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Abstract: Biological markers (BMs) are organic compounds in oils in which a
precursor is known, and during the transformation of organic matter these
compounds undergo certain structural and stereochemical changes. Based on
the established precursors of BMs, the origin of the examined oils can be esti-
mated, and based on the intensity and the type of changes and also geological
history. It includes defining the deposition medium, the degree of maturation,
the length of the oil migration path, the degree of biodegradation. The most stu-
died and applied BMs are normal alkanes, isoprenoid aliphatic alkanes pristane
and phytane, and polycyclic alkanes of the sterane and terapane type. On the
other hand, in the environmental chemistry, these compounds can significantly
contribute to the identification of petroleum pollutants, as well as to the assess-
ment of the migration mechanism and the intensity of biodegradation. This
review paper first presents the results related to the application of BMs in the
organic geochemical correlations of oil in the south-eastern part of the Pannon-
ian Basin (I). The second part provides an overview of those researches in
which the same BMs were used in the identification of oil pollutants and in
monitoring their changes during the migration and the biodegradation in rivers
and river sediments of Serbia (II).
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INTRODUCTION

The crude oil is a product of geochemical transformations of biogenic org-
anic matter in the sedimentary rocks of the lithosphere. Geochemical processes
have been taking place over the past 600 million years, since the Cambrian
period until the present days. During these processes, the organic matter passes
through four consecutive alteration stages, that are in organic geochemistry
called diagenesis, catagenesis, metagenesis and metamorphism.1~7

After they accumulate in sedimentary rocks, the organic compounds from
the biosphere undergo both structural and configurational changes in order to
create thermodynamically more stable forms. During the early diagenesis, these
changes are primarily governed by microorganisms. During the late diagenesis,
catagenesis, and in the final stages methagenesis and metamorphism, heat, the
pressure and the aluminosilicate minerals acting as catalysts, have a dominant
role in the transformations of organic compounds. The most important factors in
these changes are temperature and geologic time, which is measured in millions
of years.1-0

In addition to graphite and gas, the final product of these changes in the
sedimentary organic matter is crude oil. As a result of the aforementioned pro-
cesses, crude oil consists mainly of thermodynamically stable compounds that
usually differ significantly from their biological precursors.!~7

The first compounds of biogenic origin identified in crude oil were por-
phyrins.8 That was in 1931. This discovery still has a great and historical sig-
nificance. The identification of porphyrins in crude oil marked the the beginning
of an era of biogenesis or biogenetic origin of petroleum. During the seventies
and the eighties of the twentieth century, a large number of compounds were
discovered in crude oils and their biological precursors were precisely deter-
mined.9-13

In organic geochemistry, these compounds are called molecular fossils, bio-
logical markers, or biomarkers.!~13 So far, a large number of biomarkers in crude
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BIOMARKERS IN OIL AND ENVIRONMENT 9

oils have been identified. Even nowdays, identification of a new biomarker in oil,
or its geochemically related form, represents a research challenge. The most stu-
died biomarkers are n-alkanes, isoprenoid aliphatic alkanes (first of all C19,
pristane and C20, phytane) and polycyclic alkanes of the terpane type (tricyclic
and tetracyclic diterpanes and pentacyclic triterpanes) and the sterane type (inc-
luding diasteranes and mono- and triaromatic steroids).!~7 Today, it is possible to
reliably determine the origin, i.e., the precursor organic matter type of an indi-
vidual oil. On the other hand, interpretation of the transformation pathways of
these compounds from the unstable biolipid isomers to thermodynamically stable
geolipid structural and configurational forms, allows us to examine the geologic
history of a crude oil which includes the estimation of the characteristics of the
depositional environment, degree of thermal maturity, length of the migration
pathway from a source to the reservoir rock, are the extent of microbiological
degradation, etc.1-17

The largest number of biological markers in oil is found in very low quan-
tities. Practically only n-alkanes and the isoprenoids pristane and phytane can be
successfully identified “only” by gas chromatographic (GC) analysis of the ipha-
tic fraction of oil. For the identification of all other biomarker compounds, the
application of more complex and sophisticated techniques is required. These ana-
lytical techniques include primarily mass spectrometry (MS). Because of that, it
can be said that the development of organic-chemical investigations of biological
markers was developing parallel with the development of instrumental tech-
niques in organic chemistry, primarily gas chromatography - mass spectrometric
(GC-MYS) and gas chromatography—mass spectrometry—mass spectrometric (GC—
—~MS-MS) systems.!8

The use of oil started its rapid growth at the beginning of the twentieth
century with the invention of the internal combustion engine. Organic geochem-
istry gave crucial importance to the prospective oil exploration, especially in the
second half of the twentieth century.l-6 With geological and geophysical sur-
veys, organic geochemical methods have become irreplaceable in finding new oil
deposits. Among them, the methods involving biological markers are considered
the most important.

These same compounds have a completely different role in the environ-
mental chemistry. When oil, or some of its derivatives, comes in the contact with
the environment, its role completely changes its character, because from a very
important fossil fuel, without which it is almost impossible to imagine life now-
days, it transformes into a very dangerous organic pollutant. This can be under-
stood because oil is a complex mixture of iphatic, aromatic, and many other nit-
rogen, sulfur, and oxygen organic compounds. Many of them are toxic, car-
cinogenic, mutagenic, and even teratogenic. The biological markers in ecochem-
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ical tests are invaluable for the identification of oil pollutants and for assessing
their aim in the environment.!?

The analysis of biological markers, n-alkanes, isoprenoid aliphatic alkanes,
terpanes, and steranes, in oil as a form of the organic substance of the geosphere,
i.e., as a fossil fuel, and in oil as a pollutant in the environment is performed in an
almost identical way.!8 However, the interpretation of the obtained results in
organic geochemistry and in environmental chemistry goes in completely differ-
ent directions. This review paper will first present the results, i.e., the research
related to the application of biological markers in the organic geochemical
correlations of oil in the southeastern part of the Pannonian Basin in the territory
of Serbia (I). The second part will provide an overview of those researches in
which the same biological markers were used in the identification of oil pol-
lutants and in monitoring their changes during migration and biodegradation in
rivers and river sediments of Serbia (II).

2. BIOLOGICAL MARKERS IN ORGANIC GEOCHEMICAL CORRELATIONS OF OIL
IN THE SOUTHEASTERN PART OF THE PANNONIAN BASIN ON THE
TERRITORY OF SERBIA

The first geochemical explorations of oil in the southeastern part of the
Pannonian Basin are dated from the early 1970s.20 Based on the results of ana-
lyses of trace elements and physicochemical properties, they are classified into
three genetic types. According to their origin, the oil fields of the Kikinda and
Kikinda Varo§ form the first group. The Mokrin and Pali¢ oil fields are classified
in the second, and the Velebit oil field in the third genetic group.

In most oils that have not been exposed to the effect of biodegradation,
n-alkanes and isoprenoid aliphatic alkanes, pristane and phytane are the dominant
hydrocarbons in alkane fractions. Therefore, they are relatively easily identified
by GC analysis of the alkanes previously isolated from the oil maltene fraction
by the column chromatography using petroleum ether as eluent. For this reason,
these biological markers were first applied in organic geochemical studies in the
southeastern part of the Pannonian Basin (Serbia). The results for the crude oils
of the Banat, South Backa, and Kostolac Depressions were announced at the II
Yugoslav Symposium on Hydrocarbons, within the Conference of the Serbian
Chemical Society in 1986.21

A detailed correlation study of these oils later included polycyclic alkanes of
the steranes and terpanes type for the first time. They were identified from carba-
mide (urea) non-adducts of iphatic fractions by GC-MS technique, with applic-
ation of single ion monitoring (SIM) method, and using ions m/z 217 (for ster-
anes) and m/z 191 (for terpanes). The results were announced at the organic geo-
chemical conference in Venice in 1987,22 and published in the journal Organic
Geochemistry, at that time the most important journal in this scientific field.23
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BIOMARKERS IN OIL AND ENVIRONMENT 1 1

Based on the distributions of n-alkanes, isoprenoids pristane, and phytane,
140(H)17a(H)20(R) Cy7—Cy9 steranes, tricyclic Cj9—Cy¢ diterpanes, pentacyclic
triterpanes of the hopane type, gammacerane and oleanane, 19 oil samples from
the above mentioned Pannonian depressions basins (labeled A—D and E in the
publication) were classified into only two genetic types. Based on the steranes
and terpanes migration parameters, it was concluded that they originate from
different source rocks. Based on the maturation parameters 22(S)/22(R) C3, hop-
anes and 14a(H)17a(H)20(S)/14a(H)17a(H)20(R) Cyg steranes, it was concluded
that all tested oils were of relatively uniform degree of maturity. The abundances
of n-alkanes and isoprenoids pristane and phytane, in alkane fractions, showed
that only three of the total 19 tested oils were moderately biodegraded.?2:23 As an
example, Fig. 1 shows the gas chromatograms of alkane fractions, typical for the
non-biodegraded and moderately biodegraded oils of the southeastern part of the
Pannonian Basin, and the fingerprints of steranes (m/z 217) and terpanes (m/z
191) obtained by GC—MS analysis of branched and cyclic alkanes, and using the
SIM method. Peak identifications are given in Tables I and II.
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Fig. 1. Gas chromatograms of: a) iphatic fractions, typical for non-biodegraded and b) mode-

rately biodegraded oils of the southeastern part of the Pannonian Basin and c) fingerprints of

steranes (m/z 217) and d) terpanes (m/z 191) obtained from GC—MS analysis of branched and
cyclic alkanes.23-27

The special attention in organic geochemical research was attracted by the
naphthene-type oils from the oil field of the North Backa Depression. Thirteen
samples of the Velebit field marked “W” were analyzed in detail. All group and
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specific correlation parameters, that were applied in similar studies worldwide in
the late eighties of the twentieth century, were applied in these studies.2425

TABLE I. Identification of the compounds in the Fig. 1c

Peak Compound

1 Cy7 134(H)17 o H)20(S)-diasterane

2 C,y7 134(H)17 (H)20(R)-diasterane

3 Cy7 13a(H)17 A(H)20(S)-diasterane

4 Cy7 13a(H)17 A(H)20(R)-diasterane

Sa Cyg 134(H)17 o(H)20(S5)24(S)-diasterane

5b Cyg 134(H)17 o(H)20(S)24(R)-diasterane

6a Cyg 134(H)17 (H)20(R)24(S)-diasterane

6b Cyg 134(H)17 (H)20(R)24(R)-diasterane

7 Cyg 13a(H)17 A H)20(S)-diasterane + C,7 140(H)17 (H)20(S)-sterane
8 Cy9 134(H)17 (H)20(S)-diasterane + C,7 144H)17 A H)20(R)-sterane
9 Cyg 13a(H)17 A H)20(R)-diasterane + C,7 144H)17 FH)20(S)-sterane
10 Cy7 14(H) 17 (H)20(R)-sterane

11 Cy9 134(H)17 (H)20(R)-diasterane

12 Cy9 13a(H)17 A H)20(S)-diasterane

13 Cyg 140(H)17 o(H)20(S)-sterane

14 Cy9 13a(H)17 A(H)20(R)-diasterane + C,g 144H)17 A H)20(R)-sterane
15 Cyg 144H)17 AH)20(S)-sterane

16 Cyg 140(H) 17 o(H)20(R)-sterane

17 Cyg 140(H)17 (H)20(S)-sterane

18 Cy9 144(H)17 A H)20(R)-sterane

19 Cy9 144(H)17 AH)20(S)-sterane

20 Cy9 140(H) 17 (H)20(R)-sterane

Based on the absence of n-alkanes in all tested oils, it was confirmed that the
oils were exposed to microbiological degradation in reservoir rocks (reservoir
temperatures: 62—70 °C). In the aliphatic fractions of the three samples, neither
pristane nor phytane were identified, due to a slightly higher degree of biodegra-
dation. Specific steranes and terpanes source parameters showed that the tested
field W oils were of mixed terrestrial-marine origin. Based on the parameters C3q
moretane/hopane and Cpg 14a(H)17a(H)20(S)/14a(H)17a(H)20(S) + 20(R) stera-
nes, and also based on the presence of oleanane it was estimated that the oils
originated from the source rocks of Pre-Tertiary age (Upper Creataceous).

Many years later, the Velebit oil and gas field was examined in even more
detail 26 Twenty-five geologically very well-characterized samples were ana-
lyzed. Modern instrumental techniques have enabled very good identification of
biological markers from the total aliphatic fractions. In other words, there was no
need to separate the aliphatic fraction with urea into the n-alkane fraction
(adduct) and the fraction of branched and cyclic alkanes (non-adduct). In this
paper, due to the GC—MS-MS analysis of total aliphatic fractions, a number of
very reliable specific correlation parameters were determined. The estimates of
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BIOMARKERS IN OIL AND ENVIRONMENT 1 3

previous research with a more precise definition of geological history have been
confirmed. For example, it was determined that the maturity of the source rocks
of the Velebit crude oil was at the level of vitrinite reflection Ro > 0.80 %.

TABLE II. Identification of the compounds in the Fig. 1d

Peak Compound

1 Cjo-tricyclic terpane

2 Cy-tricyclic terpane

3 C,,-tricyclic terpane

4 Cys-tricyclic terpane

5 Cyy-tricyclic terpane

6 C,s-tricyclic terpane

7 Cyy-tetracyclic terpane

8 Cy622(S)- tricyclic terpane

9 Cy622(R)- tricyclic terpane

10 C,522(S)- tricyclic terpane

11 C,822(R)- tricyclic terpane

12 Cy922(S)- tricyclic terpane

13 C5922(R)- tricyclic terpane

14 Cy7 18¢(H),22,29,30-trisnorhopane, Ts
15 C,7 17a(H),22,29,30-trisnorhopane, Tm
16 Cy9 17a(H)21 f(H)-hopane

17 Cy9 18¢(H),30-norhopane

18 Csp 17 (H)-diahopane

19 Cy9 174(H)21 o H)-moretane
20 Oleanane

21 Cs0 17a(H)21 f(H)-hopane
22 C30 74(H)21 o(H)-moretane
23 C31 17a(H)21 A H)22(S)-hopane
24 C31 17(H)21 f(H)22(R)-hopane
25 Gammacerane

26 C3, 17a(H)21 A H)22(S)-hopane
27 Cs3; 17a(H)21 AH)22(R)-hopane
28 C33 17a(H)21 A H)22(S)-hopane
29 Cs33 17a(H)21 AH)22(R)-hopane
30 Cs4 170(H)214(H)22(S)-hopane
31 C34 17(H)21 4(H)22(R)-hopane

In the most GC-MS or GC-MS-MS correlation studies, the analyses of ali-
phatic fractions of crude oils are used to determine numerous values of individual
source, maturation, or migration parameters. However, in some cases it is pos-
sible to make a very reliable correlation of crude oils only on the basis of “finger-
prints” of steranes (m/z 217) and terpanes (m/z 191) obtained using the SIM
method (Fig. 1a and b). This is shown in the example of six crude oils from the
Kikinda, Mokrin and PoZzarevac fields.27 The derived conclusions were in agree-
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14 JOVANCICEVIC et al.

ment with those drawn earlier on the basis of numerous values of the calculated
specific correlation parameters.22

The period of the end of the eighties and the first half of the nineties of the
last century was marked by the numerous organic geochemical correlations of
crude oils from the southeastern part of the Pannonian Basin. The research from
the mentioned period was summarized in a review paper from 1998.28 This cor-
relation study included 80 samples of crude oils from the Banat Depression (18
crude oil fields) and 8 samples from the Drmno Depression (4 fields; Fig. S-1 of
the Supplementary material to this paper). The crude oils were correlated based
on the number of group and specific correlation parameters (Table I1I).

TABLE III. Organic geochemical correlation parameters applied in crude oils study of the
southeastern part of the Pannonian Basin on the territory of Serbia?®

Bulk correlation parameter Specific correlation parameters
API-density CPI; most abundant n-alkane
Sulphur Pr/Phyt
Asphaltenes Pr/n-C,5, Phyt/n-C;g
Bulk composition (alkanes, aromatics, NSO) Regular sterane distribution

Oleanane/gammacerane index
Geolipid/biolipid sterane isomers
Biolipid/geolipid hopane isomers

Most of the crude oils in this basin have not been exposed to biodegradation
in reservoir rocks. The samples from the fields Janosik, Jermenovci, Lokve and
Velika Greda-jug have a minimal degree of biodegradation, Kikinda Gornje and
ten samples from the Velebit field have a medium degree, and three samples
from the Velebit field and one from both Kelebija and Gaj fields are in the cat-
egory of more intensive biodegradation. The source parameters confirmed the
conclusions of previous studies on the existence of two genetic types of crude oil.
In this review paper, the crude oil from the Subotica field is singled out as the
third type, which has not been investigated in previous research. According to the
maturation parameters, crude oils were classified in the category of low-maturity
crude oils formed in the phase of early catagenesis.

During the eighties of the last century, the reservoir rocks of crude oils were
also found in the localities of the StiSka valley near the town of Pozarevac
(Drmno depression; crude oil fields: Sirakovo, Bradarac. Maljurevac, Bubusi-
nac). These samples were also included in the first correlation studies of the
Pannonian Basin crude oils on the territory of Serbia (Drmno Depression, E1—
—E4).22 The paper presenting these results was published at 2001.2°

The crude oils of the Drmno Depression are characterized by the dominance
of n-alkanes with an odd number of C-atoms (carbon preference index, CPI, is
slightly above unity). The pristane is more abundant than phytane, and in the dis-
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BIOMARKERS IN OIL AND ENVIRONMENT 1 5

tribution of regular steranes Cy7—Cpg, 14a(H)17a(H)20(R), the Cpg9 isomer
dominates. These three parameters unequivocally show that an organic matter of
terrestrial origin also participated in the formation of these crude oils in a larger
share than in the case of crude oils from reservoir rocks from Vojvodina. The
maturation parameters of steranes and terpanes showed that crude oils are of a
slightly lower degree of maturity, formed in the early stages of the catagenetic
sequence of crude oil formation (Ro in range 0.70—0.80 %). The source rocks of
Stig crude oil are of Tertiary age.2? The special examination of sediments from
borehols from the Sirakovo, BubuSinac and Bradarac locations (organic carbon
content, bitumen and hydrocarbon content, distribution of biological markers)
also defined their source rocks.30

The crude oil samples from the fields in Serbia were often used for funda-
mental research. For example, in the early 1980’s, there was a controversy in the
organic-geochemical research community, when it came to the use of the ratios
of relative concentrations of pristane and phytane in iphatic oil fractions (Pr/
/Phyt) as a maturation parameter. According to some authors, the value of this
ratio decreases with increasing maturity.3! To shed light on this question, Pr/Phyt
ratios were determined in 63 crude oil samples of the Banat and Drmno depress-
ions of the Pannonian Basin, and the obtained values were correlated with the
values of more reliable terpane maturity parameters, as well as with AP/ densities
and ratios Pr/n-C17 and Phyt/n-C1g.32 The correlation analysis has unequivocally
shown that the value of the parameter Pr/Phyt increases with the maturity. Also,
in order to assess the impact of microbiological degradation in the reservoir rocks
on sterane and terpane changes, the best known maturity parameters of sterane
and terpane of 36 crude oil samples from the southeastern part of the Pannonian
Basin, together with 8 samples of oil fields from the eastern Russia were correl-
ated. The results showed that steranes were more resistant to biodegradation than
terpanes.33

Finally, the significance of maturation parameters determined from the
distribution and abundance of saturated biomarkers and alkylaromatics in crude
oil correlation studies was evaluated using a new approach in factor and cluster
analysis. For this fundamental research, 23 crude oils from the part of the Pan-
nonian Basin that belongs to Serbia were used.34

The experiences gained by studying biological markers in crude oils belong-
ing to the southeastern part of the Pannonian Basin on the territory of Serbia have
been applied in similar studies regarding the crude oils of the most important oil
fields in the world. For example, a detailed correlation study of crude oils from 9
oil fields of Sakhalin Island (Russia) enabled the definition of phenanthrene
content in the aromatic fraction as a very reliable maturation parameter.35 On the
other hand, the approaches used to define the origin and geological history of
crude oils from the basins from the territory of Serbia, have also been success-
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16 JOVANCICEVIC et al.

fully applied to the organic geochemical correlation of crude oils in Libya's most
important oil fields.36-38

3. THE USE OF BIOLOGICAL MARKERS IN OIL-TYPE POLLUTANTS
IDENTIFICATION AND MONITORING OF THEIR FATE IN RIVERS AND RIVER
SEDIMENTS OF SERBIA

3.1. Identification

In recent sediment deposits, surface and groundwaters, and soils, the pre-
sence of oil-type pollutants cannot be determined only based on the amount of
organic extract (bitumen). Namely, from the theoretical, organic geochemical
aspect, the amount of native bitumen in the surface parts of the lithosphere can be
in the range from zero to one hundred percent.!~7 There are numerous examples
of the surface sediments without any of organic substances. On the other hand,
there is the phenomenon of “seeping crude oil” (natural oil lakes), which can be
defined as sedimentary formations with 100 % native organic matter. Therefore,
to determine the presence of oil-type pollutants in these segments of the envi-
ronment, it is necessary to geochemically characterize the organic substance
(organic extract) isolated from a sample.

This approach is based on the fact that crude oil is a highly mature organic
matter. On the other hand, the organic substance of recent sediments is of a rather
low degree of thermal maturity. As a consequence, the distributions of biomar-
kers differ as well. Crude oil contains an incomparably higher concentration of
thermodynamically most stable structural and stereochemical biomarker isomers.
For the first time this was shown on the example of n-alkane distributions in a
total of 17 samples of alluvial sediments taken from the localities of Zrenjanin
(Begej River, 13 samples), Pancevo (Danube River, 3 samples), and Kraljevo
(Ibar River, 1 sample).3? Based on the n-alkane distribution, the oil-type pollut-
ant was found only in a sample belonging to the Ibar River. In some samples
there was a mixture of native and anthropogenic oil substances, and in some the
oil-type pollutant was not even identified. Conclusions were made based on the
organic geochemical knowledge that in crude oils, as a consequence of a high
degree of maturation, there is a uniform distribution of odd and even homologues
(CPI is around 1). Fig. 2 shows examples with the distribution of n-alkanes
belonging to a native organic matter, then an organic matter that is a mixture of
native and anthropogenic, and n-alkanes from an oil-type organic pollutant.

Due to the high degree of maturation, oil has the highest concentration of the
heavier, 13C isotope, compared to the other forms of organic matter in the geo-
sphere. The isotopic analysis was performed from the samples of Begej, Danube,
and Ibar River sediments. Gas chromatography—mass spectrometry-isotope ratio
(GC-MS-IR) technique determined the values for §!3CPDB for individual n-alk-
anes Cps, C»7, Cog and C3q. The highest concentrations of the heavier, 13C, iso-
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BIOMARKERS IN OIL AND ENVIRONMENT 1 7

tope (least negative values for J13CPDB) in the sample belonging to the Ibar
River, provided the additional confirmation of the presence of oil pollutants in
this sample.39
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Fig. 2. Examples of the distribution of n-alkanes fitting to: a) the native organic matter, b) an
organic matter that is a mixture of native and anthropogenic, and c) n-alkanes from the
organic matter which represents the oil pollutant.

n-Alkanes in the organic extracts of river sediments can also be a tool for
determining the presence of the non-petroleum type organic pollutants. For
example, 6 samples of sediments of the Lim River in Bjelo Polje (Montenegro)
were investigated.40 One sample was taken above the place of sewage waste
discharge into the river, and five samples downstream from it. The dominance of
odd homologues in the first sample was the proof that this sample contained a
native organic substance. In all other samples, a pronounced dominance of even
n-alkane homologues was identified (CP/ in range 0.01-0.45). This was an
unequivocal proof that these samples contained sewage, where microorganisms
developed and produced even n-alkane homologues as their metabolites.

The polycyclic alkanes of sterane and triterpene type may serve as the most
useful tools for the identifying of oil-type pollution in recent sediments (m/z 217
and m/z 191, Fig. 1c and d). In addition to regular, biolipid isomers Cy7—Cp9
14a(H)17a(H)20(R), n-alkane fractions of crude oils contain high concentrations
of geolipid isomers, such as diasteranes and C;7-Cpg steranes with hydrogen
atoms at C14 and Cy7 f position and S-configuration at the C; chiral center.
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When it comes to triterpanes, in addition to biolipid moretane isomers, ole-
anane and gammacerane, the significant presence of homologous series of
17a(H)215(H) (225 and 22R) hopanes in the range of Cy9—Cs35 are also charac-
teristic of crude oil. Such distributions of steranes and terpenes in organic ext-
racts of river sediments, soil, or some other recent sediments (examples are dis-
played in Fig. 1c and d), are a strong indication of the presence of oil-type pol-
lutants.#1-45 These polycyclic alkanes can be considered as a very sensitive “for-
ensic tool”. If oil-type pollutants are present in some samples and in very low
concentrations, GC-MS analysis of steranes and terpanes will allow their iden-
tification. This was confirmed, for example, in the research of surface sediments
of the Great War Island (Belgrade)* and sludge from the Techirghiol Lake
(Romania).47

3.2. Migration

When an oil-type pollutant reaches the environment, it does not stay at the
accident site. It migrates, either as a consequence of its fluidity or with the help
of water. Based on the changes in the biomarker composition, during the migrat-
ion of crude oil into the environment, the mechanism of this process can be assessed.

The migration of oil-type pollutants into the environment by water can be
related to the migration of bitumen in natural geological conditions from the
source to the reservoir rock. This migration is called secondary migration in the
organic geochemical literature, and it takes place mainly by water. The assumed
mechanisms are: 1) solutions, 2) colloidal solutions, 3) globules and droplets and
4) continuous phases mechanism.3:6

During the accident at the US¢e station near Kraljevo, a certain amount of oil
was spilled. The accident happened in 199648 during rainy days, which is, from
the research point of view, very important. The oil migrated through the crushed
stone. In such a process of natural geochromatography, the stone had the role of
the adsorbent and water the role of the eluent. It has been observed that with the
migration the amount of nitrogen, sulfur, oxygen (NSO) compounds is increas-
ing, that the amount of pristane and phytane also increases in the relation to
n-alkanes C17 and Cig, and that the amount of higher homologues of r-alkanes
increases in the relation to lower ones. Namely, there was a shift of the n-alkane
maximum in the five tested samples from Cig to Cpg. It was concluded that NSO
compounds and water formed colloidal solutions, with the colloidal micelle
channel having a diameter of 0.7 nm. The isoprenoid alkanes with a volume slightly
smaller than 0.7 nm in diameter and n-alkanes with a volume diameter of 0.5 nm
m were incorporated into such a channel. Higher homologues made stronger inc-
lusions and thus migrated to a greater extent than those with fewer C-atoms.

In the early organic geochemical studies, an interesting phenomenon related
to the migration of bitumen through sedimentary rocks in natural geological con-
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ditions was proven. Namely, those compounds that elute the fastest during chro-
matographic separation (analytical procedure in the laboratory), migrate the fast-
est in natural catagenetic conditions.#%-50 On the other hand, by examining the
mechanism of oil pollutant migration in river sediments of the Vrbas River
(Banja Luka) it was proven that the amount of lower r-alkanes during the mig-
ration increases relative to higher homologues.3! In the case of polycyclic alk-
anes, the amount of Cp7 138(H)17a(H)20(S) and Cy7 138(H)17a(H)20(R)
diasteranes increases relative to Cp7 14a(H)17a(H)20(R) sterane, and Csg
140(H)17a(H)20(S) relative to Corg 14a(H)17a(H)20(R). These results, for the
first time, proved that the migration phenomenon that occurs with the diasteranes
oil pollutants in the environment is the same as with bitumen in catagenetic
geological conditions.5!

3.3. Biodegradation

Once it reaches the environment, the oil pollutant is exposed to a number of
changes. Its composition is influenced by reactions of adsorption, photodegrada-
tion, evaporation, oxidation. However, the greatest changes in an oil pollutant
occur as a result of microbiological degradation.

During the period from November 1997 to February 2000, five groundwater
samples were taken from the same piezometer of the Pancevo Oil Refinery. The
biological markers were analyzed in the isolated extracts by GC-MS technique
(Fig. 3).52-56 In these extracts a phenomenon, related to the fate of biological
markers during oil biodegradation in groundwater of an alluvial sedimentary
formation, was defined.

In the first sample, the relative concentrations of n-alkanes Cy7 and Cg were
lower than the concentrations of pristane and phytane isoprenoids. Such a dis-
tribution of the n-alkane fraction peaks is typical for the oil in which the biode-
gradation process has already started.52

The process continued until the complete degradation of n-alkanes in the
fourth sample taken in September 1999.53 In the sampled groundwater a few
months later, in February 2000, n-alkanes with an even number of C-atoms appe-
ared.>*55 The identification of even homologues of fatty acids (their methyl-
esters) and even homologues of alcohols as well as of cholesterol, in this sample,
is the evidence that even n-alkanes were synthesized by the single-celled, non-
photosynthetic algae Pyrrophyta, known as “fire algae”, which are easily grown
on an oil substrate.

The comprehensive understanding of the behaviour of biological markers in
the process of oil biodegradation in natural geological conditions, as well as in
the environment, has enabled their very efficient use in monitoring of the bio-
remediation process, as a procedure for purification of water, soil and sediment
from oil type organic pollutants in ex situ5% and in situ conditions (Fig. 4).57
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Fig. 4. An example of the degradation of biological markers of the n-alkane, sterane and
triterpane type in groundwater petroleum pollutant during the in situ bioremediation process;’
the identification of individual sterane and terpane isomers is given in Tables I and II.

4. CONCLUSIONS

The organic geochemical research of oil in the Southeastern part of the Pan-
nonian Basin in Serbia, as well as the process of identifying oil pollutants and
monitoring its fate in rivers and river sediments in Serbia, in the last three dec-
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ades, have shown which biological markers can be used as the geochemical, i.e.,
chemical tool.

In the first case, n-alkanes, isoprenoid aliphatic alkanes, diasteranes, ster-
anes, tricyclic and tetracyclic diterpanes and pentacyclic triterpanes enabled a
very successful assessment of the type of oil biomass precursor and classified the
tested oils from one or more oil fields. Furthermore, they allowed the assessment
of the sedimentation environment, the degree of maturation, the length of the
migration path from the source to the reservoir rock and the degree of biodeg-
radation in the reservoir rocks.

In the environmental chemistry, these organic compounds are indispensable
in the identification of oil pollutants and their sources, in different parts of the
environment, in monitoring changes during its migration, as well as in defining
the manner and the intensity of microbiological degradation. Additionaly, they
also enable the successful monitoring of the bioremediation process efficiency in
the ex situ and in situ conditions.
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H3BOJ
YIIOTPEBA BUOJIOINKHUX MAPKEPA Y OPTAHCKO-TEOXEMHWJCKHUM
HUCIIUTUBABHUMA ITOPEKJIA Y TEOJIOIIKE UCTOPUJE CUPOBUX HA®TU (1) UY
I[MPOUEHU HA®THOT 3ATABEHA PEKA U PEUHUX CETUMEHATA CPBUIE (II)

BPAHHMMHUP C. JOBAHYWREBUR', TOPIIAHA B. TAJULIA?, TOPULIA [. BECETUHOBUR’, MUJIMLIA II.
KAIIAHUH-TPYBUH?, TATJAHA M. IIOJIEBUR KHYZICEH?, CHEXAHA P. INTPBALI®
u AJIEKCAHJIPA M. IAJHOBHUR’

1YHueep3umeu7 y Beoipagy, Xemujcxku ¢axyniei, Citiygeniicku wipi 16, 11158 Beoipag u 1YHueep3umeu7 y

Beoipagy, Lentuap 3a xemujy, HHCTUTAY T 3a XeMujy, TexHON0TUjy u metanypiujy, Fbetowesa 12,

11001 Beoipag

bronomky Mapkepu y HadTaMa Cy jefumerna 3a Koje ce 3Ha MPeKypcop, Y TOKY TpaHC-
¢opmanvja opraHcke CyICTaHIIe OBa jeJUemha TpIle U3BECHE CTPYKTYPHE M CTEPEOXEMMU]jCKe
npomeHe. Ha OCHOBY yCTaHOB/BEHOT IPEKypcOpa NOojefHUHauyHuX OHoMapKepa, IpoLemyje ce
MOPeKJI0 UCIIUTUBAHUX HAa(TH, a HA OCHOBY MHTEH3WTETa M THIA MPOMEHa, reoJiollka UCTO-
puja. OHa ywbydyje nedHHUCAme CpPeNUHE TaloXKema, CTelleHa MaTypHUCAaHOCTH, IyXKHUHe
MUTrpalMoHor IyTa HadTe, creneHa duoperpanauuje. Hajsuuie n3ydyaBaHu U NpPUMEHHUBAHU
OMONOIIKY MapKepy Cy HOPMa/IHU ajikaHH, U30IIPEHOUHHU anru(aTUYHU allakaHU [IPUCTaH U
(uTaH, U MOMMLUUKINYHY aJKaH{ TUIA cTepaHa ¥ TepnaHa. C opyre cTpaHe, y XeMHjH KUBOT-
He CpelVHe OBa jeflmernha y 3HaYajHOj MepH MOTy fa JONpHHeCYy UieHTHdHKauuju HadTHOT
MOJTyTaHTa, Kao U MPOLEHH MeXaHU3Ma MUrpauuje U WHTeH3uTeTa duomerpagauuje. Y oBoM
mperyiefHOM pafy MPBO Cy NMPHUKa3aHH Pe3yaTaTH KOjU Ce OOHOCe Ha NMPUMEHY OMOJIOIIKHUX
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Mapkepa y OpraHCKO reoXeMHjCKHM Kopenandjama HadTu jyroucroyHor pgena I[laHOHCKOT
dacena (I). Y mpyrom femy naT je mpersie[ OHMX paioBa y KOjuMa Cy UCTH OMOJIOIMIKH MapKepH
KopuirheHy y uneHTUdUKaLUju HaTHUX [oTyTaHaTa U y npahewy HEroBux NpOMeHa Y TOKY
Murpauuje ¥ duogerpagauuje y pekama 1 peuaum cegumentuma Cpouje (11).

11.

12.

13.

14.

15.

16.

17.

18.

19.

(ITpumibeHo 1. jyna, pesugupano 30. aBrycra, npuxsaheno 31. aBrycra 2021)
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