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Abstract: The objective of the study was to determine the origin and to recon-
struct the geological evolution of lignites from the Drmno field (Kostolac Ba-
sin, Serbia). For this purpose, petrological and organic geochemical analyses
were used. Coal from the Drmno field is typical humic coal. Peat-forming
vegetation dominated by decay of resistant gymnosperm (coniferous) plants,
followed by prokaryotic organisms and angiosperms. The coa forming plants
belonged to the gymnosperm families Taxodiaceae, Podocarpaceae, Cupres-
saceae, Araucariaceae, Phyllocladaceae and Pinaceae. Pedtification was rea-
lised in a neutral to slightly acidic, fresh water environment. Considering that
the organic matter of the Drmno lignites was deposited at the same time, in a
relatively constant climate, it could be supposed that climate probably had only
asmall impact on peatification. Therefore, variations in compositions of mace-
rals and biomarkers indicate changes in the water level, due to seasonal drying
of the mire, which caused vegetation differences in the palaeoplant commu-
nities and changes in the redox conditions (from anoxic to slightly oxic) during
peatification. Diagenetic transformations of the organic matter were mainly
governed by microbial activity, rather than thermal alteration.
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1110 STOJANOVIC et al.

INTRODUCTION

Standard methods for the investigation of peat and coal bearing sediments
include a complex of petrological, palynological, palaeobotanical and geoche-
mical techniques to acquire information about the sedimentary environment, type
of vegetation and its transformation during diagenesis.

The maceral composition is directly dependent on the type of the source ma-
terial and the environmental settings. Therefore, maceral analysisis widely used
to interpret the conditions of peat formation.1 In addition to maceral percenta-
ges, two parameters based on the maceral composition, the tissue preservation
index (TPI) and the gelification index (Gl), are of great importance. The TPI pro-
vides vauable data about peat forming plant communities, water column level,
pH and climatic settings.>~" The Gl could be used as an indirect measure for the
water column level, as well as for an estimation of the redox conditions of the
environment and microbial activity.4-7

Elemental analysis, Rock—Eval analysis and other bulk geochemica para-
meters (e.g., ash content, organic carbon and sulphur contents, and group com-
position of soluble organic matter) provide basic data for characterizing coals.8.9

In the past few decades, molecular organic geochemistry has played an im-
portant role in the exploration of coals and fossil fuels generally. It involves the
analysis of the soluble organic matter and identification of organic compounds
with hydrocarbon skeletons related to biological molecules present in the tissues
of living organisms.10.11 These biomarkers allow for the recognition of the main
input of organic matter (OM), an estimation of the palaeoenvironment in which
they were deposited and determination of the thermal maturity. For these pur-
poses, numerous biomarkers, n-alkanes, isoprenoid aliphatic akanes, steroids,
hopanoids, sesquiterpenoids, diterpenoids, non-hopanoid triterpenoids, were used.

The production of energy in Serbia is based on coa sources (52 %), fol-
lowed by crude oil (28 %), natural gas (13 %) and hydroenergy (7 %).12 The
largest resources of coals in Serbia represent soft brown coals, i.e., lignites (92
%).13 The main lignite deposits are located in the Kosovo, Kolubara, Kostolac
and Metohija Basins, and in the Kovin deposit.14 Although the lignite deposits
are widespread in Serbia, petrological and geochemical data are either scarce or
completely missing.1516 The objective of this study was to determine the origin
and to reconstruct the geological evolution of lignites from the Drmno field,
Kostolac Basin (Serbia), based on comprehensive petrological and organic geo-
chemical analyses.

Geological settings of the Kostolac Basin

The Kostolac Coal Basin, covering an area of 145 km2, is located about 90
km east of Belgrade. It is divided into three coal fields: the Drmno field in the
eastern, the Cirikovac field in the central and the Smederevsko Podunavlje field
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ORIGIN AND PALAEOENVIRONMENT OF DRMNO LIGNITES 1111

in the western part of the Basin (Fig. 1). The Drmno and Cirikovac fields are ex-
ploited, while the Smederevsko Podunavlje field is still under preliminary explo-
ration.
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Fig. 1. Location and coal fields of the Kostolac Basin.

The basement of the Kostolac Basin is formed of Devonian crystalline rocks
overlain by Neogene sediments. The total thickness of the Neogene sediments
ranges from 300 to 5000 m in the central part of the depression.1” The complete
Neogene generally dips towards NW at the low angle of 5-15°; the coal seams
following the same dip, as well. The Neogene complex consists of several units:17

1. Lower Miocene, formed of fluvio-lacustrine and marine metaclastic rocks,
siltstone, sandstone, and shales (“redeposited series’), breccia-type material
(“transitional zone”), and red to violet sandy marlstone, sandstone, and conglo-
merate (“red series’);

2. Ottnangian—Karpathian, consisting of fluvial brackish and marine conglo-
merate, sandstone, siltstone, shale, and marlstone, with local transitions to lami-
nated limestone and tuffaceous sandstone;
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1112 STOJANOVIC et al.

3. Badenian, formed of marine sandstone, marlstone, and siltstone;

4. Sarmatian, consisting of clayey and sandy marlstone, marly clay, marly
and clayey sandstone, subordinately of gravel and quartz sand, in a shallow
brackish—marine environment;

5. Pannonian, made of clastic sediments with two coa seams, the lower up
to 6 m in thickness, and the upper of maximum 1 m in thickness;18

6. Pontian, consisting of clastic sediments, with economic coa resources. The
total thickness of the Pontian sediments is more than 200 m. The Pontian coal-
bearing series consists of five coal seams, namely seam |11 (the oldest and deep-
est) and the seams l1-a, 11, I-a, and I. Only coal seams |1l, Il and | have been ex-
plored in the Drmno, Cirikovac and Klenovnik open pits. The average thickness
of coa seam Il throughout whole basin is 19.38 m, while it is 1.43 m for lla,
4.14 mfor 11, 1.53 for laand 13.90 m for | coal seam.19 Average huminite reflec-
tance of coal from the Drmno and Cirikovac fidlds (seams |1 and 111) is 0.30 %;19.20
thus, placing the coal in the soft brown coal (lignite) stage of coalification;

7. Romanian, includes sand, clay, silt, and gravel, disconformably overlying
Pannonian or Pontian sediments;

8. Quaternary, formed of fluvial gravel, sand and sandy clay, eolian loess
and loess-like clays, all of Pleistocene age.

The lignite samples investigated in this study are of Upper Pontian age (c. 6
Ma) and originated from the borehole P-17/2002 of the Drmno field (Kostolac
Basin; Fig. 1). The samples were collected from the two coal seams, |1 at a depth
interval 23.20 to 24.90 m, and Il at a depth interval 100.60 to 123.70 m (Table
1). The thickness of each sample interval was determined as per the changes in
macroscopic lithology of the coal.

TABLE . Thelist of investigated samples

Coal seam Sample Depth interval, m Lithology

I 1 23.20-23.40 Mixture of xylitic and matrix coal
2 23.40-24.40 Mixture of matrix and xylite-rich coal
3 24.40-24.53 Xylite-rich coal
4 24.80-24.90 Matrix coal

I 5 100.60-101.00 Mixture of matrix and xylite-rich coa
6 102.10-102.20 Xylite-rich coal
7 103.00-104.20 Matrix coal
8 104.80-104.90 Xylite-rich coa
9 112.00-112.60 Mixture of matrix and xylite-rich coal
10 121.40-123.70 Mineral-rich cod

EXPERIMENTAL

For the maceral analyses, the coal samples were crushed to a maximum particle size of 1
mm, mounted in epoxy resin and polished. The maceral analysis was performed on a LEITZ
DMLP microscope under monochromatic and UV reflected light on 500 points. The maceral
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ORIGIN AND PALAEOENVIRONMENT OF DRMNO LIGNITES 1113

description used in this article follows the terminology developed by the International
Committee for Coal Petrology for low-rank coal .2

Elemental analysis was applied to determine the contents of sulphur and organic carbon
(Corg)- The organic carbon content was determined after removal of carbonates with dilute
hydrochloric acid (1:3, v/v). The measurements were performed using aVario EL 111, CHNOS
elemental analyser, Elementar Analysensysteme GmbH. The measurements of the ash content
followed the standard procedure 1SO 1171 (1997).%2

Soluble organic matter (bitumen) was extracted from pulverized lignites (<150 pm)
using a Dionex ASE apparatus with a mixture of iso-hexane and acetone (1:1, v:v) at atem-
perature of 80 °C and a pressure of 8 MPa. After extraction, most of the solvent was removed
using a vacuum rotary evaporator. The extract yields were weighed. The asphaltenes were
precipitated from the bitumen with petroleum-ether and the remainder (maltenes) was sepa-
rated into three fractions (saturated hydrocarbons, aromatic hydrocarbons and NSO com-
pounds) using column chromatography over silica gel and aluminium oxide. The saturated
hydrocarbons fraction was eluted with iso-hexane, the aromatic hydrocarbons with dichloro-
methane and the NSO fractions (polar fraction, which contains nitrogen, sulphur and oxygen
compounds) with amixture of dichloromethane and methanol (1: 1, v:v).

The saturated and aromatic fractions isolated from the bitumen were analyzed by gas
chromatography-mass spectrometry (GC-MS). A gas chromatograph Agilent 7890A GC (H5-
MS capillary column, 30 mx0.25 mm, He carrier gas 1.5 cm3 minl, FID) coupled to an Agi-
lent 5975C mass selective detector (70 eV) was used. The column was heated from 80 to 310 °C
at arate of 2 °C min'l, and the final temperature of 310 °C was maintained for an additional
25 min. The individual pesks were identified by comparison with literature datal023-26 and on
the basis of the total mass spectra (library: NIST5a). Biomarker parameters were calcul ated
from the GC-M S chromatogram peak areas (software GCM S Data Analysis).

RESULTS AND DISCUSSION
Maceral analysis

Coa from the Drmno field is typical humic coal with huminite concentra-
tions between 50.8 and 89.3 vol. %, liptinite less than 7 vol. % and inertinite
between 4.0 and 12.5 vol. %. The most abundant huminite macerals are textinite,
ulminite and densinite. Liptodetrinite and sporinite dominated among liptinite
macerals, whereas inertodetrinite and fusinite are the most abundant inertinite
macerals (Table l1).

The tissue preservation index (TPI),27:28 taken as the ratio between struc-
tured and unstructured macerals of the huminite and inertinite group, ranges from
0.7to 4.2 (TableI1). The variations of the TPI with depth could reflect, at least to
some extent, the differences in the type of peat forming plant communities. On
the other hand, it was suggested that tissue preservation depends mostly on the
relative height of the water level, pH and climatic settings, rather than from the
botanical properties of the vegetation.29 Namely, lowering the water level within
the basins during the dry seasons contributes to the establishment of more oxic
conditions, resulting in more extensive tissue degradation. Considering that the
OM of the Drmno lignites was deposited in the same time, in the relatively
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constant climate, it could be supposed that the climate probably had only a small
impact on peatification. Therefore, the variations in the maceral composition and
the TPI could be attributed mainly to changes in the water column level, due to
seasonal drying of the mire, which caused vegetation differences in the palaeo-
plant communities and changes of redox potential (Eh) during peatification.

TABLE II. Maceral composition (vol. %) and petrographic indices of the Drmno field coas

Sample
Macerd 1 2 3 4 5 6 7 8 9 10
Textinite 171 19.7 483 16.1 173 143 157 158 114 3.7
Ulminite 106 54 158 11.8 155 26.7 13.1 328 389 15.3
(Total telohuminite) 277 251 64.1 279 328 410 28.8 48.6 503 19.0
Attrinite 30 136 39 145 79 66 35 24 06 27
Densinite 300 258 94 310 315 323 391 19.7 171 226
(Total detrohuminite) 33.0 394 133 455 394 389 426 221 177 253
Gelinite 40 23 31 30 32 30 05 40 72 55
Corpohuminite 15 18 20 50 54 64 09 63 47 10
(Total gelohuminite) 55 41 51 80 86 94 14 103 119 65
Total huminite 66.2 68,5 826 814 80.8 89.3 728 81.0 79.9 50.8
Sporinite 14 15 13 20 14 06 07 05 11 038
Cutinite 01 02 00 04 02 00 02 00 01 03
Resinite 01 00 02 04 02 04 02 05 02 04
Suberinite 01 02 00 09 02 02 02 04 09 00
Alginite 04 05 00 00 02 00 02 00 00 03
Liptodetrinite 12 21 11 27 19 12 12 11 02 13
Other —liptinite 10 12 07 04 02 04 07 05 00 00
Total liptinite 43 57 33 68 43 28 34 30 25 31
Fusinite 15 23 27 06 05 04 11 11 40 18
Semifusinite 03 10 04 04 04 00 12 04 38 12
Macrinite 00 02 02 00 02 00 02 05 02 08
Funginite 12 03 02 17 09 08 05 07 04 05
Inertodetrinite 10 39 24 14 30 07 92 13 41 61
Total inertinite 40 77 59 41 50 19 122 40 125 104
Total coal 745 820 917 923 90.1 94.0 884 88.0 949 64.3
Clay 218 111 14 53 83 35 61 97 43 316
Pyrite 23 22 18 09 05 19 32 18 08 19
Carbonates 07 08 09 04 04 00 16 00 0.0 09
Other minerals 07 39 42 11 07 06 07 05 00 13
Total mineral 255 180 83 7.7 99 60 116 120 51 357
TPIZ 08 07 42 07 09 11 07 21 25 07
GI° 19 09 05 15 18 30 17 28 28 26

&Pl = (textinite+ulminite+oorpohuminite+fusinite+semifusinite)/(gelinite+macrinite+detrohuminite);27’28 PGl

= (ulminite+densinite+gelinite+corpohuminite)/(textinite+attrinite+inerti nite)27'28

The gelification index (Gl),2728 expressed as the ratio of gelified (ulminite,
densinite, gelinite and corpohuminite) to non-gelified (textinite and attrinite) ma-
cerds, is used as an indirect measure for the height of the water level, because
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ORIGIN AND PALAEOENVIRONMENT OF DRMNO LIGNITES 1115

gelification of the tissues requires the continuous presence of water. Lignites
from the Drmno field have a Gl value ranging between 0.5 and 3.0 (Table II).
The variation of this ratio with depth also indicates changes in the height of the
water level and consequently changes of the Eh conditions during peatification.
Based on the generally higher TPl and Gl values in coal seam |1l than in coal
seam |1, it could be assumed that the water column level during peatification was
lower in coal seam Il.

The content of mineral matter shows a comparatively wide range 5.1-35.7 %
(Table I1). An increase in the mineral content is often related to more intensive
degradation of organic matter and/or contribution of clastic material. The domi-
nation of clays and very low carbonate content in the mineral matter (Table I1)
suggest a neutra to dlightly acidic environment. As expected, a significant posi-
tive correlation (correlation coefficient, r = 0.98) is observed between the mineral
matter content (Table I1) and the ash content (Table [11).

TABLE I11. Values of group organic geochemical parameters

Coal SampleASh Co® S Bitumen Asp® Saturated Aromatic NSO
seam P€ o, d2 %, db %, db  ppm %  HCL % HC,% %
T 1 3562 3841 085 15333 5022 256 267 3554
2 1844 4913 342 12292 4203 571 360 4867
3 872 5809 180 98666 6454  2.33 379 2933
4 98 5512 158 11628 5123 263 358 4256
1l 5 1052 5458 063 10631 4141  3.90 451 5018
6 453 N.De ND. 79400 7093 13.22 217 1369
7 1317 5132 103 6645 4220 325 420 50.35
8 1726 5104 132 40000 6363 650 371 2615
9 966 5667 090 18272 4587  6.90 340 4383
10 4704 3072 123 14950 4240 223 550  49.87

3Dry basis; Porganic carbon content; Sasphaltenes; “hydrocarbons; ®not determined

Group organic geochemical parameters

The contents of organic carbon (Corg) are within the limits typical for lig-
nite’:30 and vary between 30.72 and 58.09 % (Table I11). The significant negative
correlation between Cyrg and the mineral matter content (r = 0.98) indicates that
the differences in the Corg contents of the lignites are mainly controlled by the
varying amounts of mineral matter. The content of sulphur does not exceed 2 %,
with exception of sample 2 (Table I11). This result implies the relatively low sul-
phate content of the waters within the peat (peatification in fresh water environ-
ment).3.31

The yield of the soluble organic matter (bitumen) varies over a wide range
6645-98666 ppm, in concordance with the variation in Corg. The soluble organic
matter is mainly represented by asphaltenes (41.41-70.93 %) and polar, NSO
compounds (13.69-50.35 %). The relative contents of saturated and aromatic
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1116 STOJANOVIC et al.

hydrocarbons are low, which is in accordance with the low maturity of the orga-
nic matter (Table I11).

Molecular composition of the organic matter

General characteristics. The main constituents of the saturated fraction of
the coals are diterpenoids, followed by n-alkanes and hopanoids. Steroids and
non-aromatic, non-hopanoid triterpenoids were identified in relatively low amounts
(Fig. 2). The main components in the aromatic fractions of the Drmno coals are
diterpenoids. Other constituents of the aromatic fractions are non-hopanoid triter-
penoids, sesquiterpenoids, aromatized hopanoids, long-chain acyclic akan-2-ones,
monoaromatic steroids and perylene (Fig. 3).
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Fig. 2. TIC (total ion current) of a saturated fraction typical for the investigated samples. Peak
assignments: n-alkanes are labelled according to their carbon number; Pr — pristane;

Ph — phytane; D1 — isopimaradiene; D2 — norabietane; D3 — norpimarane; D4 — beyerane;
D5 —isophyllocladene; D6 — pimarane; D7 — 160(H)-phyllocladane; D8 — 16 o(H)-kaurane;
T1—des-A-olean-13(18)-ene; T2 — des-A-olean-12-ene; T3 — des-A-olean-18-ene;

T4 —des-A-urs-13(18)-ene; T5 — des-A-urs-12-ene; T6 — des-A-lupane; S8, fa and
off designate configurations at C,7 and C,; in hopanes, R designates
configuration a C,, in hopanes.

The domination of diterpenoids in both the saturated and aromatic fractions
shows that the main sources of organic matter were gymnosperms (conifers). The
presence of hopanoid biomarkers indicates the contribution of prokaryotic orga-
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ORIGIN AND PALAEOENVIRONMENT OF DRMNO LIGNITES 1117

nisms, such as bacteria and fungi, whereas the identification of non-hopanoid tri-
terpenoids implies a contribution of angiosperms to the lignite organic matter
(Figs. 2 and 3).
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Fig. 3. TIC (total ion current) of an aromatic fraction typical for the investigated samples.
Peak assignments. 1 — cuparene; 2 — calamenene; 3 — cadina-1(10),6,8-triene; 4 —5,6,7,8-
-tetrahydrocadalene; 5 — cadalene; 6 — isocadalene; 7 — phenanthrene; 8 — 19-norabi eta-
-8,11,13-triene; 9 — 6,10,14-trimethyl pentadecan-2-one; 10 — 18-norabieta-6,8,11,13-tetraene;
11 — 16,17-bisnordehydroabietane; 12 — hibane; 13 — 16,17-bisnorsimonellite; 14 — 18-no-
rabieta-8,11,13-triene; 15 — dehydroabietane; 16 — 1,2,3,4-tetrahydroretene; 17 — simonellite;
18 —totarane; 19 — sempervirane; 20 — retene; 21 — ferruginol; 22 — pentamethylocatahyd-
rochrysene; 23 — 2-methylretene; 24 — 3,4,7,12a-tetramethyl-1,2,3,4,4a,11,12,12a-octahydro-
chrysene; 25 — 3,3,7,12a-tetramethyl-1,2,3,4,43,11,12,12a-octahydrochrysene; 26 — penta-
methyldecahydrochrysene; 27 — triaromatic des-A-lupane; 28 — 3,4,7-trimethyl-1,2,3,4-tet-
rahydrochrysene; 29 — 3,3,7-trimethyl-1,2,3,4-tetrahydrochrysene; 30 — perylene; 31 — 24,25-
-dinoroleana-1,3,5(10)-12-tetraene; 32 — D-ring monoaromatic hopane; 33 —24,25-dinorlupa-
-1,3,5(10)-triene; 34 — 1,2,4a,9-tetramethyl-1,2,3,4,48,5,6,14b-octahydropicene; 35— 2,2,48,9-
-tetramethyl-1,2,3,4,4a,5,6,14b-octahydropicene; 36 — 24,25-dinoroleanapentaene;

37 — 4-methyl-24-ethyl-19-norchol esta- 1,3,5(10)-triene; 38 — 7-methyl-3' -
-ethyl-1,2-cyclopentanochrysene; 39 — Cg; n-alkan-2-one; 40 —1,2,9-
trimethyl-1,2,3,4-tetrahydropicene; 41 — Cy3 n-alkan-2-one.

n-Alkanes and isoprenoids. n-Alkanes are relatively abundant in the total ion
current (TIC) of the saturated fraction (Fig. 2). Based on the vz 71 mass chroma-
togram of the saturated fraction (Fig. 4a), n-alkanes were identified in the range
C17 to Css. The n-akane patterns of the coal samples are dominated by long-
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1118 STOJANOVIC et al.

chain homologues (Cy7—Cgz1) with a maximum at n-Cpg and a marked odd over
even predominance, indicating a significant contribution of epicuticular waxes. 11
The values of the CPI (carbon preference index) and OEP 2 (odd—even predomi-
nance) range between 3.21-5.61 and 3.24-6.30, respectively (Table V), which
are in accordance with the low rank of the lignites.

TABLE IV. Vaues of parameters calculated from distributions and abundances of n-alkanes,
isoprenoids and terpenoids

Coal seam Sample CPI2 OEP 1P OEP2¢  Pr/Phd Di/(Di+Tri)e

[l 1 3.23 0.89 3.58 0.27 0.66
2 5.24 1.65 457 0.38 0.84
3 437 0.94 3.36 1.20 0.99
4 5.08 0.92 5.13 1.26 0.95
" 5 4.36 1.65 4.39 0.41 0.97
6 N.D.f N.D. N.D. N.D. 0.99
7 497 1.40 6.30 0.08 0.96
8 3.21 1.25 3.75 N.D. 0.99
9 3.92 1.89 3.24 N.D. 0.88
10 5.61 5.50 452 0.62 0.62

&Carbon preference index determined for the full distribution of n-alkanes Cp3-Ca3 (mass chromatogram mvz 71),
CPI = 1/2[3o0dd(n-Cp3—n-Cgz)/Zeven(n-Cop1-C3p) + Zodd(n-Coz—n-Cgz)/Zeven(n-Cogz—-Cag)l; bOEP 1 =
= U4[(n-Cp116 N-Cy3+n-Cop)/(N-Coo+n-Coy)l; COEP 2 = V4[(n-Co5+6 N-Co7+n-Cog)/(N-Cogtn-Cog)l; dpr/ph =
= pristane/phytane; €Di/(Di+Tri) = Zaromatic diterpenoids/(Zaromatic diterpenoids + Zaromatic triterpenoids),
caculated from the TIC of aromatic fraction, Zaromatic diterpenoids = (18-norabieta-6,8,11,13-tetraene + 19-no-
rabieta-8,11,13-triene + 18-norabieta-8,11,13-triene + 2-methyl-1-(4' -methylpentyl)-6-isopropylnaphthaene + de-
hydroabietane + simonellite + retene + sempervirane + totarane + hibaene + ferruginol + 6,7-dehydroferruginol
+ 2-methylretene + 12-hydroxysimonellite + 16,17-bisnordehydroabietane + 16,17-bisnorsimonellite + 1,2,3,4-tet-
rahydroretene), aromatic triterpenoids = (24,25-dinoroleana-1,3,5(10),12-tetraene + 24,25-dino-
roleana-1,3,5(10),12,14-pentaene + 24,25-dinorursa-1,3,5(10),12-tetraene + 24,25-dinorlupa-1,3,5(10)-triene +
pentamethylocatahydrochrysene + pentamethyldecahydrochrysene +  3,4,7,12atetramethyl-1,2,3,4,43,11,12,12&
-octahydrochrysene + 3,3,7,12atetramethyl-1,2,3,4,4a,11,12, 12a-octahydrochrysene + 3,4,7-trimethyl-1,2,34-tet-
rahydrochrysene + 3,3,7-trimethyl-1,2,3,4-tetrahydrochrysene + 1,2,4a,9-tetramethyl-1,2,3,4,4a,5,6,14b-octa-
hydropicene + 2,2,4a,9-tetramethyl-1,2,3,4,4a,5,6,14b-octahydropicene + 1,2,9-trimethyl-1,2,3,4-tetrahydro-
picene + triaromatic des-A-lupane); frot determined due the absence of n-alkanes and isoprenoids

The mid-chain n-alkanes (n-C21—Cos), originating from vascular plants, mic-
roalgae, cyanobacteria, sphagnum and aquatic macrophytes,32-34 are present in a
lower amount in comparison with the long-chain homologues. The dlight predo-
minance of odd over even carbon-numbered n-alkanes in the mid-range n-alkanes
(parameter OEP 1; Table 1V) in the samples from coal seam |11 suggests a micro-
bia origin. Moreover, the relatively high abundance of Coz and Cys n-alkane
homol ogues implies an input of aquatic macrophytes to the organic matter.

Short chain n-alkanes (<n-Cyg) are found mostly in algae and microorga-
nisms.11 In the studied lignites, short chain n-alkanes are absent or present in low
quantities (Fig. 4a), which is consistent with the results of the maceral analysis
(low liptinite content; Table11).
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Fig. 4. GC-MS Mass chromato-
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The isoprenoids pristane (Pr) and phytane (Ph) are present in Drmno lignites
in low amounts or are not identified (Fig. 2; Table IV). Low concentrations of
pristane and phytane are often reported in immature organic matter.35-37 This is
probably related to the fact that isoprenoid precursors incorporate into the macro-
molecular kerogen matrix either by esterification38 or natural sulphurization3®
during early diagenesis and the release of saturated isoprenoids occurs after the
thermal maturity of the organic matter increases.3” The Pr/Ph ratio is widely used
as indicator for the Eh settings of the depositional environment. However, this
parameter is known to be also affected by maturation.1! For this sample set, the
influence of maturity on the pristane/phytane ratios can be ruled out. Therefore,
the Pr/Ph ratio varying between 0.08 and 1.26 (Table 1V) may be considered as
an indicator of changing of Eh settings from anoxic to dlightly oxic during peat
deposition in the Drmno seam.40 This result is consistent with the variations in
the TPI and GI parameters.

Sesquiterpenoids, diterpenoids and triterpenoids with a non-hopanoid skele-
ton. In al samples, aromatic sesquiterpenoids were observed in low quantities
(Fig. 3). Cadalene predominates over isocadalene, calamenene and 5,6,7,8-tetra-
hydrocadalene. Other sesquiterpenoid constituents of the lignite extracts are cu-
parene and cadina-1(10),6,8-triene, whereas dihydro-ar-curcumene, 1-methyl-7-
-isopropyltetrahydronaphthalene and 1-methyl-7-isopropylnaphthalene (eudalene)
were identified only in two samples. Sesquiterpenoids are used as markers for
higher land plants. However, sesquiterpenoid biomarkers are often not useful for
an unambiguous determination of the precursor plant community,2541.42 with
exception of cuparene, the presence of which clearly indicates a contribution of
Cupressaceae, afamily of gymnosperms, to the precursor OM 43,44

Diterpenoids are the main constituents of both the saturated and aromatic
fraction, indicating a significant contribution of gymnosperms to the precursor
OM. Pimarane and particularly 16o(H)-phyllocladane are dominant by far in the
saturated fractions. Other diterpenoid-type constituents of the saturated fraction
are norpimarane, norabietane, beyerane, 16o(H)-kaurane, isopimaradiene, iso-
phyllocladene and abietane (Fig. 2). The high amount of 16a(H)-phyllocladane
indicates that the coa forming plants belonged to the conifer families Taxodi-
aceae, Podocarpaceae, Cupressaceae, Araucariaceae and Phyllocladaceae, while
the high abundance of pimarane suggests Pinaceae, Taxodiaceae and Cupres-
saceae 41,43,45,46

The aromatic diterpenoids consist of norabieta-6,8,11,13-tetraenes, norabi-
eta-8,11,13-trienes, 2-methyl-1-(4'-methylpentyl)-6-isopropylnaphthalene, 16,17-
-bisnordehydroabietane, dehydroabietane, simonellite, retene, sempervirane, to-
tarane, hibaene, ferruginol, 6,7-dehydroferruginol, 12-hydroxysimonellite, 16,17-
-bisnorsimonellite and 2-methylretene. Simonellite is the predominant aromatic
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diterpenoid, with the exception of two samples in which the most prominent are
dehydroabietane and retene, respectively (Fig. 3).

Almost of al the aromatic diterpenoids are non-specific conifer markers,
because they are the diagenetic products of a great variety of abietane-type pre-
cursors that are common constituents of all conifers except Phylloclada-
ceae 414647 |n contrast, the presence of cuparene, ferruginol, totarane and hi-
baene in the aromatic fraction of the Drmno lignite extracts clearly indicates the
contribution of Cupressaceae, Taxodiaceae, Podocarpaceae and Araucariaceae
to the precursor biomass, 43 which is consistent with the observation derived from
the analysis of the saturated diterpenoids.

The non-hopanoid triterpenoids are present in relatively low amounts in the
saturated fraction of the Drmno lignites and consist of olean-12-ene, olean-13,18-
-ene, des-A-oleanenes, des-A-ursenes and des-A-lupane. A marked domination
of des-A-ring degraded compounds is observed, and only in two samples were
non-degraded oleanenes identified (Fig. 2).

Although the non-hopanoid triterpenoids represent a minor component of the
saturated fraction, these compounds are slightly more abundant in the aromatic
fraction of the coal extracts (Fig. 3). This result shows that angiosperms also con-
tributed to the organic matter. The higher abundance of aromatized in compari-
son to non-aromatized angiosperm triterpenoids indicates significant aromatiza-
tion of the triterpenoids during diagenesis. The same result that aliphatic angio-
sperm-derived triterpenoids are more easily atered to aromatic derivatives, in
comparison with gymnosperm-derived diterpenoids, resulting in the selective
loss of such aliphatic compounds, was also reported by Kalkreuth et al. (1998)48
and Nakamuraet al. (2010).49

All samples contain des-A-ring degraded aromatic triterepenoids, repre-
sented by tetramethyloctahydrochrysenes and trimethyltetrahydrochrysenes. In
four samples (1, 2, 9 and 10), which have generally higher amounts of triter-
penoids (see next paragraph and Table V), in addition to the des-A-ring de-
graded aromatic triterepenoids, pentacyclic aromatic triterpenoids (ring-A-mono-
aromatic triterpenoids, tetramethyloctahydropicenes and trimethyl-tetrahydropi-
cenes) were also identified. Degradation of the A-ring of triterpenoids followed
by intensive aromatization suggests microbia activity, which is consistent with
relatively abundant hopanoids (Figs. 2 and 3).

In order to estimate the contribution of gymnosperm and angiosperm vege-
tation in the ancient peat bogs, the ratio of diterpenoid and angiosperm-derived
triterpenoid aromatic biomarkers (Di/(Di+Tri) was used, Table V). The values of
this parameter show the dominant role of gymnosperms for peat formation in the
Drmno field. The lower values of Di/(Di+Tri) ratio in upper part of upper seam
(samples 1 and 2) and lower part of lower seam (samples 9 and 10), indicate the
higher contribution of angiosperms to precursor biomass (Table V). This result
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implies changes in palaeoenvironment in the mire during coal formation, con-
sistent with conclusions derived from the TPI, the Gl and the Pr/Ph ratio.

Seroids and hopanoids. The analysis of the aliphatic fraction revealed low
contents of steroids (Fig. 2). Steroid biomarkers (based on the m/z 215 mass
chromatogram of the saturated fraction; Fig. 4b) consist predominantly of Cpg
A%, A2- and Ad-sterenes. Cog-sterenes (A%, A2- and AS) were identified in low
amounts, whereas the corresponding Co7 homologues are present in severa
samples. The marked predominance of Cog sterenes (Fig. 4b; Table V) clearly
indicates peat formation from terrigenous plants.

TABLE V. Values of parameters calculated from the distributions and abundances of steroids
and hopanoids

Cod seam  Sample  %C,®  %Ch®  %Cyf iﬁd ( ﬁcﬁffg)e
1 2.30 6.44 91.25 0.07 0.80

| 2 243 5.28 92.29 0.08 0.72
3 0.00 0.00 100.00 0.17 053
4 455 3.00 92.45 0.11 0.90
5 1.45 5.93 92.62 0.24 0.70
6 N.D.f N.D. N.D. N.D. N.D.

" 7 1.07 3.59 95.34 0.25 0.87
8 0.00 15.94 84.06 0.22 0.84
9 0.26 6.00 93.74 0.18 0.77
10 0.00 3.04 96.96 0.09 0.78

3/4Cy7 = 100C,7(A2 + A% + AD)-sterenes/S(Co7—Cog) (A2 + A% + AD)-sterenes; Po6Cog = 100C,g(A2 + A% + A9)-
sterenes/S(Cp7—Cog)(AZ + A% + AD)-sterenes; C%Cpg = 100C,g(A2 + A% + AD)-sterenes/s(Cy7—Cog) (A2 + A% +
AD)-sterenes; dSter/Hop = [2(Cp7—Cog)(AZ + A% + AD)-sterenes]/[£(Cog-Cap)17a(H)214(H)-hopanes + (Cog—
—C30)17p(H)21a(H)-hopanes + 2(Cyg—C31)174(H)215(H)-hopanes + Cy717a(H)-hopane + C7178(H)-hopane
+ £(Cpg-Cap)-hop-17(21)-enes + Cy7-hop-17(21)-ene +Cyy-hop-13(18)-enel; SCanlA(AB+ap) = Capl7AH)214H)-
hopane/(C3g174(H)214(H)-hopane + C3pl7a(H)214(H)-hopane). The sterenes were quantified from the m/z
215 mass chromatogram, and the hopenes and hopanes from the m/z 191 mass chromatogram; fnot determined
due the absence of sterenes and hopanes

Hopanoids are more abundant than steroid biomarkers in the Drmno lignite
extracts (Ster/Hop ratio < 0.25; Table V). This result indicates a bacteria-in-
fluenced facies and argues for the role of microorganisms in the degradation of
plant tissue.

Based on the nvVz 191 mass chromatogram of the saturated fraction, the ho-
pane composition in all samples is characterized by the presence of
17a(H)215(H), 175(H)21a(H) and 174(H)21/4H) compounds with 27 and 29-31
carbon atoms, with exception of C31178(H)21a(H) moretane. Other hopanoid-
type constituents of the saturated fraction are Cy7 hop-13(18)-ene, Co7 hop-
-17(21)-ene and Cy7hopan-21-one. Several samples contain Czoo/A(R)-hopane
and Cgp hop-17(21)-ene (Fig. 4c).
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The presence of unsaturated hopenes and the domination of Sf-isomers in
range Co7, Cog—C3g over aff-hopanes confirm an immature stage of the organic
matter. The ratio of 174H)214(H) to (174H)214H) + 17a(H)215(H)) Czp-ho-
panes (Table V) is within the limits established for lignite, 0.5-0.7,50 or even
higher, consistent with deposition of the OM in an anoxic to slightly oxic envi-
ronment.>1

The Cy7174(H)-hopane and the Cy9174(H)214(H)-hopane dominate the dis-
tribution of Cy7—Cs1 BA-homologues (Fig. 4c). The predominance of the short-
chain homologues can be interpreted as being indicative of rather oxidizing pa
laeoconditions, but may aso indicate that the precursor hopanoid lipids were
functionalized at position 29, such as aminobacteriohopanepentol that is abun-
dant in methanotrophic bacteria (e.g., Methylococcus capsulatus or Methylo-
monas methanica).52 This particular hopanoid functionalized at position 29
cannot, however, be taken as the exclusive precursor of Cog hopanes, considering
the high sensitivity of the side chains from biologic hopanoids.>3

The identification of the D-ring monoaromatic hopanes, 7-methyl-3'-ethyl-
-1,2-cyclopentanochrysene and 4-methyl-24-ethyl-19-norchol esta-1,3,5(10)-tri-
enell in the aromatic fraction of all the investigated samples (Fig. 3) suggests
partial aromatization of the hopanoids and steroids during diagenesis, in accor-
dance with the aromatization of the diterpenoids and particularly the triterpe-
noids.

Alkan-2-ones. Based on the m/z 58 mass chromatogram of the aromatic
fraction (Fig. 4d), n-alkan-2-ones were identified in the range Cos to Css, with
the even Cog—C3g homologues being absent in several samples. Similar to the
distribution of the n-alkane, the n-alkan-2-ones patterns of the coal samples are
dominated by odd long-chain homologues Cog—C33. Although the distributions of
the n-alkanes and the n-alkanones are generaly similar, two main differences
could be seen. First, even Cpg—C3p homologues of n-alkan-2-ones are absent in
several samples, although n-alkanes with the same number of carbons were
identified. Secondly, in almost al of the samples, n-akanes have maximum at
Cog, followed by Co7, whereas the most abundant n-alkan-2-one is Cz; followed
by Cs3. The obtained results indicate that n-alkan-2-ones probably have few
sources. a) the direct contribution of ketones from higher plant waxes, which
consist of Co3—Cg3 homologues with a significant odd C number predominance
and Cyax a Copg or Cgp; b) microbially mediated S-oxidation of the correspon-
ding n-alkanes in the sediments or prior to incorporation into the sediments; c)
oxidative decarboxylation of n-fatty acids and oxidized alcohols as well as elon-
gation of a suitable fatty acid precursor and subsequent decarboxylation, which
would yield longer-chain alkanones with a pronounced odd C predominance and
Cy7, Cog and Cz; as major constituents.26
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In addition to n-alkan-2-ones, 6,10,14-trimethylpentadecan-2-one (6,10,14-
-TMPD-2-one), an isoprenoidal ketone, was also found in half of the studied
samples (Fig. 4d). Since pristane was identified in low amounts, it could be sup-
posed that the main pathways of TMPD-2-one formation are bacterial degrada-
tion38 and photosensitized oxidation>* of free phytol and/or photodegradation of
chlorophyll-a.>>

The presence of akan-2-ones in the lignite extracts confirms microbial acti-
vity, assumed also basis on the distribution of hopanoids and angiosperm derived
triterpenoids.

CONCLUSIONS

The origin and geological evolution of organic matter of upper Miocene
lignites from the Drmno field, Kostolac Basin (Serbia) were evaluated using coa
petrology and the composition of biomarkers.

Coa from the Drmno field is typical humic coal. The composition of the
biomarkers shows that the peat-forming vegetation dominated by decay resistant
gymnosperm plants, followed by prokaryotic organisms and angiosperms. Based
on the composition of the saturated and aromatic diterpenoids, it was established
that the coal forming plants belonged to the gymnosperm families Taxodiaceae,
Podocarpaceae, Cupressaceae, Araucariaceae, Phyllocladaceae and Pinaceae.

Peatification was performed in a limnic, neutral to dightly acidic environ-
ment. The variations in the maceral and biomarker ratios showed that the lignite
seams were formed under variable Eh conditions (anoxic to slightly oxic), pro-
bably as a result of seasonal drying of the mire. The water column level was
lower in coal seam Il than in coal seam Il during peatification. Changes in the
water level aso caused vegetation differences in the palacoplant communities.

Group organic geochemical parameters and biomarker compositions indicate
low OM maturity (phase of intensive diagenetic processes). The abundance of
hopanoid biomarkers, intensive degradation of the A-ring of triterpenoids fol-
lowed by aromatization and the presence of alkan-2-ones indicate that the diage-
netic changes in the organic matter were mainly governed by bacterial activity,
rather than thermal degradation.
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Technological Development of the Republic of Serbia (Project No. 176006). We are aso
grateful to the anonymous reviewers.

Available online at www.shd.org.rs/JSCS/

2012 Copyright (CC) SCS



ORIGIN AND PALAEOENVIRONMENT OF DRMNO LIGNITES 1125

U3BOJ

JIMTHUTU JIEXXUIITA TPMHO (FACEH KOCTOJIAILL): ITOPEKJIO U ITAJTEOYCJIOBHU
CTBAPAILA HA OCHOBY INIETPOI'PA®CKHUX U OPTAHCKO-TEOXEMHUJCKHUX
HCTPAXHUBAIHLA

KCEHHUJA CTOJAHOBI/I'Bi, JPATAHA )KI/IBOTI/I'EZ, AJIEKCAHIIPA LHAJHOBI/I'F13, OJITA LlBETKOBI/IT)S,
HANS PETER NYTOFT* u GEORG SCHEEDER®
1Xemujc1cu Qaxyniteini Ynugepsuitieitia y beoipagy, Ciiygentticku wpi 12—16, 11000 Beoipag, ZPygapCKo—
ieonowku Qaxyniteins Ynusepsuiieitia y Beoipagy, Bywuna 7, 11000 Beoipag, 3H6Hu7ap 3a xemujy UXTM,
Yrusepsumen y Beotpagy, Cutygenuicxu wipi 12—16, 11000 Beoipag, *Geological Survey of Denmark and
Greenland, Oster Voldgade 10, DK-1350 Copenhagen, Denmark u °Federal Institute for Geosciences and
Natural Resources, Steveledge 2, 30655 Hannover, Germany

ITum pagja 610 je ma ce yTBPAY NMOPEKIIO U Te0JIOLIKA €BOTYLIMja JIUTHUTA JIeKHUITa Jpm-
Ho daceHa Kocronan. [IpumMemeHe cy netporpadcke U OpraHCKo TeoXeMHUjcke MeToze. JIMTHU-
TH JeXUIITa JIpMHO Cy THIMYHU XYMYCHHU yI/beBH. [JIaBHU U3BOP OPraHCKe CyICTaHLe dune
Cy TUMHOCIIepMe (ToloceMeHHIe), a 3aTUM TPOKAPHUOTCKH OPraHU3MHU U aHTHOCTIepMe (CKpH-
BeHOceMeHHIe). YTBpheHOo je ma mMpeKypCcOpCKH OpPraHCKd MarepHjai motude ox ciemehux
(amunuja rumuocnepmu: Taxodiaceae, Podocarpaceae, Cupressaceae, Araucariaceae, Phyllocla-
daceae u Pinaceae. Tanoxemwe U XxyMU(pUKalKja OpraHcke CyINCTaHLe JUTHATA OfBUjallu Cy ce
Y CIaTKOBOJHOj, HEYTpalIHOj 0o c1abo KHUCenoj CpeArHHU. Y3umMajyhu y 0d3up fa ce cTBapame
JIMTHUTA Y JIEXUIITY [JPMHO OJWrpaBajlo y MCTO BpeMe, IPEeTIOCTaB/beHO je fa KIMMAaTCKU
¢aKxTop HHje MOrao 3HauyajHUje YTULATH Ha CacTaB OpraHCKe CymNcTaHle. Pasnmuke y cactaBy
Marepana 1 SHoMapkepa y UCTIUTHBAHUM JIMTHUTHMA TTOC/IenuIIa cy Konedama HUBOA BOJEHOT
cTyba y CpeIHHU TaJ0XKeHa yClel Ce30HCKUX TPOMeHa Y KONMWYKMHY NafaBuHa. OBO Kornedatbe
BOZIEHOT CTyda y3pOKOBAJIO je IPOMEHe KaKo y cacTaBy IajeoBereTalyje, Tako U y pefoKc mo-
TeHIMjaly CpelUHe TaloXewa (0J aHOKCHUHE JI0 Oaro okcuuyHe). JlujareHTCKe IPOMEHE Op-
TaHCKe CYIICTaHIle OfBHjajlie Cy Ce Y3 WHTEH3UBHY MHUKDOOHY aKTHBHOCT, IOK je TepMHYKa
Ierpanmanyja duma rotoBo He3HavajHa.

(TTpumisero 26. HoBemBpa 2011, pesunupano 17. pedpyapa 2012)
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