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Abstract: Twenty three crude oils from the Serbian part of the Pannonian Basin (14
from the VVojvodina Province and 9 from the Drmno Depression) were investigated,
aimed at an evaluation of oil-oil maturity correlation parameters based on the dis-
tribution and abundance of saturated biomarkers and alkylarene constituents. Factor
and cluster analyses were used for this purpose. Factor analyses using varimax rota-
tion were first run separately, i.e., of maturity parameters based on the abundance of
(a) n-alkanes and isoprenoids, (b) steranes and triterpanes, (c) alkylnaphthalenes,
and (d) alkylphenanthrenes. These analyses yielded 9 important “maturity factors”.
Eight of them, showing higher than 30 % of variance, were further involved in an-
other factor analysis, as well as in cluster analysis using the Ward method. In this
way, all maturity parameters based on saturated biomarkers and alkylarenes were
evaluated and ranged, considering the fact that the observed factors represented
their linear combinations. The results showed that in the correlation of crude oils
from the Serbian part of the Pannonian Basin, the most important were maturity
parameters based on isomerization reactions involving one methyl group in thermo-
dynamically less stable a-methylnaphthalenes, ethylnaphthalenes, dimethylnaph-
thalenes and methylphenanthrenes, and their change into more stable isomers with
the methyl group in the S-position in the aromatic ring. Processes constituting high
loadings factor 2 and factor 3 parameters were also defined. Hierarchy between the
“factors” and parameters were controlled, and approved, by cluster analysis using
the Ward method. Finally, the investigated crude oils were correlated by factor and
cluster analyses, using all the important “maturity factors”. Differences in maturity
were observed between the Vojvodina and Drmno Depression crude oils, as well as
between oils originating from South Banat, North Banat and the Velebit oil field
(Vojvodina locality).
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INTRODUCTION

Due to the advancement of instrumental methods, such as gas chromatogra-
phy (GC), gas chromatography—mass spectrometry (GC-MS), and recently GC-
—-MS-MS, very small (ppm) amounts of crude oil components were identified.
On the other hand, biosphere — geosphere transformation processes of a large
number of petroleum constituents were explained. Evidently, in addition to ori-
gin, the chemical composition of crude oils and thus their physical and physico-
chemical properties depended on the depositional environment, length of migra-
tion path, thermal maturation, microbiological degradation, water washing, and
lithology, temperature and pressure of the source and reservoir rocks.12

From the point of view of exploration studies, crude oil thermal maturation
may be considered as one of the most important geochemical effects. Maturation
processes involve cracking, isomerization and aromatization reactions, as well as
alkylation and dealkylation of aromatic rings. They commence in the source rocks;
continue during migration and in the reservoir rocks. During a long geological
time, they have been affected by heat, pressure and mineral catalysts,3 which
resulted in the formation of thermodynamically more stable structural and stereo-
chemical isomers or smaller molecules, as well as in transformation of saturated
into aromatic hydrocarbons. The degree of maturity is most often estimated on
the basis of parameters calculated from the distribution and abundance of satu-
rated5-8 and aromatic hydrocarbons,9-16 i.e., compounds which generally consti-
tute 95-98 % of crude oils.

Isomerization processes at chiral centers or in rings were used in maturity
estimation more often compared to cracking reactions, aromatization or alkyl-
ation—dealkylation processes.2 Parameters based on these processes also served
for corresponding correlations with vitrinite reflectance and depth of source rocks,
as well as with the maximal expulsion temperature of hydrocarbons. Moreover,
they also help in obtaining a better evaluation of reservoir potentials and
contribute to reducing the number of dry boreholes.17-20

A great number of different maturity parameters were hitherto proposed.
However, practically all of them were shown to perhaps depend on several of the
above-mentioned factors. Moreover, equilibria of a number of isomerization re-
actions, e.g., moretanes — hopanes; 22R — 22S hopanes; 14a(H)17(H) —
— 145(H)174(H) steranes; 20R — 20S steranes, are attained before the end of
catagenetic changes of organic matter of the source rock. Therefore, reliable eva-
luation of maturity parameters and their applicability in oil-oil and oil-source
rock correlations required the simultaneous critical consideration of all known
maturity parameters.2.16

In this paper, the applicability of almost all the hitherto known maturity pa-
rameters, based on the distribution and abundance of saturated and aromatic hy-
drocarbons, was investigated using as an example 23 crude oil samples origin-
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nating from the Serbian part of the Pannonian Basin (14 from Vojvodina loca-
lities and 9 from the Drmno Depression). For this purpose, different advanced
multivariate statistical methods'821-27 \were available. A new statistical ap-
proach was chosen, based on factor and cluster analyses. The investigated oils
were finally correlated according to maturity, using simultaneously all statisti-
cally selected crude oil maturity parameters.

EXPERIMENTAL

The most important oil and gas deposits in Serbia were discovered in the Banat Depression
(south—eastern part of the Pannonian Basin). The major part of the Banat Depression is located on
the territory of VVojvodina (north of the Sava and Danube rivers), while its smaller, southern part, is
situated in the vicinity of the city of PoZarevac (south of the Sava and Danube), forming the
separate, smaller, Drmno Depression (Fig. 1).

FIELD LIST:
1. Kikinda 7. Boka
2. Kikinda Varo§ 8. Jermenovei
3. Mokrin-south 9. Velika Greda-south
/&Kikinda 4. Elemir 10. Velebit
5. Karadordevo  11. Sirakovo
6. Itebej 12. Bradarac -Maljurevac

Hungary

eredng

W

Southeastern part
of the Fig. 1. Serbian Part of the

PANNONIAN BASIN | pannonian Basin with the lo-
calities of oil fields indicated.

The Banat Depression, with a surface of approximately 13,500 km2, is located in the south—east-
ern part of the Pannonian Basin. Twenty-three samples of crude oils from twelve Banat Depression
oil fields were investigated in this study, 14 samples originating from localities in VVojvodina, and 9
samples from Drmno Depression localities. The crude oil samples originated from reservoir rocks
located at depths of 752-2572 m. All Drmno depression crude oils were found in reservoir rocks of
Miocene age, and the crude oils from the Vojvodina localities in reservoir rocks of Paleozoic,
Mesozoic, Miocene and Pliocene ages. The stratigraphy of the Drmno Depression has previously
been studied in detail and the source rocks of the corresponding crude oils were identified.28-34
Crude oils from boreholes Bradarac—Maljurevac 2 and 4 originated from Red Formations. By seis-
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mic investigation, a large fault was discovered between these two boreholes (2 and 4). The bore-
holes Sirakovo 1, 2 and 18 are located in one zone, i.e., in a deeper, faulty zone, whereas the bore-
holes Sirakovo 19 and 20 are situated in another, shallower zone of the Ottnangian—Carpathian se-
diments. Badenian oil deposits were found at depths of 1804-1808 and 1985-1989 m.29.30.35 De-
tailed stratigraphic relationships between the Vojvodina Banat Depression crude oils have hitherto
not been determined. The locations of their source rocks are still unknown.

The list of the investigated samples, including data on depths, temperature, lithology and age
of the corresponding reservoir rocks, is given in Table I. The locations of the corresponding oil
fields are shown in Fig. 1.

TABLE I. The investigated crude oil samples with the corresponding basic geological characteristics

Sample Oil field Borehole Depth, m :ﬁi;ﬁlgg Lithology Age
V1 Kikinda 23 1196-1200 105.0 Sandstone Pliocene
V2 Kikinda 49 1730-1781 - Sand Pliocene
V3 Kikinda-Varo$ 3 1897-1942 108.0 Shale Paleozoic
V4 Velebit 87 753-759 61.4 Sand Pliocene
V5 Velebit 98 752-758 - Sand Pliocene
V6 Velebit 120 756-758 - Sand Miocene

2 V7  Mokrin-south 8 2040-2047 116.0 Conglomerate Miocene
8 V8  Mokrin-south 11 2040-2045 117.0 Sandstone Miocene
% V9 Jermenovci 1 896-899 61.7 Marly sandstone  Miocene
> V10 Boka 37/2  1196-1206 76.9 Sandstone, Miocene

limestone
V11 Karadordevo 10 2557-2572 139.2 Sandstone Mesozoic
V12 Itebej 8 2190-2198 126.6 Aleurolite Mesozoic
V13 Elemir 19 1657-1668 99.0 Sandstone Miocene
V14 Velika Greda- 20 1006-1010 60.4 Large-grain sand-  Miocene
south stone, conglomerate

PO1 Sirakovo 1 1778-1782 101.9 Sandstone, aleuro-  Miocene
lite, breccia, con- (Ottnangian—
glomerate —Carpathian)

o PO2 Sirakovo 2 1701-1704 98.0 Sandstone, aleu- Miocene
§ rolite, breccia, con- (Ottnangian—
% glomerate —Carpathian)
ﬁ PO3 Sirakovo 18 1544-1548 92.2 Sandstone, marl-  Miocene
Q stone, aleurolite, (Ottnangian—
5 limestone —Carpathian)
Z PO4 Sirakovo 19 1429-1436 85.8 Sandstone, marl-  Miocene
E stone, aleurolite, (Ottnangian—
o limestone —Carpathian)
PO5 Sirakovo 20 1440-1444 87.8 Sandstone, marl-  Miocene

stone, aleurolite,

limestone

(Ottnangian—
—Carpathian)
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TABLE I. Continued

Sample Oil field Borehole Depth, m tRe?;;T/S(I:r Lithology Age
PO6 Bradarac—-Ma- 2 2302-2307 121.9 Crystalline rock  Miocene (Red

O ljurevac Formations)

§ PO7 Bradarac-Ma- 4 2156-2170 116.0 Marlstone, sand- Miocene (Red

E.':J ljurevac stone, breccia, con- Formations)

N glomerate

8 PO8 Bradarac—-Ma- 5 1985-1989 107.0 Sandstone, aleuro-  Miocene

5 ljurevac lite, breccia, con-  (Baden)

Z glomerate

E PO9 Bradarac—-Ma- 10 1804-1808 99.0 Sandstone, aleuro-  Miocene

o ljurevac lite, breccia, con-  (Baden)

glomerate

The separation and purification of the saturated and aromatic fractions of the crude oils, as
well as the GC and GC-MS techniques, which were used for analyses of n-alkanes, isoprenoids,
steranes, terpanes, and individual alkylarenes, were explained in detail in previous papers.34:36.37

Based on the distribution and abundance of saturated biomarkers and alkylarenes, numerous
maturity parameters were calculated. The values of these parameters observed for the examined
Banat Depression crude oils are shown in Tables Il and I1I.

RESULTS AND DISCUSSION

Factor analyses using varimax rotation (program SPSS 11.5 for Windows)21,23,25
of the maturity parameters based on the abundance of (a) n-alkanes and iso-
prenoids, (b) steranes and triterpanes, (c) alkylnaphthalenes, and finally (d) alkyl-
phenanthrenes were first run separately.

Factor analysis of n-alkane and isoprenoid maturity parameters

The factor analysis of maturity parameters calculated on the basis of the dis-
tribution and abundance of n-alkanes and isoprenoids (Table Il) resulted in two
statistically important “maturity factors”:

Fla|kanes+isoprenoid5 = 095CP| + 090CP| 1 + 076Phyt/n-c18 + 037Pr/n-C17 -

— 0.09Pr/Phyt — 0.02Z0dd(n-C»1 — n-Caz)/Zeven(n-C12 — n-Csq)

and

F2a|kanes+isoprenoids = 09220dd(n-C21 - n'C33)/Zeven(n'C12 - n'CZQ) + 089Pr/n'C17 +
+ 0.57Phyt/n-C,5 — 0.55Pr/Phyt + 0.19CPI 1 — 0.03CPI

characterized by variances of 40.50 % and 38.56 %, respectively. As the cited
formulae show, the first factor was defined by high loadings (> 0.70) of the
parameters CPI and CPI 1, which represented the ratios of the odd vs. the even
n-alkane homologues (in the C14—C35 and C15—-C17 ranges, respectively), and the
phytane/n-Cqg ratio. “Maturity factor” 2 was determined by high loadings
(> 0.80) of the ratio of higher odd members (n-C21-n-C33) vs. lower even mem-
bers (n-C12—n-Cyq) of n-alkane homologous series, and the pristane/n-C17 ratio.
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Parameter Pr/Phyt was found to have no importance as a maturity indicator, a
fact which could have been expected, since it has often been shown that this ra-
tio, in addition to maturation, significantly depends on depositional environment
and origin.2:38 Moreover, it was shown earlier, with Drmno Depression crude
oils only, that this ratio may be used as a maturity parameter only for oils gene-
rated during the early stage of catagenesis.39-43 Due to categorization into Factor
1, parameters CPI, CPI 1 and Phyt/n-C1g may be supposed to be more reliable as
maturity indicators for the Banat Depression crude oils, compared to parameters
>o0dd(n-Cy1 — n-Cg3)/Zeven(n-C12 — n-Cop) and Pr/n-Cq7, which, based on high
loadings, defined Factor 2. Such a presumption is corroborated by the fact that in
“maturity Factor” 2, the loadings value of the Pr/Phyt ratio was significantly higher
than in Factor 1 (0.57 vs. 0.09), indicating that Factor 2 involved alkane pa-
rameters which, in addition to maturation, significantly depend on the depositi-
onal environment and origin. A better applicability of Phyt/n-C1g parameters
compared to the analogous Pr/n-C17 in maturity estimation of crude oils and se-
diments from the Serbian part of the Pannonian Basin was already observed in
earlier investigations.4344 This observation may be explained by the fact that
most of these samples have a relatively high content of pristane, due to genetic
factors and depositional environment effects, a fact which certainly limits the
application of the Pr/n-C17 ratio as a maturity indicator.

Factor analysis of sterane and terpane maturity parameters

Factor analysis of maturity parameters calculated based on the distribution
and abundance of sterane and terpane biomarkers (Table Il) resulted in two sta-
tistically important “maturity factors”:

Flsteranes+terpanes = 092C29TS/C29H + 077C31(S)/((S)+(R)) + 073C27dla/(dla+8tel’) +
+0.69C900(S)(edS)+ae(R)) — 0.51C9M/CagH + 0.39C0 SAR)(BAR)+acdR)) +
+0.38Ts/Ts+Tm + 0.30C3oM/C3oH

and

Fasteranes+terpanes=—0.86C30M/C3oH + 0.78C9 BAR)/(BAR)+aa(R)) +
+ 0.72Ts/(Ts+Tm) + 0.61Cog9aa(S)/(aa(S)+aa(R)) + 0.53Cy7dia/(dia+ster) —
—0.20C99M/CogH + 0.14C5gTs/CogH — 0.08C31(S)/((S)+(R))

characterized by variances of 38.54 % and 32.38 %, respectively.

High loadings (> 0.65) in the first “maturity factor” were observed for para-
meters based on isomerization reactions on chiral carbon atoms in the side chains
of Cog sterane and C3; hopane (20R — 20S; 22R — 22S), as well as for ratios of
typical geoisomers, Co7 diasterane and CpgTs, and the corresponding precursors
of Cy7 regular sterane or Cog hopane. The second factor was determined, with
high loadings values (> |0.70|), by parameters based on higher energy demanding
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isomerizations in rings (ao. — SBCog-steranes and Czgfia-moretanes — Csgaff-ho-
panes) and the Ts/(Ts+Tm) ratio. Separation of the related parameters CogTs/CogH
and Ts/(Ts + Tm) into different factors confirmed that the difference in stability of
Ts and Tm (3.8 kJ mol-1) is higher than in the case of CogTs and Cyg-hopane.4°
Consequently, the transformation Tm — Ts requires more energy, a fact which
explains the finding of the Ts/(Ts+Tm) ratio in Factor 2. The ratio of Cogaa-ste-
rane S- vs. R-isomers, in addition to significant loadings in Factor 1, showed a
certain degree of significance in Factor 2 as well (loadings of 0.61), confirming a
well-known geochemical fact that isomerization reactions in sterane biomarkers
side chains, as higher energy demanding, occur during advanced catagenesis,
compared to analogous terpane maturation transformations.1%.16.46 Formulae
Fisteranes+terpanes @Nd Fosteranes+terpanes Show that the Cog-moretane vs. Cog-ho-
pane ratio has no critical value for a significant loading of 0.60 or 0.70 in either
of the two factors. This is not surprising, due to the fact that earlier it was shown
that the Cog-terpane content in crude oils significantly depends on origin as well,
and that it is considerably higher in crude oils originating from calcareous deposits.4”

Factor analysis of alkylnaphthalene maturity parameters

The factor analysis of diarene maturity parameters (Table I11) resulted in two
statistically important “maturity factors”:

—0.64a/DN 1+ 0.63DNR 1+ 0.29TNR 1 + 0.07TNR 2
and

F2alkylnaphthalenes = 0.94TNR 2 + 0.84TNR 1 + 0.56DNR 1 — 0.52//DN 1 +
0.44DNXx + 0.42MNR + 0.38TNy + 0.16ENR — 0.04TNR 3

characterized by variances of 49.12 % and 30.28 %, respectively. Factor 1 was
determined by high loadings of maturity parameters based on isomerization of
thermodynamically less stable methyl- (MN), dimethyl- (DMN), trimethyl- (TMN)
and ethylnaphthalenes (EN) with alkyl groups in the a-position into the corre-
sponding thermodynamically more stable S-isomers. Specifically, parameters MNR,
DNx, TNR 3, TNy and ENR, characterized by the highest loadings in the more
significant “maturity factor”, comprise isomerization of just one aromatic ring al-
kyl substituent (a-MN — S-MN; aa-DMN — a-DMN; ofa-TMN — aff-TMN;
a-EN — S-EN). Parameters o/ /DN 1 and DNR 1, also conforming with the load-
ings limit of 0.60 in Factor 1, though with less significance compared to the
above mentioned parameters, comprise isomerization of two methyl groups on
the naphthalene ring (ca-DMN — S5-DMN), a change requiring more energy.
Consequently, it is not surprising that the loadings values of o/ /DN 1 and DNR 1
parameters are close to the significance limit value in Factor 2 as well. Factor 2 is
determined by the parameters TNR 1 and TNR 2, also based on isomerization of
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two methyl groups (efo-TMN — BBS-TMN). However, in this case the thermo-
dynamically most stable Bgg-isomer, i.e., 2,3,6-TMN, the formation of which
requires the most energy, is also involved.

Factor analysis of alkylphenanthrene maturity parameters

The factor analysis of the phenanthrene maturity parameters (Table I11) re-
sulted in three statistically important “maturity factors”:

Fla|ky|phenanthrenes = 096MP| 1 + 095MPR 1 + 092MP| 3 + 047MTR +

+ 0.20MDR + 0.15DMPI 1 + 0.06DMPI 2 + 0.05PAI 1
F2a|ky|phenanthrenes = —090PA| 1 + 088MDR + 075MTR - 048DMPI 1 +

+ 0.35MPI 3 + 0.24MPR 1 - 0.20MPI 1 + 0.11DMPI 2

and

F3alkylphenanthrenes = 0.93DMPI 2 + 0.73DMPI 1 — 0.23MTR + 0.14MPI 1 -
—0.08MDR + 0.07MPI 3 + 0.07MPR 1 — 0.05PAI 1

characterized by variances of 37.22 %, 32.38 % and 18.62 %, respectively. The
most important triarene “maturity factor” was defined by the MPI 1, MPR 1 and
MPI 3 ratios, based on the isomerization of one methyl group in the thermody-
namically less stable a-methylphenanthrenes (1-MP and 9-MP), into the corres-
ponding more stable isomers with the methyl group in the g-position (2-MP and
3-MP). Factor 2 was determined by high loadings of the MTR and MDR para-
meters, based on dealkylation reactions of trimethyl- (TMP) and dimethylphen-
anthrene (DMP) into the corresponding methylphenanthrenes (MP), as well as
the PAI 1 ratio, based on the alkylation—dealkylation transformation phenan-
threne (P) S methylphenanthrenes (MP). In a number of investigations, it was
shown that dealkylation processes requiring more energy occurred at more ad-
vanced thermal maturity, compared to the isomerizations a-MP — -MP.5.11,36,37,46,48
Hence, generally, factor analysis of maturity parameters calculated on the basis
of the distribution of different types of petroleum hydrocarbons clearly indicates
the energy changes required for individual maturation processes.

In the last, Factor 3, high loadings values were observed with dimethylphe-
nanthrene indexes DMPI 1 and DMPI 2, also defined by isomerizations (a — /)
in dimethylphenanthrene molecules. The low percent of variance (18.62 %) in
this case was not surprising, considering the fact that the corresponding para-
meters involved a large number of isomers of different stability (see Appendix),
which co-eluted during the GC and GC-MS analyses.

Re-evaluation of all extracted ““maturity factors™

All “maturity factors” observed in individual factor analyses showing higher
than 30 % of variance (i.e., all factors extracted from separate analyses, except
F3alkylphenanthrenes), Were involved in another factor analysis, and also in cluster
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analysis using the Ward method (Table IV, Fig. 2). In this way, all maturity
parameters based on saturated biomarkers and alkylarenes were re-evaluated,
considering the fact that the observed “maturity factors” represented their linear
combinations. For this purpose, a loadings value of |0.70| was taken as the sig-
nificance limit, aimed at a more reliable consideration of “maturity factors”.

TABLE IV. Results of the final factor analysis of “maturity factors” based on saturated biomarkers
and alkylarenes maturity parameters

Varimax rotated component matrix

Factor (% of variance)

Variables

1(29.07) 2 (26.80) 3(22.86)
F1alkanes+isoprenoids -0.32 -0.10 0.83
F2alkanes+isoprenoids -0.65 -0.31 -0.37
F1steranes+terpanes 0.10 0.90 -0.06
Fasteranes+terpanes 0.29 0.03 0.89
F1alkyinaphtalenes 0.92 -0.02 0.03
F2alkyinaphtalenes 0.03 0.88 -0.20
F1alkylphenanthrenes 0.92 0.08 -0.14
F2alkylphenanthrenes 0.09 0.67 0.36

The most important Factor 1 in the final factor analysis was defined by the
F1alkylnaphthalenes and Fialkylphenanthrenes factors (loadings > 0.90), which repre-
sented linear combinations of parameters based on isomerization of one alkyl
group from the a- into S-positions in the aromatic rings of MN, EN, DMN, TMN
and MP (Table IV). Factor 2 was determined by high loadings of factor
F1steranes+terpanes, Pased on isomerization reactions in the aliphatic chains of sa-
turated biomarkers, and transformations of steranes into diasteranes and Cyg-ho-
pane into CpgTs, and factor Foalkyinaphtalenes: based on the isomerization of two
methyl groups « — fin the rings of trimethylnaphthalenes, including the most
stable ggp-isomer, 2,3,6-TMN. In the last significant factor, Factor 3, high load-
ings were observed with Fiajkanes+isoprenoids @d Fasteranes+terpanes, Which inclu-
des the ratio of odd vs. even n-alkanes, the parameter Phyt/n-C1g, as well as pa-
rameters based on transformations in the rings of polycyclic saturated biomarkers
(steranes and terpanes), and Tm — Ts (Table 1V). The presumption derived from
individual factor analysis of n-alkane and isoprenoid maturity ratios that para-
meters determining the factor Faaikanes+isoprenoids Were not reliable maturity in-
dicators was in this way corroborated, since the mentioned factor showed rela-
tively low maximal loadings value (—0.65) compared with other “maturity
factors” (Table IV). Also, the relatively low maximal loadings value observed for
factor Faaikylphenanthrenes (0.67), defined by alkylation—dealkylation methylphen-
anthrene processes, compared to other “maturity factors”, was not surprising,
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since it was often suggested that during catagenesis alkylation reactions occur
first on the phenanthrene ring and only later, in the stage of the “oil window”, the
reaction changes direction into the reverse dealkylation process. Application of
dealkylation phenanthrene parameters as maturity indicators is, therefore, limited
only to crude oils characterized by higher degrees of thermal maturity,>11,36,46
which is in agreement with their smaller significance in the factor analysis.

Hierarchy within the observed factors/parameters was additionally checked
by cluster analysis using the Ward method (Fig. 2).

Hierarchical cluster analysis

Dendrogram uzing Ward method

Eescaled distance cluster combine

Case 0 5 10 15 20 25

Label Num +--------- Fommmm oo o mmm oo e tommmmmme +

F alkyphenanthrenes
Fy alkylnaphthalenes

8

3
Plsteranesﬂerpanes 3 :’—|
PZ alllnaphthalenes 3

7

4

1

lalkylphenanthrenes
2steranesterpanes
lalkanesHsoprenoids

]

PZ alkanesHsoprenoids

Fig. 2. Dendrogram from cluster analysis using the Ward method of “maturity factors” based on
maturity parameters of saturated biomarkers and alkylarenes.

Two groups of “maturity factors” clearly separated in the dendrogram, which
are shown in Fig. 2. The first group is composed of “maturity factors” which,
showing high loadings values, defined Factors 1 and 2 in the collective factor
analysis (Table 1V). “maturity factors” which showed significant loadings values
in Factor 3 of the collective factor analysis (Table 1V), formed the second group.
The “maturity factor” Faaikanes+isoprenoids Joined the latter group as a special
member, confirming that the parameters Pr/n-Cq7 and Xodd(n-C;—n-Cs3)/
/Zeven(n-C12—n-Coq) which define it, are less important in the estimation of the
maturity of Banat depression crude oils. Fig. 2 also shows that the factors in the
first group are divided into two subgroups, which completely correspond with
high loadings “maturity factors” in Factor 1 and 2 from the collective factor ana-
lysis (Table 1V). Finally, the distance of the “maturity factor” Faajkyiphenanthrenes
based on dealkylation reactions of TMP, DMP and MP, from factors
Fisteranes+terpanes @Nd Falkylnaphthalenes (Fig. 2) is in concordance with the lower
loadings value of this “maturity factor” in Factor 2 in the collective factor ana-
lysis (Table 1V). These observations indicate the full agreement of the results of
factor and cluster analyses of “maturity factors” and confirmed the maturity pa-
rameters based on the isomerization of one methyl group from a- into g-positions
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in naphthalene and phenanthrene aromatic rings to be most reliable in the in-
vestigation of the thermal maturity of crude oils originating from the Serbian part

of the Pannonian Basin.

Correlation of the investigated oils based on maturity parameters

The investigated crude oils were classified according to maturity, using for
this purpose factor and cluster analyses, and taking into consideration, simulta-
neously, all eight “maturity factors” from the individual factor analyses showing
variances higher than 30 %, i.e, all parameters calculated on the basis of the dis-
tribution and abundance of constituting saturated and aromatic hydrocarbons (Fig. 3).

a)
P2
o
2 POle
V&
1 POSSE POE|VT
F2 pOgo POg" o1l V4 6
0 PO7Y V1245 "y
WVio o'b
vip V13 W5

b) Hierarchical cluster analysis
Dendrogram using Ward method

Eescaled distance cluster combine

25

Fig. 3. Correlation of investigated oils
according to maturity using factor (a)
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Label DIMNum +-—--—-—---- Hmmmmm o e S el +
V1 1
2 2
3 3
Vi 12
Viz 13
Vil 1
Vi 14
w7 7
e g —I
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Ve 6 El—
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s u— }7
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PO4 13

POS 19 Di
poz 17

PO1 15

Pz 16 —J
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and cluster (b) analyses of all
“maturity factors”.
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Based on factor analysis, a 3D diagram was constructed, the axes of which
represent three factors derived from collective factor analysis (Fig. 3; Table V).
In Fig. 3, three groups of oils are clearly distinguished: the first composed of
samples from the Drmno Depression (PO1-PO8); the second composed of sam-
ples from the localities Jermenovci (V9), Boka (V10), and one single crude oil
from the Drmno Depression (PO9); the third included all the other investigated
Vojvodina crude oils. Within the last (third) group, the crude oils V4-V6, from
the Velebit locality, are somewhat separated.

The observed categorization showed the Drmno Depression crude oils to dif-
fer from the Vojvodina crude oils not only according to their genetic type, but al-
so according to their thermal maturity. Moreover, in this way, the presumption is
confirmed that South Banat crude oils, in the first place the oils from Jermenovci
and Boka, differ from North Banat and Backa crude 0ils.40.49 The exceptional
close relation of sample PO9 from the Drmno Depression with the South Banat
crude oils (Fig. 3a) indicates a certain connection of the samples originating from
these two localities, a fact also observed in geological investigations (A. Kosti¢,
personal communication). The finding of the Velebit crude oils in a separate sub-
group is also in agreement with up-to-date geological and geochemical investiga-
tions, which, on the one hand, suggested homogeneity of this oil field, and, on
the other, differences from North Banat crude oils.?>**%

The investigated oils were also classified by Ward cluster analysis (Fig. 3b)
using all eight “maturity factors”, i.e., all constituting parameters. The results ob-
served were in full accordance with the results obtained by factor analysis (Fig. 3a):
the Drmno Depression crude oils PO1-PO8 were clearly separated, the exception
being the sample PO9. Furthermore, within the “large” second dendrogram branch,
a group of oils was observed composed of sample PO9 and South Banat oils Jer-
menovci and Boka (V9 and V10). A slight separation of Velebit oils was also ob-
served. Hence, factor and cluster analyses were in full agreement in both the eva-
luation of maturity parameters, as well as in the maturity classification of the
crude oils.

CONCLUSIONS

Crude oil maturity parameters based on the distribution and abundance of sa-
turated biomarkers and alkyl arenes were evaluated using a novel approach in
factor and cluster analyses. For this purpose, 23 samples of crude oils originating
from the Serbian part of the Pannonian Basin were investigated. Furthermore, the
investigated crude oils (from localities in Vojvodina and the Drmno Depression)
were correlated by simultaneous consideration of a large number of selected
“maturity” parameters.

The results of factor and cluster analyses suggested that parameters based on
the isomerization of one alkyl group from a- into S-positions on the aromatic ring
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of methylnaphthalenes, ethylnaphthalenes, dimethylnaphthalenes, trimethylnaph-
thalenes and methylphenanthrenes, were the most important parameters in matu-
rity investigations of Banat Depression crude oils. They were followed by ma-
turation indexes based on the isomerization on chiral centers (R — S) in the side
chains of polycyclic saturated sterane and terpane biomarkers, as well as ratios
based on the isomerization of two methyl groups from a- into S-positions on the
aromatic ring of trimethylnaphthalenes. The last statistically important factor was
defined by ratios based on isomerization in the rings of polycyclic sterane and
terpane alkanes and parameters CPI, CPI 1 and Phyt/n-C4g, calculated from the
distribution and abundance of n-alkanes and isoprenoids.

The factor and cluster analyses indicated a limited applicability of indexes
based on P, MP, DMP and TMP alkylation-dealkylation transformations, Pr/Phyt,
and Pr/n-C47 parameters, and ratios of higher odd vs. even n-alkane members, in
the maturity evaluation of crude oils from the Serbian part of the Pannonian Basin.

In individual factor analyses of parameters calculated on the basis of the dis-
tribution of individual types of saturated and aromatic hydrocarbons, good agre-
ement was observed between the distribution of the parameters among the fac-
tors, and the energy necessary for the corresponding maturation changes.

Correlation of crude oils based on the simultaneous consideration of a large
number of selected “maturity” parameters showed the Vojvodina and Drmno De-
pression crude oils to differ not only according to genetic type, but also according
to thermal maturity.

According to maturity, three groups of samples were distinguished among
the Vojvodina crude oils: North Banat localities, the Velebit oil field, and South
Banat locality. Furthermore, certain similarities were observed in the thermal ma-
turity of South Banat (Jermenovci and Boka) and Drmno Depression (Bradarac—-Ma-
ljurevac) crude oils. Both conclusions are in agreement with presumptions based
on geological investigations.
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Natural Resources) for his help with the GC-MS analyses. This work was supported in part by the
Research Fund of the Republic of Serbia.

APPENDIX

MNR = 2-MN/1-MN?®

ENR = 2-EN/1-EN10

DNR 1 = (2,6- + 2,7-DMN)/1,5-DMN?10

ol fON 1= (1,4- + 1,5- + 1,8 + 2,3-DMN)/(2,6- + 2,7-DMN)5!
DNXx = (1,3- + 1,6-DMN)/(1,4- + 1,5-DMN)*3:52

TNR 1 =2,3,6-TMN/(1,3,5- + 1,4,6-TMN)13

TNR 2 =(1,3,7- + 2,3,6-TMN)/(1,3,5- + 1,3,6- + 1,4,6-TMN)3
TNR 3 =1,3,6-TMN/1,2,5-TMN12

TNy = (1,3,6- + 1,3,7-TMN)/(1,3,5- + 1,4,6-TMN)*3:52

MPI 1 = 1,5(2- + 3-MP)/(P+1- + 9-MP)?
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MPI 3 = (2- + 3-MP)/(1- + 9-MP)11

MPR 1= 2-MP/1-MP10

DMPI 1 = 4(2,6- + 2,7- + 3,5- + 3,6-DMP + 1- + 2- + 9-EP)/(P+1,3- + 1,6- + 1,7- + 2,5- +
+2,9-+2,10- + 3,9- + 3,10-DMP)®

DMPI 2 = (2,6 + 2,7- + 3,5-DMP)/(1,3- + 1,6- + 2,5- + 2,9- + 2,10- + 3,9- + 3,10-DMP)10

PAI 1 = (1- + 2- + 3- + 9-MP)/P>4

MDR = SMP/ZDMP*3:52

MTR = SMP/STMP43:52

MN - Methylnaphthalene; EN — ethylnaphthalene; DMN - dimethylnaphthalene; TMN - tri-
methylnaphthalene; P — phenanthrene; MP — methylphenanthrene; DMP — dimethylphenanthrene;
EP — ethylphenanthrene.

NU3BOJ

EBAJIVAIIUJA MATYPAITUOHUX ITAPAMETAPA 3ACHOBAHUX HA 3ACMREHUM U
APOMATHUYHUM YTJbOBOJOHUIIMMA V KOPEJIAIININ HAGTA-HADTA
(JYTOMCTOYHU JEO ITAHOHCKOI' BACEHA, CPBUJA)

KCEHUJA CTOJAHOBURY2, BPAHUMUP JOBAHUNREBH RS, JIPATOMUP BUTOPOBHR??, YULIA GOLOVKO?,
GALINA PEVNEVA* u ANATOLY GOLOVKO*

*Meduyuncku paxyaitieinn Ynusepsuiueina y beozpady, Buwezpaocka 26, 11000 Beozpao, 2UXTM — Lenitap 3a
xemujy, Hhezowesa 12, 11000 Beozpad, 3 Xemujcxu pakyaiiei Yrnusepsuisieiia y Beozpady, Citiydeniicku iuip? 1216,
11000 Beozpad u *Institute of Petroleum Chemistry, 3, Academichesky Ave., 634055 Tomsk, Russia

VY oBoM paxmy je, IPIMEHOM HOBOT NPHUCTyNAa y (PaKTOPCKOj M KJIACTEPCKO] aHAIM3H, €Ba-
JIyHpaH 3Hayaj MaTypalMOHHX MapaMerapa 3aCHOBaHHX Ha pAcIoJeNd U OOWIHOCTH 3aculieHHMX
Omomapkepa W ajJKuiapeHa y Kopenanuju HadpTa-Hadra Ha mpuMepy 23 y30pka cHpoBE HaTe u3
nena ITanonckor Oacena y Cpouju (14 ca nokamurera y BojBomuuu u 9 u3 menpecuje JpMHO).
dakTopcke aHanu3e Cy, y3 MPUMEHy varimax poTaumje, Hajmpe H3BOjeHe MoceGHO ca MaTypa-
LHOHKM MapaMeTpUMa M3pauyHaTHM W3 PAcrojese U OOMIHOCTH (&) N-aJikaHa W W30MPEHOUAHHUX
ampatnyHuX ankaHa, (0) cTepana u Tputepnana, (B) ankwiHadraneHa u (r) ajdkmieHaHTpeHa.
OBe ananuse pesynTupaie cy ca 9 3HadajHUX “MaryparuoHux ¢akropa”’. OcaMm o BHUX, KOjH CY
nmoka3uBaiy npoueHat Bapujauuje Behu o 30 %, ykibydeHH Cy y HOBY (DaKTOPCKY H KIACTEPCKY
ananmsy, y3 npumeny Ward meroze. Ha Taj Ha4uH Cy CBH MaTypalMOHH [apaMeTPH 3aCHOBAHH Ha
pacniogenu u oOuiIHOCTH 3acuMheHHX OMOMapKepa M ajKWiIapeHa OWIM NPOLECHEHH M PAHTHUPaHU,
nMajyhu y Buly unmeHHI Ja (axTopu NpencTBabajy BUXOBe JHHeapHe komOuHanuje. Pesynraru
Cy TOKasaIu Ja cy 3a kopenaunujy Hadru u3 nena Ilanonckor Gacena y CpOuju Haj3HauajaHUjU
MaTypalMoHH TapaMeTpy 3aCHOBaHH Ha W30MEPU3ALMjU je[HE AJKWI-TPYIe U3 0- Y TEepMOJMHA-
MHUYKH CTaOWJIHHUjE f-TIONIOXKAje Ha apOMATHYHOM NPCTEHY MeTWIHA(TaleHa, eTHiHadTaleHa, Iu-
MetwiHadTaneHa, TpuMeTriHadTaneHa u MetiwidenanTpeHa. Takohe, oapehenu cy napamerpu/Tu-
MOBU MaTypalHOHUX peakKlija Koju Cy y Benukoj mepu neduuucamu dakrope 2 u 3. Penocnen u
cariacHocT u3Mely ¢akropa, 0nHOCHO IapaMerapa, IpOBEpeHa je U NOTBpleHa KIIACTEPCKOM aHa-
nu3oM y3 npumeny Ward merone. KoHayHo, MCIIHTHBAaHH y30pLM CHpOBE HadTe Cy KOpENIHCaHd
nomohy axropcke U knactepcke aHanmse, KopucTehu cse 3HauajHe “Marypanuone daxrope”. Pas-
JIIKE y CTENeHYy TepMHUYKE 3peJIOCTH youeHe cy kako m3Mmely y3opaka w3 BojBoamne u nempecuje
IpmHo, Tako u u3mel)y y3opaka n3 Bojeoaune koju moTuuy M3 JeXKHUIITA jy)KHOT baHaTa, ceBepHOT
Banara u HadtHOT nosba Benebut.

(Mpumsbero 10. maja 2007)
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