ISSN 0016-7029, Geochemistry International, 2007, Vol. 45, No. 8, pp. 781-797. © Pleiades Publishing, Ltd., 2007.

New Maturation Parameters Based on Naphthalene
and Phenanthrene Isomerization and Dealkylation Processes
Aimed at Improved Classification of Crude Qils (Southeastern
Pannonian Basin, Serbia)!

K. Stojanovié¢«<, Br. JovanCiéevié¢?<, Dr. Vitorovié¢?<, G. S. Pevneva?,
Ju. A. Golovko?, and A. K. Golovko?

¢ Department of Medicine, University of Belgrade, ViSegradska 26, 11000 Belgrade
b Department of Chemistry, University of Belgrade, PO Box 158, 11001 Belgrade
¢Center of Chemistry, IChTM, Njegoseva 12, 11000 Belgrade, Serbia and Montenegro
4 Institute of Petroleum Chemistry, pr. Academichesky 3, Tomsk, 634021 Russia
e-mail: bjovanci@chem.bg.ac.yu; pevneva@ipc.tsc.ru
Received November 15, 2005

Abstract—Aiming at improved classification of crude oils, naphthalene and phenanthrene isomerization and
dealkylation processes were considered in detail as a possible basis to select new maturation parameters. Crude
oils originating from the Banat depression (Southeastern Pannonian Basin, Serbia) were used as objects of our
study. Four new maturation parameters are proposed in this paper. Two of them are based on dimethylnaphthalene
(DMN) and trimethylnaphthalene (TMN) isomerization reactions: DNx = (1,3-DMN + 1,6-DMN)/(1,4-DMN +
1,5-DMN) and TNy = (1,3,6-TMN + 1,3,7-TMN)/(1,3,5-TMN + 1,4,6-TMN). The other two are based on dem-
ethylation of dimethyl- and trimethylphenanthrenes (DMP and TMP) into corresponding methylphenanthrenes
(MP): MDR = XMP/EXDMP and MTR = XMP/EZTMP. The new parameters' advantageous applicability was
demonstrated by factor analysis, comparing them with maturation parameters known from literature.
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INTRODUCTION

Crude oil maturity has so far been estimated mainly
based on parameters calculated from distribution and
abundance of either saturated or aromatic hydrocarbons.

The applicability of alkanes in maturity assessment
is limited due to the fact that the abundance and distri-
bution of n-alkanes and isoprenoid aliphatic alkanes are
strongly influenced by other factors such as origin, dep-
ositional environment, and biodegradation. Further-
more, it is well known that in terpane and sterane
isomerization reactions equilibria are established
before the last stages of organic matter catagenesis
(Ro = ~0.65% and Ro = ~1.00%, respectively; [1]).
Also, a significant effect of minerals on isomerization
reactions such as C,;-170(H)-22,29,30-trisnorho-
pane — C,;-18au(H)-22,29,30-trisnorho-pane (Tm —
Ts) and steranes—diasteranes have been observed [1, 2].
Consequently, maturity classification of crude oils
based on terpane and sterane maturation parameters is
not quite satisfactory.

Reactions involving aromatic hydrocarbons, in the
first place alkyl-naphthalenes and alkyl-phenanthrenes,
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were lately increasingly used for maturity assessment
of crude oils and source rock bitumens. The depen-
dence of abundance and distribution of aromatic hydro-
carbons on the maturity of source rock bitumens and
crude oils has extensively been studied and confirmed
in a great number of papers [3-11]. However, it was
shown that abundance and distribution of these hydro-
carbons in bitumens and crude oils may also be, to a
certain degree, though less compared to saturated
hydrocarbons, influenced by origin [5, 6, 12-14], bio-
degradation [15-18], migration [19], mixing of crude
oils of different maturity in reservoirs [20], and mineral
catalyst effects in source or reservoir rocks [20-23].
Thus, for example, the reliability of one of the parame-
ters, the methylphenanthrene index 1 (MPI 1), was
shown to be insufficient in maturity estimation of bitu-
mens originating from kerogens of dominant algal ori-
gin [24-26], as well as crude oils containing high
amounts of sulfur [24, 27]. Nevertheless, due to doubt-
less relevant potential of aromatic hydrocarbon reac-
tions, a permanent interest for this type of compound
led to the investigating and defining of new maturation
parameters based on distribution and abundance of aro-
matic hydrocarbons (e.g., [28]).
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One of the most important maturation processes
occurring during sedimentary catagenetic evolution is
the isomerization of substituted naphthalenes and
phenanthrenes containing alkyl groups in o-position,
into thermodynamically more stable forms with substit-
uents in B-position [3-5, 7, 8, 20, 29]. Based on ratios
between these isomers, most of the so-called naphtha-
lene—phenanthrene  maturation parameters were
defined. Examination of a great number of crude oils
and source rock bitumens, as well as the corresponding
geosynthetic reactions, has shown that, in addition to
o — [} isomerization, alkylation—dealkylation pro-
cesses were also an important factor in maturation
changes [5, 11, 13, 20, 30, 31]. It was therefore sug-
gested that parameters based on this type of reaction
may also serve for crude oil maturity estimation [11,
32, 33].

In this sense, searching for more reliable maturation
parameters, aimed at improved crude oil classification,
naphthalene and phenanthrene isomerization, and
dealkylation processes, as a possible basis for design-
ing new parameters, were studied in detail in this paper.
Their applicability was verified by comparing them
with known maturation parameters calculated from the
distribution and abundance of aromatic hydrocarbons,
with the help of factor analysis (software program
SPSS 10.0 for Windows; [34-37]).

Crude oil samples recovered from the Banat depres-
sion were used as the objects under study. As to the
Banat depression, it constitutes a major part of the
Southeastern Pannonian Basin (Serbia). The Banat
depression is divided into two parts. The major part of
the Banat depression is located on the territory of the
Province of Vojvodina (north of the rivers Sava and
Danube), while its smaller, southern part is located
south of the Danube, near the City of PoZarevac, and is
called the Drmno depression [38]. Most of these crude
oils were not exposed to microorganisms in reservoirs
[39, 40]. Minimal biodegradation was observed only
with several samples originating from the Velebit and
Boka oil fields [41, 42]. These crude oils are character-
ized by mixed origin: Vojvodina crude oils by a larger
contribution of marine type biomass and those from the
Drmno depression by biomass of terrestrial origin [40,
43]. According to the depositional environment, the
Drmno depression crude oils were found to differ from
each other [44]. Similar differences were also observed,
to a certain degree, with some crude oils originating
from the Banat depression [40].

So far several bulk parameters of these crude oils
were determined. Also, n- and isoprenoid aliphatic
alkanes and polycyclic alkanes of sterane and terpane
types were analyzed in detail [39, 41, 43]. The corre-
sponding hopane and sterane parameters suggested the
Southeastern Pannonian Basin crude oils to have origi-
nated mainly from source rocks of tertiary age. They
were of medium to high maturity [39, 40, 45, 46], i.e.,
the Vojvodina oil field crude oils (e.g., Kikinda and
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Mokrin-south) of higher maturity compared to crude
oils from the Drmno depression (e.g., Bradarac-Ma-
ljurevac) [43, 45].

Aiming at improved classification of crude oils, par-
ticularly those originating from the Pannonian Basin,
the maturity of twenty one crude oil samples from
twelve Banat depression oil fields was studied in this
paper on the basis of known and new maturation
parameters calculated from the abundance and distribu-
tion of the components in the aromatic fractions.

SAMPLES AND METHODS
Samples and Geological Setting

The examined crude oil samples originated from the
Pannonian Basin. This basin, of an area of approxi-
mately 260000 km?, belongs to the category of hyper-
thermal basins, characterized by a high geothermal gra-
dient, in some parts up to 70°C/km. Such a high geo-
thermal gradient provided satisfactory heating even of
Pliocene sediments [38]. The Pannonian Basin is of
complex geological structure. It is not a uniform sedi-
mentary basin. During Neogene and Anthropogene
intense tectonic activity, followed by volcanism of vari-
able intensity, resulted in the formation of a number of
tectonic depressions, characterized by specific geolog-
ical and geotectonic development [47]. The oil window
in this basin is considered to begin at a depth of 2-3 km
and to end at 3.5 to 5 km (corresponding to a vitrinite
reflectance of Ro = 0.60-1.30%). Hence, most of the
Middle Miocene and Lower Pannon sediments already
passed through the oil window phase [48, 49].

The Serbian part of the Pannonian Basin consists of
Tertiary Banat, South Backa, Danube-Morava, and
Srem subbasins, each of which have an independent
tectonic, sedimentary, and geothermal history [50].
The Banat depression, of an area of approximately
13500 km?, is located in the southeastern part of the
Pannonian Basin. Tertiary sediments are at a greatest
depth north of Kikinda (over 4500 m). Towards the
south and west, the depression is shallower. Successive
occurrences of petroleum and gas in the profile of ter-
tiary sediments of the Banat depression, as in the Pan-
nonian Basin, generally indicate the existence of sev-
eral migration paths and corresponding hydrocarbon
accumulations.

Twenty-one samples of crude oils from twelve
Banat depression oil fields were investigated in this
paper, fourteen samples originating from localities in
Vojvodina and seven samples from the Drmno depres-
sion localities. These crude oils are produced from res-
ervoir rocks located at depths of 755.0-2304.5 m. All
Drmno depression crude oils are found in reservoir
rocks of Miocene age, and the crude oils from Vojvo-
dina localities occur in reservoir rocks from Paleozoic,
Mesozoic, Miocene, and Pliocene age. The Drmno
depression stratigraphy has so far been studied in detail
and the source rocks of the corresponding crude oils

No.8 2007



NEW MATURATION PARAMETERS BASED ON NAPHTHALENE

Table 1. The investigated crude oil samples
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Bore- Reservoir
N°| Sample Oil field Depth (m) |temperature Lithology Age
hole ©C)
1 V1 |Kikinda 23 [ 1196-1200 105.0 Sandstone Pliocene
2 V2 |Kikinda 49 | 1730-1781 / Sand Pliocene
3 V3 |Kikinda-Varo 3 11897-1942 108.0 Shale Paleozoic
4 V4 | Velebit 87 | 753-759 61.4 Sand Pliocene
5 V5 | Velebit 98 | 752-758 / Sand Pliocene
6| <« | V6 |Velebit 120 | 756758 / Sand Miocene
7 % V7 | Mokrin-south 8 |2040-2047 116.0 Conglomerate Miocene
8 g V8 | Mokrin-south 11 |2040-2045 117.0 Sandstone Miocene
9| 3 | V9 |Jermenovci 1| 896-899 61.7 | Marly sandstone Miocene
10 > V10 | Boka 37/211196-1206 76.9 Sandstone, limestone Miocene
11 V11 | Karadordevo 10 | 2557-2572 139.2 Sandstone Mesozoic
12 V12 | Itebej 8 [2190-2198| 126.6 Aleurolite Mesozoic
13 V13 | Elemir 19 | 1657-1668 99.0 Sandstone Miocene
14 V14 | Velika Greda-south 20 | 1006-1010 60.4 Large-grain sandstone, |Miocene
conglomerate
15 PO1 | Sirakovo 1 |1778-1782 101.9 Sandstone, aleurolite, Miocene
breccia, conglomerate | (Ottnangian-Carpathian)
16 S:) PO?2 | Sirakovo 2 11701-1704 98.0 Sandstone, aleurolite, Miocene
> breccia, conglomerate | (Ottnangian-Carpathian)
17 [&J PO3 | Sirakovo 18 | 1544-1548 92.2 Sandstone, marlstone, Miocene
R f\]t aleurolite, limestone (Ottnangian-Carpathian)
18 g PO4 | Sirakovo 20 | 1440-1444 87.8 Sandstone, marlstone, Miocene
| aleurolite, limestone (Ottnangian-Carpathian)
19 % POS5 | Bradarac-Maljurevac 2 |2302-2307 121.9 Crystalline rock Miocene (Red series)
20 E POG6 | Bradarac-Maljurevac 4 21562170 116.0 Marlstone, sandstone, Miocene (Red series)
o breccia, conglomerate
21 PO7 | Bradarac-Maljurevac 5 11985-1989 107.0 Sandstone, aleurolite, Miocene (Baden)
breccia, conglomerate
were identified [50-54]. Crude oils from boreholes Analytical Methods

Bradarac-Maljurevac 2 and 4 originate from Red For-
mations. By seismic investigation a large fault was dis-
covered between these two boreholes (2 and 4). The
boreholes Sirakovo 1, 2, and 18 are located in one zone,
i.e., in the deeper, faulty zone, whereas the borehole
Sirakovo 20 is situated in another, shallower zone of the
Ottnangian-Carpathian sediments. A Badenian oil
deposit was found at the depth of 1989-1985 m [46, 52,
53]. Detailed stratigraphic relationships between the
Vojvodina Banat depression crude oils have so far 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 corre-
sponding reservoir rocks, is given in Table 1. The loca-
tions of the corresponding oil fields are shown in Fig. 1.

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 8

Saturated hydrocarbons were isolated from the
crude oil samples by column chromatography using si-
lica gel as adsorbent and petroleum ether as eluent.
Polycyclic alkanes of triterpane and sterane types in the
corresponding saturated hydrocarbon fractions were
analyzed by the gas chromatographic-mass spectromet-
ric technique (GC-MSD). Hewlett Packard 5890,
Series II gas chromatograph, with a HP-5SMS capillary
column, using helium as a carrier gas (1 cm®/min) was
coupled with a mass selective detector (Hewlett Pack-
ard 5972 MSD, 70 eV). The Single Ion Monitoring
(SIM) method was used for the identification of indi-
vidual components. Terpanes were identified on the
basis of m/z 191 and steranes, based on m/z217 ion frag-
mentograms.

Naphthalene and phenanthrene isomers were iso-
lated and identified using a specially designed proce-
dure [32, 33, 55], consisting of preliminary elimination
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Fig. 1. Location of the examined crude oil fields.

of asphaltenes (precipitation by n-heptane), NSO com-
pounds (insolubile in n-hexane; separation by Soxhlet
extraction), and n-alkanes (urea adduction), followed
by column chromatography (y-Al,O5;; 80 : 1) using
n-hexane and n-hexane/benzene mixture (3 : 1) as elu-
ents for quantitative isolation of di- and tricyclic aro-
matic hydrocarbons and benzene and benzene/ethanol
mixture (1 : 1) for isolation of polycyclic aromatic
hydrocarbons with more than three rings and traces of
resins. Eluates were collected in 5-10 cm® portions
whose separation into saturated mono-, di-, and tricy-
clic aromatic hydrocarbon fractions was achieved by
the help of UV spectroscopy (Specord, UV-VIS) and
thin layer chromatography (Silufol 254; standard mixture
of n-hexylbenzene : 1,6-dimethylnaphtalene : phenan-
threne:chrysene = 20 : 5 : 3 : 1; mobile phase n-hexane:
chloroform =95 : 5; UV lamp, A = 254 nm).

Di- and triarenes were analyzed by GC (Model
3700; capillary column Se 54; He carrier gas; FID). The

GEOCHEMISTRY INTERNATIONAL  Vol. 45

chromatographic maxima were identified by compar-
ing their retention times with retention times of the cor-
responding standard mixtures of aromatic hydrocar-
bons or by coinjection of individual standard compo-
nents. Typical examples of gas chromatograms
observed for di- and tricyclic aromatic fractions are
shown in Figs. 2 and 3, and identifications of the peaks
are reviewed in Tables 2 and 3.

Statistical Methods

The factor analysis was used for checking the appli-
cability of maturation parameters [34-37, 56]. The fac-
tor analysis is a statistical method used for reducing a
large number of data to a considerably smaller number
of factors, representing groups of initial mutual, lin-
early dependent parameters containing the same
amount of information as their constituent parameters.
The values of coefficients preceding the parameters
(loadings) included in a factor define the significance of

No.8 2007
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Fig. 2. Gas chromatogram of the dicyclic aromatic fraction of sample PO3, typical of the investigated crude oils (peak identifications

are given in Table 2).

a particular parameter for the characterization of ana-
lyzed samples, as well as their interrelationship.

RESULTS AND DISCUSSION
Triterpane and Sterane Maturation Parameters

The triterpane maturation parameters C;M/H
(explanation Table 4) and C;(22S)/(22S) + (22R)
hopanes were found to be within the range of equilibrium
values in all investigated crude oil samples (Table 4).
Hence, the maturity of their source rocks was presumed
to correspond to vitrinite reflectance values of Ro >
0.65%. On the other hand, none of the two sterane
parameters, neither the C,oBB(20R)/0ou(20R) +
BB(20R) nor the C,0au(20S)/0c(20R) + ao(20S),
were found to be within the equilibria range. Based on
this observation, the maturity of the source rocks of
examined crude oils did not yet reach the value corre-
sponding to vitrinite reflectance Ro = 1.00%. Conse-

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 8

quently, according to terpane and sterane parameters,
the investigated crude oils were classified within a rel-
atively wide range of maturities. These parameters did
not offer a more detailed classification, except that
based on the lowest values of sterane parameters; sam-
ples V9, V10, V14, and PO6 could have been classified
into a group of crude oils of lowest maturity.

Maturation Parameters Based
on Di- and Tricyclic Aromatic Hydrocarbons

A number of crude oil maturation parameters has so
far been proposed based on the distribution and abun-
dance of di- and tricyclic aromatic hydrocarbons. The
values of these parameters observed for the Banat
depression crude oils are shown in Table 5 (an explana-
tion of maturation parameter abbreviations is given in
the Appendix).
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Fig. 3. Gas chromatogram of the tricyclic aromatic fraction of sample PO3, typical of the investigated crude oils (peak identifica-

tions are given in Table 3).

In order to select di- and triarene parameters best
characterizing the maturity of the investigated crude
oils, a factor analysis was carried out involving a large
number of parameters. Their choice was aimed at
obtaining a maximal value of the Kaiser—Meyer—Olkin
measure coefficient of the sampling adequacy (KMO)
of the factor analysis. However, care was also taken of
methyl-, dimethyl-, and trimethylnaphthalene parame-
ters, as well as corresponding ratios based on the distri-
bution and abundance of methyl- and dimethylphenan-

GEOCHEMISTRY INTERNATIONAL  Vol. 45

threnes to be equally represented (Table 6). Crude oil
reservoir depths were added to the factor analysis of all
analyzed maturation parameters, since a proportional-
ity between the corresponding depths and maturities
was observed in some earlier papers [28, 33]. Before
varimax rotation, the first factor involved the following
parameters showing significant loadings (>10.6): MPI 1,
MPI 3, MPR 1, [P], PAI 1, ENR, DNR 2, and 0/ DN 1
(Table 6¢). By varimax rotation, which according to up-
to-date organic geochemical investigations was shown to

No.8 2007
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Table 2. Identification of peaks from Fig. 2 chromatogram

Table 3. Identification of peaks from Fig. 3 chromatogram

Symbol|  Abbreviations Compounds

a N Naphthalene

b 2-MN 2-Methylnaphthalene

c 1-MN 1- Methylnaphthalene

d 2-EN 2-Ethylnaphthalene

e 1-EN 1-Ethylnaphthalene

f 1,7-42,6-+2,7-DMN | 1,7- + 2,6- + 2,7-Dimethyl-
naphthalenes

g 1,3-DMN 1,3-Dimethylnaphthalene

h 1,6-DMN 1,6-Dimethylnaphthalene

i 1,4-DMN 1,4-Dimethylnaphthalene

j 2,3-DMN 2,3-Dimethylnaphthalene

k 1,5-DMN 1,5-Dimethylnaphthalene

1 1,2-DMN 1,2-Dimethylnaphthalene

m 1,8-DMN 1,8-Dimethylnaphthalene

n 2-PrN 2-Propylnaphthalene

0 1-PrN 1-Propylnaphthalene

P / 9,10-Dihydroanthracene

q 1,3,7-TMN 1,3,7-Trimethylnaphthalene

r 1,3,6-TMN 1,3,6-Trimethylnaphthalene

S 1,3,5-+1,4,6-TMN | 1,3,5- + 1,4,6-Trimethyl-
naphthalenes

t 2,3,6-TMN 2,3,6-Trimethylnaphthalene

u 1,2,7+41,6,7-TMN | 1,2,7- + 1,6,7-Trimethyl-
naphthalenes

% 1,2,6-TMN 1,2,6-Trimethylnaphthalene

w 1,2,4-TMN 1,2,4-Trimethylnaphthalene

X 1,2,5-TMN 1,2,5-Trimethylnaphthalene

y 2-BuN 2-Butylnaphthalene

zZ 1-BuN 1-Butylnaphthalene

Symbol Abbreviations Compounds
1 |P Phenanthrene
2 |A Anthracene
3 |3-MP 3-Methylphenanthrene
4 |2-MP 2-Methylphenanthrene
5 |2-MA 2-Methylanthracene
6 |9-MP 9-Methylphenanthrene
7 |1-MP 1-Methylphenanthrene
8 |3,6-DMP-+9-EP 3,6-Dimethylphenan-
threne + 9-Ethylphenan-
threne
9 |I-EP 1-Ethylphenanthrene
10 |2,6-+3,5-DMP 2,6- + 3,5-Dimethyl-
phenanthrenes
11 |2,7-DMP+2-EP 2,7-Dimethylphenan-
threne + 2-Ethylphenan-
threne
12 {2,10-+3,9-+3,10-DMP| 2,10- + 3,9- + 3,10-Dime-
thylphenanthrenes
13 [ 1,3-+1,6-+2,9-DMP | 1,3- +1,6- + 2,9-Dimethyl-
phenanthrenes
14 | 1,7-DMP 1,7-Dimethylphenanthrene
15 [1,9-+4,9-DMP 1,9- + 4,9-Dimeth-
ylphenanthrenes
16 1,8-DMP 1,8-Dimethylphenanthrene
17 1,2-DMP 1,2-Dimethylphenanthrene

18 | EP+t-BuP+iso-BuP | Ethyl- + Tert.butyl- +
Isobutylphenanthrenes

19 2,6,10-TMP 2,6,10-Trimethylphenan-
threne
20 1,3,6-TMP 1,3,6-Trimethylphenan-
threne
21 1,3,7-+1,3,9-+ 2,7,10- | 1,3,7- + 1,3,9- + 2,7,10-
TMP Trimethylphenanthrenes
22 2,3,6-TMP 2,3,6-Trimethylphenan-
threne
23 1,3,8-+2,3,7-+2,8,10- | 1,3,8- + 2,3,7- + 2,8,10-
TMP Trimethylphenanthrenes
24 / Fluorene
25 12,3,10-+3,8,10-TMP |2,3,10- + 3,8,10-Trimethyl-
phenanthrenes
26 / Retene
27 1,2,3-+1,2,8-+ 1,7,10- | 1,2,3- + 1,2,8- + 1,7,10-
TMP Trimethylphenanthrenes

be most convenient [35, 56]; factor 1 (Table 6¢) was
divided into two new factors (Table 6d). Separation of
these parameters into two different factors by varimax
rotation suggested the two corresponding groups of

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 8

parameters to be related to different arene processes.
Factor 1 involved parameters based on isomerization
reactions of methylnaphthalenes and phenanthrenes
and factor 2 parameters [P] and PAI 1, also with signif-
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Table 4. Maturation parameters calculated from distributions and abundances of terpane and sterane isomers

Sample CyM/H C3,(S)/S) + (R) CaoBBR)/a(R) + PB(R) | Cr0010(S)/0t0u(R) + 0tci(S)
Vi 0.110 0.590 0.551 0.455
V2 0.126 0.582 0.542 0.439
V3 0.097 0.581 0.569 0.498
V4 0.143 0.591 0.568 0.490
V5 0.104 0.593 0.571 0.489
V6 0.106 0.592 0.570 0.485
\% 0.105 0.593 0.568 0.489
A 0.099 0.597 0.570 0.509
V9 0.139 0.585 0.394 0.352
V10 0.154 0.569 0.337 0.328
Vil 0.115 0.602 0.495 0.472
V12 0.104 0.599 0.556 0.484
V13 0.096 0.581 0.590 0.496
\! 0.113 0.597 0.460 0.394
PO1 0.131 0.605 0.564 0.575
PO2 0.142 0.609 0.540 0.528
PO3 0.126 0.609 0.559 0.462
PO4 0.121 0.615 0.582 0.475
PO5 0.123 0.617 0.605 0.548
PO6 0.142 0.612 0.394 0.446
PO7 0.120 0.607 0.589 0.476
E.V. 0.05-0.15 0.57-0.62 0.67-0.71 0.52-0.55

Note: M — C3317B(H)21ou(H)-moretane; H — C30170u(H)21B(H)-hopane;
C3(S) = C3 170((H)21B(H)22(S)-hopane; C3;(R) — C3;170(H)21B(H)22(R)-hopane;
CroBBR) — Cy14B(H)17B(H)20(R)-sterane; Cog90touR) — Cogl40u(H)170c(H)20(R)-sterane;
Cr900(S) — Cpgl40u(H)170,(H)20(S)-sterane; E.V.— equilibrium value [1].

icantly high loadings (>10.80I), based on methyl-phenan-
threne alkylation—dealkylation processes (Table 6d).

Among the parameters having high loadings in fac-
tor 1, listed in Table 6, the methylphenanthrene index 3
(MPI 3) has so far most often been used. Based on this
parameter, the following classification of crude oils was
proposed: high maturity crude oils MPI 3 > 1.00,
medium maturity MPI 3 = 0.80-1.00, and immature
crude oils MPI 3 > 0.80 [5, 32, 57]. Based on MPI 3
parameter (Table 5), the investigated crude oil samples
were classified into the following groups:

—high maturity crude oils (MPI 3 > 1.00)—sam-
ples V1, V2, V3, V7, V8§, V11, V12, V13, PO1, PO2,
PO3, PO4, and PO7;

GEOCHEMISTRY INTERNATIONAL  Vol. 45

—medium maturity (MPI 3 = 0.80-1.00)—V4, V5,
V6, V14, PO5, and PO6;

—immature crude oils (MPI 3 < 0.80)—samples V9
and V10.

Proposal of New Maturation Parameters Based
on Methylnaphthalene Isomerization Reactions

Aiming at more precise classification, particularly
of the thirteen crude oil samples of high maturity (MPI
3 > 1.00), several other reactions of crude oil aromatic
hydrocarbons were considered in more detail.

Several facts were learned from the literature: (a)
isocadalene/cadalene ratio was successfully used in
crude oil maturity assessment [8]; (b) parameters based
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Table 6. Factor analysis of di- and triarene maturation parameters known from literature (including the reservoir rock depths)

. Extraction sums of squared loadings before varimax rotation (a)] Varimax rotation sums of squared loadings (b)
actor total % of variance cumulative % total % of variance | cumulative %
1 7.178 55.215 55.215 4.392 33.787 33.787
2 1.485 11.420 66.635 3.616 27.813 61.600
3 1.184 9.106 75.742 1.548 11.909 73.509
4 1.150 8.849 84.591 1.441 11.081 84.591
5 0.917 7.055 91.645
6 0.413 3.180 94.825
7 0.322 2.476 97.301
8 0.193 1.488 98.790
9 8.724 x 1072 0.671 99.461
10 3.347 x 1072 0.257 99.718
11 2.531x 1072 0.195 99.913
12 9.195x 1073 7.073 x 1072 99.984
13 2.120 x 1073 1.631 x 1072 100.000

Note: Kaiser—-Meyer—Olkin measure of sampling adequacy (KMO) = 0.645
Bartlett’s test of sphericity: approx. chi-square = 317.868
Significance = 0.000; Determinant = 4.936 x 10710
Sums of squared loading of riguificant factors according to Kaiser's and Catell's rules, which subjected to varimax rotation are
marked in italic [35-37, 56].

Component matrix before varimax rotation (c)

Varimax rotated component matrix (d)

Parameter factor factor
1 2 3 4 1 2 3 4

MPI 1 0.762 9.776 x 1072| =6.637 x 1072 0.597 0.969 4.540x1072| 8.117x107%| 6.164x 1072
MPI 3 0936 [-9.646x1072  0.108 0.217 0.827 0.510 7.638 x 1073 2.069 x 1072
MPR 1 0919 [-6.996x1072| 9.853x 102  0.280 0.858 0.448 1.963 x 10| 1.086 % 1072
DMPI2 | 8248 x1072[-1.977x 102 0.727 0.181 0.154 0.164 0.104 -0.712

[P] 0.816 -0.174 0.198 0412 0.307 0.897 3.274x 1072 8.011x1072
PAI 1 -0.655 0.417 -0.394 0.403 -0.181 -0.909 0.184 0.166
MNR 0.970 7.991 x 1072| 8.495 x 1072 0.106 0.782 0.554 0.194 0.101
ENR 0.895 |-8.622x1072| -0.110 |-1.684x 1072 0.647 0.568 6.263x 1073 0.282
DNR 2 0.839 0266 [-5.792x 1072 -0.359 0.381 0.687 0.401 0.359
o/BDN 1| -0.724 -0.245 0.298 0316 -0.335 -0.516 0314 -0.544
TNR 1 0.553 1.695x 1072| -0456 |-7210x 1072 0.376 0.254 5.609 x 1073 0.561
TNR 3 0.546 0.758 0.106 9.558x 1072|  0.480 0.129 0.801 7.522 % 1072
Depth 0.448 -0.732 -0.323 0.222 0.474 0.220 -0.746 0.245

on dimethylnaphthalene isomerization reactions were

successfully applied in cases where methylphenan-

threne parameters failed [26]; and (¢) o0 — 3 isomer-
ization reactions of naphthalene alkyl groups are occur-
ring in a similar way, regardless of the number of sub-
stituents [20].

1,4,6-TMN).

Based on these observations, two new maturation
parameters are proposed:

—the dimethylnaphthalene ratio

DNx = (1,3-DMN + 1,6-DMN)/(1,4-DMN + 1,5-
DMN) and

—the trimethylnaphthalene ratio
TNy = (1,3,6-TMN + 1,3,7-TMN)/(1,3,5-TMN +

These ratios are based on isomerization of thermo-

dynamically less stable o-1,4- and 1,5-dimethylnaph-
thalenes (DMN) into more stable a3-1,3- and 1,6-di-
methylnaphthalenes and isomerization of owf3-1,3,5-
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Table 7. Factor analysis of combined list of di- and triarene maturation parameters known from literature and the newly pro-
posed parameters DNx and TNy (including the reservoir rock depths)

Extraction sums of squared loadings before varimax rotation (a)] Varimax rotation sums of squared loadings (b)
Factor total % of variance cumulative % total % of variance | cumulative %
1 8.929 59.528 59.528 5.927 39.514 39.514
2 1.503 10.023 69.551 3.820 25.466 64.981
3 1.185 7.901 77.452 1.550 10.331 75.311
4 1.171 7.808 85.260 1.492 9.949 85.260

5 0.920 6.132 91.392
6 0.429 2.861 94.252
7 0.326 2.171 96.423
8 0.204 1.357 97.780
9 0.156 1.038 98.817
10 9.299 x 1072 0.620 99.437
11 2.943 x 1072 0.196 99.633
12 2.467 x 1072 0.164 99.798
13 2.124x 1072 0.142 99.939
14 8.097 x 1073 5.398 x 1072 99.993
15 9.784 x 107 6.523 x 1073 100.000

Note: Kaiser—-Meyer—Olkin measure of sampling adequacy (KMO) = 0.624
Bartlett’s test of sphericity: approx. chi-square = 393.547
Significance = 0.000; Determinant = 8.618 x 10713
Sums of squared loading of riquificant factors according to Kaiser's and Catell's rules, which subjected to varimax rotation are marked
in italic [35-37, 56].

Component matrix before varimax rotation (c) Varimax rotated component matrix (d)
Parameter factor factor
1 2 3 4 1 2 3 4

MPI 1 0.776 8.396 x 1072| 7.426 x 1072 0.579 0.972 —3.005x 1073| 5.445x107%| 6.188x 1072
MPI 3 0.943 -0.101 0.148 0.162 0.854 0.467 —1.575x1072| 2.079x 102
MPR 1 0927 |-7.827x1072 0.156 0.229 0.883 0.402 —6.807x1073| 9.698 x 1073
DMPI 2 |8.498 x 1072 |-2.255 x 1072 0.741 —2.185x 1072 0.149 0.167 0.109 -0.704

[P] 0.808 -0.167 8.365x 1072 —0.466 0.356 0.878 1.910x 1072| 8.074x 1072
PAI 1 -0.645 0.410 -0.275 0.509 -0.222 -0.897 0.192 0.166
MNR 0.970 7.486x 1072 9.781x 107%2| 5.951 x 1072 0.810 0514 0.168 0.103
ENR 0.892 |-8847x1072| 0122 |-1335x1072% 0.673 0535 |-1.761x 1072  0.283
DNR 2 0.825 0.274 -0.154 -0.354 0417 0.669 0.386 0.367
o/ DN 1 -0.716 -0.248 0.372 0.243 -0.370 -0.499 -0.294 -0.547
TNR 1 0.545 2.600x1072|  -0.473 9.997 x 1072 0.372 0.243 -1.063x 1073 0.570
TNR 3 0.549 0.748 0.126 7313 %1072 0.508 0.105 0.779 8.050 x 1072
Depth 0.446 -0.743 -0.270 0.265 0.458 0.195 -0.768 0.238
DNx 0.930 0.110 2.120x 1072| 3.217 x 1072 0.753 0.494 0.191 0.176
TNy 0954 |-9.239x1072| 4.979x 1072 0.124 0.827 0.488 —-1.459x 102 0.121

and 1,4,6-trimethylnaphthalenes (TMN) into more sta- and 1,3,6-TMN may depend on the crude oil origin [8,
ble ofB-1,3,6- and 1,3,7-trimethylnaphthalenes. Some  20]. The effect of genetic factors on the contents of
earlier investigations showed the contents of 1,6-DMN these two isomers was, therefore, separately considered

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No.8 2007
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Table 8. Classification of the investigated crude oils according to maturity, based on MPI 3, MPR 1, MNR, DNx and TNy

parameters
Group Maturity MPI 3 MPR 1 MNR DNx TNy
I High (V7, V8, PO 3 and PO 4) >1.30 >1.50 >1.65 >7.00 >2.90
II  |Medium to high (V1, V2,V3, V11, V12, V13, 1.00-1.30| 1.20-1.50| 1.30-1.65| 4.00-7.00| 2.50-2.90
PO 1, PO 2 and PO 7)
I |Medium (V4, V5, V6, V14, POS5 and PO6) 0.80-1.00| 0.95-1.20| 1.00-1.30| 2.50-4.00| 2.00-2.50
IV |Low (V9 and V10) <0.80 <0.95 <1.00 <2.50 <2.00

by correlation with sterane and terpane source parame-
ters (Table, Appendix). The results showed that, in the
case of Banat depression crude oils, genetic factors had
no effect on the contents of 1,6-DMN and 1,3,6-TMN,
suggesting their possible unlimited usage for matura-
tion parameters calculation.

The values of the two new parameters, calculated
for the 21 crude oil samples are given in Table 5. Their
applicability was checked by factor analysis (Table 7).
Parameters DNx and TNy were added to the list of
selected literature parameters (Table 6) and the factor
analysis was repeated (Table 7). Before rotation, as well
as after varimax rotation, the newly proposed parame-
ters, characterized by high loadings (>10.70l), were
involved in the most important factor, factor 1. These two
parameters were the only representatives of di- and trim-
ethylnaphthalene parameters to have been found in fac-
tor 1 both before and after varimax rotation (Table 7c and
7d). Moreover, it is of greatest importance that DNx and
TNy parameters raised the significance of factor 1 (% of
variance; Tables 6 and 7a and 7b).

Parameters DNx and TNy were thus shown to be a
good tool which enabled subclassification of the 13
high maturity crude oil samples into two new catego-
ries. Consequently, based on these two newly proposed
maturation parameters, the investigated crude oils were
classified into four groups (Table 8).

Finally, DNx and TNy also contributed to establish-
ing boundary values for MNR and MPR 1 parameters
(Table 8), as well as to a more precise subdivision of
parameter MPI 3 values: medium to highly mature
crude oils MPI 3 = 1.00-1.30, and high maturity crude
oils MPI 3 > 1.30 (Table 8).

Proposal of New Maturation Parameters Based
on Dealkylation Reactions of Methylphenanthrenes

In several earlier papers, crude oils and sedimentary
bitumens have already been classified according to
maturity parameters based on methylphenanthrene
alkylation—dealkylation reactions. Namely, some
organic geochemical investigations [5, 11, 13, 32, 33],
as well as geosynthetic modelling studies [31], have
shown that during catagenetic evolution, depending on
temperature and proton-donor type clay minerals, alky-

GEOCHEMISTRY INTERNATIONAL  Vol. 45

lation of phenanthrenes into methylphenanthrenes may
have occurred, and also their dealkylation, particularly
at higher degrees of maturity. Therefore, for the sake of
comparison, two parameters based on alkylation—
dealkylation, i.e., [P] and PAI 1 (Table 5), were first
used in this paper for maturity estimation of the Banat
depression crude oils. Their significance was confirmed
by factor analysis (Tables 6 and 7c and 7d). The fact
that loadings observed for parameter [P] in factors 1 and
2 were positive, like those for MNR, MPI 3, MPR 1, and
that the one of parameter PAI 1 was negative, indicated
that methylphenanthrene dealkylation may also have
occurred (Tables 6, 7c and 7d).

Hence, a rationale for designing new aromatic
hydrocarbon  alkylation—dealkylation = maturation
parameters was found in the fact that, in addition to
isomerization of o- into more stable $-methylphenan-
threnes, dealkylation of methylphenanthrenes into
phenanthrene also represented one of the main matura-
tion processes in the investigated crude oils (factors 1
and 2; Tables 6 and 7, ¢ and d). Therefore, two addi-
tional new maturation parameters are proposed in this
paper based on demethylation of trimethyl- and dime-
thylphenanthrenes into corresponding methylphenan-
threnes (Table 5):

—the ratio between the contents of methyl- and
dimethylphenanthrenes in tricyclic aromatic fraction
MDR = ZMP/ZDMP and

—the ratio between the contents of methyl- and tri-
methylphenanthrenes in tricyclic aromatic fraction
MTR = XMP/STMP.

The applicability of MDR and MTR was checked by
factor analysis. For this purpose the new parameters
were added to the list of best known literature parame-
ters (Table 9). Before varimax rotation, MDR and MTR
were ranked into factor 1 (Table 9c). After varimax
rotation, they were transferred into factor 2, though
with significantly high loadings, >|0.7|, together with
[P] and PAI 1, reflecting important methylphenanthrene
dealkylation processes occurring in the catagenetic
stage (Table 9d). Importantly, the newly proposed
parameters contributed to higher factor 2 significance:
% of variance approached the corresponding factor
1 value (Table 9b), suggesting that aromatic hydrocar-
bons' dealkylation processes were of significance in
maturity assessment of the investigated crude oils.

No.8 2007
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Table 9. Factor analysis of combined list of di- and triarene maturation parameters known from literature and the newly pro-
posed parameters MDR and MTR (including the reservoir rock depths)

Extraction sums of squared loadings before varimax rotation (a)] Varimax rotation sums of squared loadings (b)
Factor total % of variance cumulative % total % of variance | cumulative %
1 8.386 55.908 55.908 4.910 32.733 32.733
2 1.561 10410 66.318 4.825 32.169 64.902
3 1.439 9.593 75911 1.492 9.944 74.846
4 1.184 7.893 83.804 1.344 8.958 83.804

5 0.985 6.565 90.369
6 0.543 3.621 93.990
7 0.357 2.378 96.368
8 0.273 1.817 98.185
9 0.115 0.763 98.948
10 8.833 x 1072 0.589 99.537
11 3.691 x 1072 0.246 99.783
12 2.669 x 1072 0.178 99.961
13 2481 x 1073 1.654 x 1072 99.978
14 1913 x 1073 1.275 x 1072 99.990
15 1.426 x 1073 9.506 x 1073 100.000

Note: Kaiser—-Meyer—Olkin measure of sampling adequacy (KMO) = 0.650
Bartlett’s test of sphericity: approx. chi-square = 427.538
Significance = 0.000; Determinant = 7.823 x 10714
Sums of squared loading of riquificant factors according to Kaiser's and Catell's rules, which subjected to varimax rotation are marked
in italic [35-37, 56].

Component matrix before varimax rotation (c)

Varimax rotated component matrix (d)

Parameter factor factor
1 2 3 4 1 2 3 4

MPI 1 0.718 0.517 0.356 5.075 % 1072 0.952 6.010x 1072 4416x 1072 3.339x 1072
MPI 3 0.926 0.116 0.230 0.144 0.826 0.508 —4.783 x 1072|-3.251 x 1072
MPR 1 0.898 0.199 0.267 0.146 0.869 0424 3392 x 1072|-3.906 x 1072
DMPI2 |6.084x1072|2.812x 1072 | 7.768 x 1072 0.775 0.149 8975x 1072 | 8.132x1072| -0.758

[P] 0.871 -0.415 -0.173 0.107 0.313 0.934 —2.169x 1072| 2318 x 1072
PAI 1 -0.682 0.531 —4.117x 1072  -0.305 -0.225 -0.824 0.239 0.235
MNR 0.956 0.191 5.723 x 1072 0.108 0.811 0.538 0.130 3.622x 1072
ENR 0.871 5.349 x 1072 0.156 -9.958 x 1072 0.704 0.505 -6.513x 1072 0.205
DNR 2 0.863 |-9.961x 10 —0.380 -0.117 0.431 0.718 0.339 0.295
/DN 1| -0.721 -0.104 0.262 0.344 -0.425 -0.486 -0.256 -0.485
TNR 1 0.549 5.088 x 1072 | 3.626 x 1072 -0.438 0.398 0.284 —4.166 x 1072 0.506
TNR 3 0.516 0.644 -0.441 0.131 0.536 0.128 0.766 4.861 x 1072
Depth 0419 -0.255 0.770 -0.263 0471 0.150 -0.788 0.191
MDR 0.756 -0.479 -0.300 6.203 x 1073 0.135 0.926 2369 x 1072 0.120
MTR 0.853 -0.152 -0.178 —4.635x 1072 0.434 0.743 0.102 0.187

Moreover, high loadings values for phenanthrene
dealkylation parameters [P], PAI 1, MDR, and MTR
were suggesting that, during maturation dealkylation,
reactions of all methylphenanthrene isomers occurred

GEOCHEMISTRY INTERNATIONAL  Vol. 45
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simultaneously, regardless of the number of methyl
groups in the phenanthrene nucleus. According to
maturity based on phenanthrene content in the tricyclic
aromatic fraction and the newly proposed MDR and
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Table 10. Classification of the investigated crude oils according to maturity, based on [P], MDR, and MTR parameters

Group Maturity [P] MDR MTR
1 High (V7, V8, PO 1, PO 2, PO 3 and PO 4) >18.00 >1.30 >3.50
II  [Medium to high (V1, V2, V3, V11, V12 and V13) 14.00-18.00 0.90-1.30 2.60-3.50
I |Medium (V4, V5, V6, V14, PO 6 and PO 7) 12.00-14.00 0.75-0.90 1.70-2.60
IV |Low (V9, V10 and PO 5) <12.00 <0.75 <1.70

MTR parameters, the investigated crude oils were clas-
sified as shown in Table 10.

Concerning the crude oils originating from the
Vojvodina part of the Banat depression, no difference
was observed between the classification based on
isomerization parameters (Table 8) and that one based
on [P], MDR, and MTR parameters (Table 10). On the
other hand, on the basis of the same parameters, crude
oils originating from Sirakovo and Bradarac-Maljure-
vac oil fields (Drmno depression) were found to be dif-
ferent, the Sirakovo crude oils being characterized by
higher maturity (Table 10). Similar differences were
observed using naphthalene and phenanthrene isomeri-
zation reactions (Table 8).

Several other observations concerning the classifi-
cation of the Drmno depression crude oils based on
dealkylation parameters (Table 10) are also of interest.
Namely, all Sirakovo samples, i.e., PO 1, PO 2, PO 3,
and PO 4, were classified into Group I crude oils.
Hence, compared to classification based on naphtha-
lene and phenanthrene isomerization parameters, no
difference was observed with samples PO 3 and PO 4,
while samples PO 1 and PO 2 were transferred from
Group II into Group I crude oils, suggesting a some-
what more intense dealkylation reactions with these
two samples compared to isomerization reactions
(Tables 8 and 10).

Bradarac-Maljurevac crude oil samples suffered
greater changes by classification based on dealkylation
parameters: PO 7 was transferred from Group II into
Group III, and PO 5 from Group III into Group IV. The
only sample which remained in the same Group III by
both isomerization and dealkylation parameter classifi-
cations was the sample PO 6. Hence, in contrast to sam-
ples PO 1 and PO 2, less intensive dealkylation com-
pared to isomerization processes was suggested in
crude oils PO 5 and PO 7 (Tables 8 and 10). Lower
intensity of dealkylation reactions observed with Bra-
darac-Maljurevac crude oils compared to Sirakovo
crude oils suggested different source rocks of these two
groups of crude oils, or that these oils originated from
the same source rock but were expelled at different
times and at a different stage of maturity. The Bradarac-
Maljurevac crude oils probably originate from sedi-
ments of lower stage of thermal maturity. This observa-
tion is in agreement with geological experience [50,
52-54]. It may be supposed that differences in intensi-
ties of alkylphenanthrene isomerization and dealkyla-

tion processes observed with individual Drmno depres-
sion crude oil samples are mainly due to significant het-
erogeneity of the depositional environment of source
rocks [44, 46, 51-53].

CONCLUSIONS

This paper is aimed at improving the maturity clas-
sification of crude oils, particularly the classification
resulting from using sterane and terpane maturation
parameters alone. For this purpose, the potentials of
naphthalene and phenanthrene isomers’, reactions
occurring in crude oil aromatic fractions, were ana-
lyzed in more detail. Crude oils originating from the
Banat depression (Southeastern Pannonian Basin) were
used as objects understudy. Altogether four new param-
eters are proposed.

Two of them are based on dimethyl- and trimethyl-
naphthalene isomerization reactions:

DNx = (1,3-DMN + 1,6-DMN)/(1,4-DMN +
1,5-DMN), and

TNy = (1,3,6-TMN + 1,3,7-TMN)/(1,3,5-TMN +
1,4,6-TMN).

Their advantageous improved applicability was
confirmed by factor analysis. Based on these two new
maturation parameters, the Banat depression crude oils
were classified into four groups, instead of into only
two groups using sterane and terpane parameters:

Crude oils of DNx TNy
High thermal maturity >7.00 >2.90
Medium to high thermal maturity =~ 4.00-7.00  2.50-2.90
Medium thermal maturity 2.504.00  2.00-2.50
Low maturity <250 <2.00

Furthermore, these two parameters enabled the es-
tablishing of boundary values for parameters MNR (2-
MN/1-MN) and MPR 1 (2-MP/1-MP), known from lit-
erature:

Crude oils of MNR MPR 1

High maturity >1.65 >1.50
Medium to high maturity 1.30-1.65 1.20-1.50
Medium maturity 1.00-1.30 0.95-1.20

Low maturity <1.00 <0.95
GEOCHEMISTRY INTERNATIONAL  Vol. 45 No.8 2007
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Finally, they contributed to establishing more pre-
cise boundary values for parameter MPI 3, i.e., in the
case of considerably mature crude oils: crude oils of
high thermal maturity (MPI 3 > 1.30) and medium to
high maturity crude oils (MPI 3 = 1.00-1.30).

The other two newly proposed maturation parame-
ters are based on demethylation of dimethyl- and trim-
ethylphenanthrenes into corresponding methylphenan-
threnes: MDR = XMP/2DMP and MTR = ZMP/ZTMP.

Their advantageous applicability was also con-
firmed by factor analysis. These parameters, together
with parameter [P], representing the concentration of
phenanthrene in the tricyclic aromatic fraction and also
based on dealkylation of methylphenanthrene isomers,
were successfully used for maturity assessment of the
examined crude oils. Based on these two new matura-
tion parameters, the Banat depression crude oils were
also classified into four groups:

Crude oils of MDR MTR
high thermal maturity >1.30 >3.50
medium to high thermal maturity 0.90-1.30  2.60-3.50
medium thermal maturity 0.75-0.90 1.70-2.60
low maturity <0.75 <1.70

With crude oils originating from Vojvodina locali-
ties, no differences were observed between maturity
classifications based on isomerization or dealkylation
parameters, in contrast to Drmno depression crude oil
classifications, which demonstrated certain discor-
dance. Namely, lower intensity of dealkylation reac-
tions observed with Bradarac-Maljurevac crude oils
clearly suggested their lower maturity compared to Si-
rakovo crude oils. Differences in the intensity of alkyl-
phenanthrenes, isomerization, and dealkylation trans-
formations observed with some Drmno depression
crude oil samples are probably due to significant differ-
ences in their depositional environments of source
rocks.

In general, a more precise maturity ranking of crude
oils may lead to a new interpretation of the structural
development of subbasins and may thus give an impe-
tus to the petroleum exploration in that region.
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APPENDIX
MNR = 2-MN/1-MN [4]
DNR 1 = 1,8-DMN/SDMN [58]
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DNR 2 = (2,6- + 2,7-DMN)/1,5-DMN [4]

o/BDN 1 = (1,4- + 1,5- + 1,8-DMN)/(2,3- + 2,6- +
2,7-DMN) [29]

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

TNR 2 = (1,3,7- + 2,3,6-TMN)/(1,3,5- + 1,3,6- +
1,4,6-TMN) [24]

TNR 3 =1,3,6-TMN/1,2,5-TMN [6]

ENR = 2-EN/1-EN [4]

MPR 1 =2-MP/1-MP [4]

MPI 1 = 1,5 X (2- + 3-MP)/(P + 1- + 9-MP) [3]

MPI 3 = (2- + 3-MP)/(1- + 9-MP) [5, 57]

PAI 1 = (1- + 2- + 3- + 9-MP)/P [59]

[P], content of phenanthrene in tricyclic aromatic
fraction, (%) [33]

DMPI 1 =4 X% (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) [3]

DMPI 2 = (2,6- + 2,7- + 3,5-DMP)/(1,3- + 1,6- +
2,5-+2,9- +2,10- + 3,9- + 3,10-DMP) [4]

MN—methylnaphthalene; DMN—dimethylnaph-
thalene;

TMN—trimethylnaphthalene; EN—ethylnaphtha-
lene;

P—phenanthrene; MP—methylphenanthrene;

DMP—dimethylphenanthrene; EP—ethylphenan-
threne.

Table. Correlation of the contents of 1,6-DMN and
1,3,6-TMN with sterane and terpane source parameters [60

Correlation coefficient — r 1,6-DMN 1,3,6-TMN

%Cy71400(H)1700(H)20(R)-sterane ~ —0.024 0.438
%Crg140(H)170(H)20(R)-sterane  —0.014 —0.476
%Cy9140(H)1700(H)20(R)-sterane 0.033 0.369
Oleanane x 100/C;phopane -0.209 -0.126
Gammacerane X 100/C;phopane -0.020 0.495
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