
aHanisy nobygoBaHO [eHAporpamy pesynbTaTiB Knactepusalii 3BaeHUM LEHTPOIBHMM METOZOM  PO3rMSHYTUX
poJoBHULLY 3@ BMICTOM BaHafilo B HadTax. Ha niactasi pesynbTaTtiB Knactepusalii 3BaeHUM LEeHTPOIAHUM MEeTOA0M
po3pobneHo nepLly NpUPOAHY Knacudikalio POAOBML CXiAHOTO HahTOra3oHOCHOTO PErioHY YKpaiHW 3a BMICTOM
BaHagjlo B HadTax. [loBe4eHO, LU0 reTepoaToMHi HU3bKOMONEKYNSIPHI CIPKOBMICHI KOMMOHEHTW HAhTOBOI CUCTEMU €
OCHOBHUMU KOHLEHTpaTopaMmu BaHagito y HadTi JocnigxyBaHux pofosuiy. [lokasaHo, WO 3a pesynbTatamu
KnacTepHOro aHaniay BuBIpKOBI CepeaHi 3HaYEHHS KOHLEHTpaLlii BaHaAilo, WO 3HaYyLLe BiOPi3HATHCA MK OKPEMUMM
POLOBULLAMM YK TPYMaMW POLOBULY, Y BCTAHOBMEHWX PsAax MOXHA iHTEPNpeTyBaT B TEPMIHOMONiT SKICHOT OLiHKN, AK:
aHOManbHO HU3bKI; HU3bKI; HUXYE 3a CepeHi; cepeaHi; BULLE 3a CepeHi; BUCOKI; aHOMarbHO BUCOKI. Peanisallis Takoro
nigxoay Aae MOXNMBICTb HAOYHO 3iCTABUTK Ta IHTEPNPETYBATM Y FEOMNONYHUX NOHATTSX eKCNepUMEHTaNbHO OTPUMAHI
BCi pisHOMacLUTabHi Ta Pi3HOMaHITHi MOKa3HUKK HAadTOBMX POAOBMLL,

KntoyoBi cnoBa: BaHagjil, popoBuwa HadTW, KNacTEPHUA aHanis, niHiMHe pIBHAHHA perpecii, reoXimiyHi
napameTpu HadhTh, kKoediLlieHT kopenavii.
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