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Abstract: The Kremna Basin is located in southwest Serbia, in the Zlatibor area, which is part of the Internal
Dinarides. This basin is noteworthy because of the type of bedrock drainage, which it represents. It was formed on
ultrabasic rocks and volcanic materials that influenced the occurrence of organic matter (OM) in the basin fill. The
objective of the study was to determine the organic geochemical characteristics of sediments from the central part
of the Kremna Basin.

The sediments studied belong to an intrabasinal facies, in which two sequences were distinguished. The lower
sequence occurs at depths of 216-343 m, while the upper sequence is found from 13.5-216 m.

At the start of basin development (265-343 m) sedimentation took place in shallow alkaline water, rich in Mg
ions. Through time, a slight deepening of the basin occurred. This was followed by chemical deposition of
carbonates (216-265 m). The most important change in the sedimentary environment occurred with the formation
of sediments marking the transition between the sequences (at about 200 m).

Sediments from the lower sequence are characterized by the dominance of dolomite and magnesite. There are
indications of volcanic activity, i.e. tuff layers and the presence of searlesite. The upper sequence is characterized
by the prevalence of calcite and dolomite. The amounts of MgO, NayO and B are higher in the lower sequence,
whereas the CaO content is higher in the upper sequence.

The sediments contain different amounts of immature OM (late diagenesis). Biomarker analysis shows diverse
precursors of the sedimentary OM: methanogenic archaea, photosynthetic green sulfur bacteria (Chlorobiaceae),
bacterivorous ciliates, various bacteria, both photosynthetic and non-photosynthetic, the green unicellular micro-
alga, Botryococcus braunii race A (exclusively in the upper sequence) and terrestrial plants. The lower sequence
contains lower amount OM, composed primarily of kerogen II/IIT and III types, indicating a higher contribution of
the allochtonous biomass of land plants from the lake catchment, particularly in the lower part. The sediments of the
upper sequence are enriched in autochthonous aquatic OM, which comprises mostly kerogen I, I/II and II types. The
transition from the lower sequence to the upper one is associated with a decrease in pristane to phytane ratio,
gammacerane index and content of Cag steroids, absence or significantly lower amount of squalane, absence of C24
and Cps regular isoprenoids, 8-methyl-2-methyl-2-(4,8,12-trimethyltridecyl) chroman and C30 hop-17(21)-ene.

Pyrolytic experiments showed that the sediments of the upper sequence, rich in aquatic OM, at a catagenetic
stage could be a source of liquid hydrocarbons. The values of hopane, sterane and phenanthrene maturation
parameters indicate that through pyrolysis at 400°C the samples investigated reached a value of vitrinite reflec-
tance equivalent of approximately 0.70%. It was estimated that the sediments should be found at depths of 2300—
2900 m in order to become active source rocks. The calculated minimum temperature, necessary for catagenetic
hydrocarbon generation, is between 103 and 107°C.
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Fig. 1.
et al., 1973), showing location of sampled ZLT-2 borehole.

INTRODUCTION

Hydrology (water output and input of surface water,
rainfall, and groundwater), sediment input, and temperature
changes represent three major factors which control sedi-
mentation patterns, and thus carbonate deposition in lake
basins (Tucker and Wright, 1990; Platt and Wright, 1991).
These factors are influenced by both climate and tectonics
(Bohacs et al., 2000, 2003). Considering the complexity of
sedimentation in lake basins, an understanding of the sedi-
mentation history requires a variety of sedimentological,
palaeontological and geochemical analyses.

Bioproductivity in lacustrine environments can be as
high as ten times, than in marine environments. Under such
conditions, preservation of the organic matter can be favou-
red as well (Peters ef al., 2005). These two factors contribute
to formation of sediments rich in organic matter (OM).

Despite of the influence of oxidation processes, which
favour the OM degradation, organic carbon content (Corg)
is often used as a preliminary palacoproductivty indicator
(Meyers, 1997). Rock-Eval pyrolysis is used as a rapid, pre-
liminary method for examining the origin/type and maturity
of the organic matter (Espitali¢ ez al., 1985).

The conditions of sedimentation determine the carbon
to nitrogen ratio (C/N) in OM-rich sediments (Meyers,
1994; Mackie et al., 2005). The C/N ratio lower than 10 is
typical for algal material, which is depleted in cellulose in
comparison to OM originated from higher plants (Meyers
and Ishiwatari, 1993). Values of C/N ratio over 20 can be
considered an indicator of a greater contribution of higher
terrestrial plant material as a precursor for the OM (Meyers,
1994). However, an elevated C/N ratio also may be a conse-
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quence of the easier degradation of algal OM, rich in labile
nitrogen, during diagenesis (Meyers, 1994).

Analysis of the extractable organic matter (bitumen)
taken from sediments has been proven to be a promising
tool for reconstruction of the sedimentary environment as
well as the precursor biomass and its transformation during
diagenesis. The analysis of bitumen is based on identifica-
tion of finger print compounds (biomarkers) which are by
structure strongly related to precursor biomolecules from
organisms. Numerous parameters for biomarkers are used
in the assessment of the origin, depositional environment
and maturity of the OM (Peters et al., 2005, and references
therein). Apart from the analyses mentioned, a full charac-
terisation of the OM in sedimentary rocks also requires the
investigation of the kerogen. In the case of an immature
sample, its potential might be estimated by simulation of
changes in organic matter maturity under laboratory condi-
tions, using different pyrolytic experiments (Huizinga et al.,
1988; Yoshioka and Ishiwatari, 2002; Parsi et al., 2007,
Budinova et al., 2014, and references therein).

The objective of the study was to determine the orga-
nic-geochemical characteristics of sediments from the cen-
tral part of the Kremna Basin. This basin is noteworthy, be-
cause of the specific palacorelief, type of bedrock drainage
and volcanic input that influenced the development of or-
ganic matter. For this purpose, the major-element content,
bulk and specific organic-geochemical parameters, and qua-
litative mineralogical composition were investigated.
Pyrolytic experiments were performed on bitumen-free
samples in a detailed study of the /iquid-hydrocarbon poten-
tial of the sediments for prediction of the conditions neces-
sary for them to become active oil-generating source rocks.
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GEOLOGICAL SETTING

The Zlatibor area is located in SW Serbia, about 200 km
SW of Belgrade (Fig. 1). As a part of the Internal Dinarides,
it consists mostly of a Dinaric ophiolite nappe, which was
emplaced during the Jurrasic (Ili¢ and Neubauer, 2005).
During the middle early Miocene, the Zlatibor area was af-
fected by the opening of Dinaride Lake system (Krsti¢ ez al.,
2001). The relics of Miocene sediments are preserved only
locally (the Kremna, Bioska, Mackat, Kacer and Branes ba-
sins), usually fault-bounded and interbedded with fine-
grained volcanic tuffs and rarely with coal.

According to recent palacontological investigations, the
age of the sedimentary units is early Miocene, between 19
and 17 Ma (Prysjazhnjuk et al., 2000; Krsti¢ et al., 2001).
The only known fossil flora remains in the Kremna Basin
were interpreted as early Miocene (Panti¢, 1956). A rare fos-
sil fauna (Planorbis, Unio, Bithinia) and ostracoda also were
found, indicating the same age (Eremija, 1977). The whole
Dinarides subsequently were affected by late Neogene and
Quaternary uplift and denudation (Marovi¢ et al., 1999, 2002).

Sedimentation in the Kacer and Bioska basins was do-
minated by clastic rocks, while in the Kremna Basin, car-
bonate rocks also were deposited in addition to clastics
(Obradovi¢ and Vasi¢, 2007). This study is focused on the
Kremna Basin, covering an area of approximately 15 km?
(Fig. 1). The Kremna Basin was previously investigated for
potential deposits of boron and magnesite as well as sepio-
lite and palygorskite clay (Zivkovié and Stojanovié, 1976;
Dedi¢, 1978; 1li¢ and Rubezanin, 1978; Obradovi¢ et al.,
1994, 1995; Kovacevi¢, 1998).

The bedrock that underwent erosion during basin evo-
lution consisted primarily of Jurassic ultrabasic rocks, ser-
pentinite and ophiolitic mélange, and Triassic carbonate
rocks (Fig. 1). Intense weathering of ultramafic rocks dur-
ing the Palaeogene formed a thick weathering crust of smec-
tite (Maksimovi¢, 1996). The weathering processes yielded
intense leaching of MgO, which consequently influenced
the formation of magnesite rich sedimentary rocks.

Obradovi¢ and Vasi¢ (2007) summarized previous
studies of the Kremna Basin and on the basis of the results
presented by Dedi¢ (1978), they distinguished alluvial and
lacustrine series, and in them marginal and intrabasinal fa-
cies. The alluvial series consists of conglomerates and sand-
stones made up of ultramafic rock fragments (Obradovi¢
and Vasi¢, 2007). Thin intercalations of coal (2—5 cm thick)
are found in these sediments (Dedi¢, 1978). Marginal lacus-
trine and intrabasinal lacustrine facies consist of carbonate
sediments, namely dolomite and/or magnesite, marlstones
and rarely limestone (Obradovi¢ et al., 1996).

MATERIALS

For the purpose of this study, 43 core samples (5-10 cm
in length) were taken from the ZLT-2 borehole at different
depths. Sample preparation for chemical analyses was per-
formed at the Institute for Technology of Nuclear and Min-
eral Raw Materials (ITNMS), Belgrade. The sediment sam-
ples were dried at 105°C. In the next step, the samples were

successively crushed to 2.36 mm in three stages, using a jaw
crusher, a cone crusher and a roller crusher, respectively.
Then the samples were homogenized. A rough mill-frag-
mented sample was subsequently finely pulverized and sif-
ted through a 63 um sieve. Whole rock samples for thin sec-
tions and scanning electron microscopy (SEM) analyses
were taken separately from the core.

METHODS
X-Ray diffraction analysis

X-ray diffraction analyses were performed in the Labo-
ratory for Crystallography, Faculty of Mining and Geology,
University of Belgrade, Serbia. For determination of the
qualitative composition of the minerals, an X-ray generator
PHILIPS Type PW 1729, and a diffractometer from the
same manufacturer, type PW 1710 with genuine software
processing (Philips APD), were used. As a source of radia-
tion, an X-ray LLF-type tube with a copper anticathode and
arched graphite monochromator placed between the sample
and the detector were used, so that the radiation was CuKjy
=1.5405 A, thus avoiding possible X-ray fluorescence. The
anode tube load was 40 kV and 35 mA. The gaps (slits)
were fixed at 1.0 and 0.1 mm. Samples were pressed into
standard aluminum frames and recorded in the range of 20
from 5° to 60°. Data were collected by measuring each of
1/50° (0.02°) for a duration of 0.5 sec. Identification of min-
erals was performed by comparing dj values with those of
the standards from an electronic database (Joint Committee
on Powder Diffraction Standards, JCPDS-International Cen-
tre for Diffraction Data).

Determination of contents of major and trace elements

The contents of major and trace elements were determi-
ned at AcmeLabs, in Canada. Prepared samples were mixed
with an LiBO»/Li;B407 flux. The crucibles were fused in a
furnace. The cooled bead was dissolved in ACS-grade nitric
acid. The amounts of Al,O3, CaO, Cr;O3, FeyO3, K0,
MgO, MnO, NaO, P»0s, SiO and TiO, were determined
by inductively coupled plasma-optical emission spectro-
scopy (ICP-OES). The amounts of Ba, Co, Cs, Rb, Sb, Sr,
Th, U, V, Y and Zr were determined by inductively coupled
plasma mass spectrometry (ICP-MS). The ICP-OES analy-
sis was performed, using a SPECTRO ARCOS instrument,
while for ICP-MS analysis an ELAN 9000 from Perkin
Elmer was employed. A rack of 40 samples on either instru-
ment comprised 36 samples, one analytical blank, one sam-
ple replicate, one internal reference material (IRM) and one
of the Certified Reference Materials (CRM). Loss on igni-
tion (LOI) was determined by igniting a sample split, then
measuring the weight loss. Additionally, for the screening
of possible occurrences of B and Li, the amounts of these
two elements, together with the percentages of major ele-
ments and Sr (due to correlation) in core samples at 10 m in-
tervals, were also determined. These analyses were perfor-
med in the Société Générale de Surveillance (SGS) Labora-
tory, Canada, following procedures that were described in
previous papers (Sajnovi¢ et al., 2009, 2012).
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Scanning electron microscopy (SEM)

SEM analyses were performed on gold-coated, polis-
hed thin sections at the Faculty of Mining and Geology,
University of Belgrade, Serbia. Scanning electron micros-
copy was used for imaging and collecting chemical data, us-
ing a JEOL JSM—6610 LV Scanning Electron Microscope,
equipped with an energy-dispersive spectrometer (EDS).
Analyses were run at an accelerating voltage of 20 kV, and
a working distance of 10 mm.

Rock Eval pyrolysis

Rock-Eval pyrolysis was performed at the Institute of
Geology and Geochemistry of Petroleum and Coal, Aachen
University, Germany. Depending on mineral composition,
the amounts of macro-elements, the organic carbon content
and the biomarker composition, twenty-five samples were
selected for Rock-Eval pyrolysis. Measurements were car-
ried out, using a DELSI INC Rock-Eval VI instrument, ac-
cording to guidelines published by Espitalié¢ et al. (1985)
and Lafargue ez al. (1998). About 100 mg of each powdered
sample were pyrolyzed.

Determination of organic carbon, sulphur
and nitrogen contents and bitumen analysis

Analyses were performed at the Faculty of Chemistry,
University of Belgrade, Serbia. Elemental analysis was ap-
plied to determine the amounts of carbon, sulphur and nitro-
gen. Organic carbon (Corg) was determined after the remo-
val of carbonates with diluted hydrochloric acid (1:3 v/v).
The measurements were performed, using a Vario EL III,
CHNOS Elemental Analyser, Elementar Analysensysteme
GmbH (CHNS operation mode: furnace temperature 1150°C
with a thermoconductivity detector, TCD).

Extractable organic matter (bitumen) was removed from
the sediments by Soxhlet’s extraction with an azeotrope mix-
ture of dichloromethane and methanol (88:12 volume %), for
42 h (Sajnovié et al., 2009, 2012). Separation of the bitu-
men into the saturated and aromatic hydrocarbon fractions
was achieved, using column chromatography (adsorbents:
SiOy, 2.88 g and AlxO3, 2.12 g; eluents, including a “dead
volume” of 1.2 cm3: n-hexane, 50 cmd and benzene, 25 cm3;
per 10 mg of bitumen).

The saturated and aromatic fractions, isolated from the
initial bitumen and liquid pyrolysates, were analyzed by means
of the gas chromatography-mass spectrometry (GC- MS)
techique. The GC-MS was performed using an Agilent 7890A
gas chromatograph (HP-5MS column, 30 m X 0.25 mm,
0.25 pm film thickness, He carrier gas 1.5 cm?/min), coupled
to an Agilent 5975C mass selective detector (70 eV). The
column was heated from 80 to 310°C, at a rate of 2°C/min.,
and the final temperature of 310°C was maintained for an
additional 25 minutes. The individual peaks were identified
on the basis of comparison of the mass spectrum obtained
with those from the literature (Risatti et al., 1984; Philp,
1985; Radke, 1987; Sinninghe Damsté et al., 1987; Koop-
mans ef al., 1996a; Peters et al., 2005) and the mass spectra
library (NIST5a). Quantification of amounts of the com-

T. PERUNOVIC ET AL.

pounds for calculating the molecular parameters was per-
formed by integration of peak areas (software GCMS Data
Analysis) in the appropriate mass chromatograms [m/z 71
for n-alkanes; m/z 217 for steranes; m/z 215 for sterenes;
m/z for 191 hopanes and m/z 121, 135 and 149 for mono-,
di- and trimethylated 2-methyl-2-(4,8,12-trimethyltridecyl)
chromans, respectively]. Methyl-, dimethyl- and trimethyl-
naphthalenes in the aromatic fractions of liquid pyrolysates
were identified from the m/z 142, 156, and 170 ion frag-
mentograms, whereas phenanthrene, methyl-, and dimethyl-
phenanthrene isomers were analyzed from the m/z 178, 192,
and 206 ion fragmentograms.

Pyrolysis of the samples rich in organic matter

Pyrolysis was performed on samples free of soluble or-
ganic matter (bitumen), which contained kerogen with a na-
tive mineral matrix. The initial mass of a bitumen-free sam-
ple was ~5 g. Pyrolyses were performed in an autoclave un-
der nitrogen for 4 hours at 400°C. Liquid pyrolysis products
were extracted with hot chloroform. The gaseous products
were not analyzed, although the production of gaseous pro-
ducts was indicated by the pressure change in the autoclave.
Liquid pyrolysates were separated into saturated hydrocar-
bon, aromatic hydrocarbon, and NSO fractions using the
same method as applied in the fractionation of extracted bi-
tumen. The saturated and aromatic fractions were analyzed
by GC-MS, as described in the previous section.

RESULTS
Mineral composition and content of major elements

The chemical composition of the sediments from the
Kremna Basin was determined for 43 core samples (Tables
1-3). Samples for mineralogical and petrological analyses
(thin section and SEM) were selected with reference to the
analyses obtained.

Generally, the mineral composition of the Kremna Ba-
sin sediments is represented by dolomite, quartz, calcite,
magnesite, and clay minerals. Different lacustrine facies
could not be clearly distinguished from the results obtained.
However, it was evident that the sediments from the core
analyzed belong to an intrabasinal facies (Figs 2, 3).

Sediments from the lower sequence in the core (216—
343 m) contain more Mg-rich minerals (Fig. 3B) and the
Mg originated from the underlying ultramafites. This sec-
tion is characterised by pronounced volcanic activity (tuff,
searlesite; Fig. 3C). The spherulitic structure, common in
silica-rich glassy rocks, is visible in thin (20-30 cm) potas-
sium-rich unaltered volcanic material (depth 262 m; Figs 2,
4A, B). The glass is occasionally devitrified and the spheru-
lites are recrystallised. Clay minerals are poorly represented
in the entire column, except in intervals where sepiolite and
smectite occur by paragenesis with dolomite and magnesite
(Fig. 3D). Ca-rich sediments are dominant in the upper se-
quence of the core (13.5-216 m, Fig. 3A). Volcanic mate-
rial was also determined in a thin layer at a depth of 77.5 m
(Figs 2, 4C, D).
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Table 1

Amounts of major elements (weight %) in sediments

Sequence De;gjjp' No D(jfl’;h Si0, | ALO; | Fe,0; | Mg0 | CaO | NaO | K,0 | TiO, | POy | MnO | Cr0; | LOI*
Clayey carbonates | 1 115 | 5557 | 094 | 1.03 | 497 | 88 | 012 | 047 | 004 | 001 | 001 | 002 | 286
2 135 | 840 | 1.02 | 081 | 1619 | 2219 | 009 | 056 | 003 | 001 | 002 | 002 | 507
3 27 | 1744 | 303 | 131 | 1446 | 2158 | 001 | 142 | 007 | 002 | 003 | 002 | 40.5
4 32 | 1262 | 187 | 069 | 194 | 2243 | 011 | 113 | 004 | 001 | 002 | 001 | 418
dg’lljiiyte 5 425 | 1502 | 3.04 | 144 | 215 | 3764 | 007 | 151 | 006 | 002 | 005 | 001 | 394
6 54 | 3479 | 680 | 233 | 1115 | 924 | 008 | 263 | 012 | 001 | 003 | 002 | 343
7 555 | 2609 | 197 | 081 | 1563 | 1886 | 008 | 067 | 004 | 003 | 003 | 001 | 366
8 645 | 1758 | 061 | 021 | 17.1 | 2315 | 008 | 018 | 001 | 001 | 001 | 0 41
9 70 | 3034 | 604 | 180 | 227 | 277 | 006 | 147 | 009 | 001 | 004 | 002 | 317
10 78 | 1024 | 209 | 069 | 1121 | 3277 | 013 | 047 | 004 | 001 | 002 | 0 425
Upper 11 80 | 10.68 | 238 | 053 | 608 | 3677 | 011 | 036 | 005 | 002 | 002 | 0 43.6
Se?lljesr;ce 12 8 | 1199 | 331 | 088 | 243 | 4181 | 0.5 | 041 | 007 | 004 | 002 | 001 | 399
13 9% | 1098 | 318 | 144 | 150 | 4284 | 013 | 055 | 008 | 011 | 003 | 001 | 399
Marlstone, 14| 111 1245 | 259 | 080 | 252 | 3633 | 014 | 053 | 005 | 015 | 002 | 001 | 45
calcite | 15 | 113 | 2239 | 546 | 268 | 147 | 3535 | 020 | 1.19 | 028 | 004 | 006 | 004 | 31.9
dominated| ¢ 127 1828 | 518 | 257 169 | 3801 | 025 | 112 | 014 | 004 | 004 | 003 | 336
17 | 1375 | 698 | 118 | 063 | 266 | 4458 | 015 | 024 | 003 | 006 | 001 | 001 | 43.6
18 | 150 | 2769 | 187 | 087 | 1.09 | 3243 | 016 | 039 | 013 | 001 | 002 | 002 | 366
19 | 164 | 1399 | 1.82 | 116 | 121 | 4388 | 020 | 041 | 007 | 012 | 003 | 002 | 377
20 | 185 | 1716 | 104 | 076 | 751 | 2938 | 023 | 036 | 003 | 007 | 002 | 001 | 438
21 189.5 | 23 139 | 120 | 888 | 2689 | 022 | 071 | 004 | 005 | 003 | 002 | 377
2 | 216 | 3681 | 031 | 096 | 2141 | 1346 | 041 | 010 | 002 | 001 | 001 | 002 | 283
23 | 219 | 1291 | 085 | 124 | 3535 | 599 | 029 | 029 | 002 | 001 | 002 | 003 | 428
24 | 224 | 2405| 179 | 251 | 2039 | 17.10 | 045 | 080 | 006 | 001 | 005 | 005 | 338
25 | 238 | 4693 | 489 | 1.17 | 2444 | 236 | 124 | 279 | 003 | 001 | 002 | 001 | 204
1ar1\:i?1raltyed 26 | 2435 | 1661 | 094 | 1.19 | 3275 | 629 | 1.19 | 048 | 004 | 001 | 002 | 002 | 406
magnesite| 27 | 245 | 1644 | 073 | 266 | 3598 | 479 | 069 | 027 | 003 | 001 | 004 | 008 | 39.
28 | 2483 | 1939 | 066 | 134 | 3028 | 650 | 228 | 029 | 003 | 001 | 002 | 003 | 394
29 | 255 | 1226 | 060 | 120 | 3668 | 458 | 070 | 022 | 003 | 001 | 003 | 005 | 438
30 | 258 | 40.14 | 340 | 885 | 2092 | 615 | 171 | 160 | 011 | 001 | 011 | 019 | 21
31 | 265 | 1593 | 130 | 195 | 3362 | 584 | 140 | 062 | 005 | 001 | 003 | 003 | 399
Lower 32 | 283 | 2075 | 135 | 189 | 263 | 1379 | 1.16 | 045 | 005 | 001 | 003 | 004 | 357
Sec(lﬁesl;ce 33 | 286 | 2918 | 227 | 346 | 2487 | 1149 | 156 | 066 | 008 | 002 | 004 | 006 | 29
34 | 2975 | 2376 | 209 | 192 | 2862 | 919 | 153 | 044 | 007 | 001 | 003 | 003 | 343
35 | 309 | 3383 | 462 | 593 | 2184 | 925 | 223 | 123 | 0.19 | 002 | 007 | 008 | 24.1
Z’i"ﬁﬁlffj 36 | 3175 | 2268 | 219 | 272 | 2539 | 1259 | 145 | 053 | 008 | 001 | 004 | 005 | 337
Silty 37 | 324 | 346 | 365 | 508 | 2311 | 770 | 198 | 1.07 | 012 | 002 | 006 | 01 | 257
Mg-marls-| 38 | 329 | 3422 | 405 | 551 | 1905 | 1076 | 183 | 161 | 013 | 002 | 006 | 011 | 256
Mt;)-ncel;y 39 | 335 | 2727 | 006 | 0.5 | 239 | 1348 | 211 | 007 | 001 | 002 | 007 | 001 | 358
40 | 336 | 2311 ] 028 | 0.19 | 2258 | 143 | 210 | 007 | 001 | 002 | 004 | 001 | 396
41 340 | 43.08 | 151 | 553 | 2288 | 296 | 1.9 034 | 004 | 002 | 003 | 01 | 272
42 | 341 | 4615 | 237 | 817 | 2053 | 293 | 222 | 053 | 007 | 002 | 004 | 015 | 228
43 | 343 | 524 | 439 | 1155 | 1666 | 068 | 212 | 239 | 012 | 002 | 003 | 02 | 156
Minimum US 698 | 061 | 021 109 | 924 | 006 | 018 | 001 | 001 | 001 | 0 317
Maximum US 3479 | 68 268 | 194 | 4458 | 025 | 263 | 028 | 0.5 | 006 | 004 | 507
Average US 1741 | 279 | 118 | 733 | 3119 | 0.4 | 082 | 007 | 004 | 003 | 001 | 3959
Standard deviation US 771 177 | 069 | 637 | 957 | 006 | 06 006 | 004 | 001 | 001 | 475
Minimum LS 1226 | 006 | 015 | 1666 | 068 | 029 | 007 | 001 | 001 | 002 | 001 | 156
Maximum LS 524 | 489 | 1155 | 3668 | 171 | 228 | 279 | 019 | 002 | o011 | 02 | 438
Average LS 2875 | 201 | 342 | 258 828 | 148 | 077 | 006 | 001 | 004 | 007 | 31.74
Standard deviation LS 1183 | 152 | 305 | 58 | 455 | 064 | 074 | 005 | 001 | 002 | 006 | 8.14

* — Loss on ignition.
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Table 2
Amounts of trace elements (mg/kg) in sediments
Sequence Det?(c);ip— No Dgrp:;h Ba Co Cs Rb Sc Sr Th U \Y% Zr
Clayey carbonates 1 115 | 109.2 8.90 LIl | 1274 202 | 1907 0.71 0.61 13.14 | 12.84
2 13.5 | 10889 | 12.10 242 | 19.66 202 | 90653 | 0.50 111 34.28 6.15
3 27 | 45139 | 1088 | 1179 | 70.33 3.02 | 81582 | 141 0.81 2015 | 24.08
4 32 | 23355 | 526 263 | 29.22 202 | 122788 | 172 0.81 12.13 6.77
di‘fgg?te 5 425 | 171.73 8.79 6.26 60.31 3.03 875.04 | 242 1.21 18.18 19.6
6 54 | 20146 | 1449 | 1079 | 11676 411 | 984.89 | 2.06 0.51 39.06 | 31.86
7 555 | 153.83 | 591 428 | 3535 204 | 773.63 | 255 224 1630 | 10.59
8 645 | 9351 121 141 9.85 050 | 79457 | 0.40 0.80 8.04 9.15
9 70 | 30776 | 1057 | 1682 | 82.17 410 | 1521.65 | 3.49 1.85 1847 | 3632
10 78 51536 | 344 768 | 2597 202 | 123252 | 3.3 313 10.11 | 23.65
Upper 1 80 | 38801 | 223 6.09 | 24.58 102 | 92626 | 193 2.03 1422 | 32.61
Se?ﬁesr;“ 12 83 277.61 | 378 | 1347 | 33.8 204 | 1404.16 | 255 133 1531 | 149
13 96 | 43744 | 1027 | 1943 | 37.13 3.05 | 129105 | 275 1.73 1933 | 14.34
Marlstone, 14 11 25883 | 660 | 1320 | 32.07 203 | 114474 | 233 2.84 1624 | 1441
calcite 15 113 41501 | 1958 | 3283 | 79.74 714 | 125859 | 7.85 3.26 6118 | 3528
dominated| ¢ 127 37124 | 2040 | 4742 | 7853 612 | 170729 | 347 1.84 41.82 | 27.03
17 1375 | 22672 | 595 | 1622 | 16.02 101 | 119397 | 091 111 12.09 7.76
18 150 | 26397 | 11.56 317 | 2046 205 | 70104 | 1.64 0.61 1842 | 19.85
19 164 | 247.16 | 11.75 172 | 19.65 3.04 | 94489 | 172 132 1722 | 16.00
20 185 17179 | 8.08 283 | 1698 101 | 65936 | 1.52 222 17.18 8.19
21 189.5 | 149.99 | 11.88 292 | 3111 201 | 60056 | 131 151 1711 | 10.57
2 216 82.59 | 10.94 031 4.96 103 | 131613 | 0.10 0.31 8.26 527
23 219 13459 | 15.69 081 | 12.85 202 | 219753 | 030 0.40 9.1 5.67
24 224 | 33881 | 29.88 144 | 2649 411 | 251078 | 133 0.92 2156 | 13.96
25 238 10822 | 775 053 | 1931 106 | 861.64 | 0.74 0.42 424 | 2196
larl\r’lli*:;tyed 26 2435 | 12183 | 15.63 102 | 1279 203 | 148467 | 051 0.51 12.18 8.32
magnesite| 27 245 69.89 | 32.99 082 | 10.69 3.08 | 127657 | 021 0.41 18.50 5.45
28 2483 | 11796 | 2024 112 | 11.80 203 | 186933 | 0.20 0.61 10.17 447
29 255 10573 | 16.98 0.92 9.86 102 | 151495 | 031 0.41 11.18 427
30 258 11046 | 95.17 510 | 50.03 850 | 72034 | 0.64 0.64 3399 | 2177
31 265 82.85 | 21.79 256 | 17.80 205 | 1147.90 | 031 0.51 11.25 9.41
Lower 32 283 17639 | 1899 | 1069 | 18.16 311 | 299201 | 083 0.83 1453 | 1027
Se‘gﬁ;‘;“’ 33 286 153.10 | 2978 | 2129 | 29.05 419 | 220994 | 0.84 0.63 2097 | 1867
34 2975 | 131.09 | 1342 | 2424 | 19.77 208 | 155795 | 0.94 031 16.65 | 29.44
35 309 174.03 | 4789 | 60.01 | 48.94 633 | 230113 | 148 0.53 3059 | 3723
l\gif(l){nl}ff 36 3175 | 22864 | 2535 | 3435 | 2597 414 | 325212 | 083 0.52 2073 | 15.62
Silty 37 324 89.44 | 5492 | 9343 | 61.66 526 | 117456 | 074 0.42 3577 | 2431
Mg-marl-| 38 329 9225 | 5944 | 9424 | 51.58 734 | 124416 | 0.73 0.73 3879 | 2474
I\Ztg‘fi;y 39 335 | 18354 | 443 0.95 116 | 053 | 118745 | 084 0.53 422 | 1456
40 336 183.02 | 220 042 0.73 052 | 106338 | 1.36 1.57 418 8.47
41 340 39.02 | 4033 4.44 8.02 542 | 12358 | 087 0.43 76.96 9.1
4 341 3258 | 5473 554 | 11.84 869 | 10512 | 141 0.43 8361 | 12.16
43 343 1729 | 644 1275 | 5262 | 11.89 2453 | 1.19 022 | 10697 | 19.45
Minimum US 93.51 121 1.41 9.85 050 | 60056 | 0.40 0.51 8.04 6.15
Maximum US 51536 | 2040 | 4742 | 11676 714 | 170729 | 785 3.26 6118 | 3632
Average US 27226 | 924 | 1117 | 41.98 267 | 104822 | 228 1.61 2134 | 1846
Standard deviation US 12153 | 521 | 1162 | 29.00 167 | 30181 | 1.57 0.81 12.95 9.97
Minimum LS 1729 | 2.20 0.31 0.73 0.52 2453 | 0.10 0.22 418 427
Maximum LS 33881 | 9517 | 9424 | 61.66 | 11.89 | 3252.12 | 148 157 | 10697 | 37.23
Average LS 12606 | 3104 | 1713 | 23.00 393 | 146072 | 0.76 0.56 27.06 | 1475
Standard deviation LS 7125 | 2329 | 2874 | 1829 3.05 | 8662 0.42 028 27.63 8.98
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Table 3
Amounts of major (weight %) and trace elements B, Li, Sr (mg/kg) in core samples at 10-m intervals

Sequence De;g;ip‘ D(?E;h Si0, | ALO, | Fe,0, | MgO | CaO | Na,0 | K,0 | TiO, | P,0, | MnO | Cr,O, | B Li St
1020 | 12.10 | 062 | 0.60 | 1840 | 2550 | 0.16 | 024 | 002 | 001 | 0.02 | 0.02 95 | 290 | 1200
2030 | 9.61 | 1.60 | 1.05 | 9.19 | 3450 | 0.10 | 0.73 | 005 | 001 | 0.03 | 0.03 87 | 84 | 1300
Marly | 30-40 | 2220 | 247 | 114 | 17.80 | 18.80 | 0.6 | 147 | 0.04 | 0.01 | 0.03 | 0.0l 73 | 460 | 1200
dolomite | 40-50 | 12.80 | 1.64 | 097 | 11.90 | 30.80 | 0.11 | 0.75 | 004 | 002 | 0.04 | 0.02 140 | 130 | 1000
50-60 | 18.00 | 2.37 | 094 | 12.50 | 25.80 | 0.2 | 1.I1 | 005 | 001 | 003 | 0.03 96 | 210 860
60-70 | 1430 | 221 | 098 | 7.48 | 33.00 | 0.12 | 0.63 | 005 | 001 | 005 | 0.02 110 | 110 | 1300
70-80 | 24.40 | 2.11 | 0.60 | 1040 | 25.10 | 0.12 | L18 | 0.03 | 001 | 0.02 | 0.03 71 81 740
80-90 | 7.82 | 146 | 046 | 297 | 4340 | 025 | 024 | 0.03 | 005 | 003 | 0.0l 69 | 34 | 1700
90-100 | 8.64 | 0.83 | 1.03 | 13.60 | 32.10 | 032 | 025 | 0.03 | 0.04 | 003 | 0.02 280 | 85 | 1400
Upper 100-110| 574 | 091 | 044 | 2.68 | 4580 | 020 | 0.18 | 0.03 | 0.12 | 0.02 | 0.0l 100 | 20 | 1600
SE?SCSI;CC 110-120| 19.00 | 3.10 | 1.05 | 3.75 | 3430 | 0.19 | 0.61 | 007 | 008 | 003 | 0.02 81 27 | 1400
120-130| 9.15 | 1.54 | 094 | 4.13 | 4040 | 025 | 037 | 004 | 011 | 003 | 001 62 | 20 | 1300
Mg;if:e 130-140| 10.00 | 099 | 0.78 | 540 | 39.00 | 0.14 | 023 | 003 | 008 | 0.04 | 0.02 571 20 | 1200
dominated| 140-150 1240 | 1.55 | 096 | 257 | 41.10 | 023 | 035 | 005 | 008 | 0.04 | 002 72| 20 | 1400
150-160| 1220 | 179 | 096 | 671 | 3580 | 0.19 | 041 | 005 | 005 | 0.04 | 0.02 39| 20 580
160-170| 14.00 | 135 | 0.86 | 694 | 3500 | 0.17 | 032 | 0.04 | 006 | 004 | 0.0l 21 21 610
170-180| 13.50 | 1.67 | 0.94 | 641 | 3590 | 035 | 046 | 004 | 004 | 002 | 0.02 76 | 33 630
180-190| 1670 | 1.84 | 124 | 7.68 | 3230 | 027 | 054 | 006 | 003 | 004 | 003 76 | 50 620
190200 44.90 | 733 | 1.63 | 442 | 1400 | 178 | 1.90 | 0.2 | 0.05 | 0.06 | 0.03 77| 20 320
200-210| 12.60 | 147 | 142 | 738 | 3630 | 0.19 | 057 | 006 | 0.0l | 0.04 | 0.03 74| e 670
210-220| 21.70 | 1.92 | 1.64 | 20.80 | 14.80 | 2.04 | 071 | 0.07 | 001 | 003 | 002 | 4400 | 390 | 3300
220-230| 1340 | 0.78 | 122 | 3410 | 695 | 031 | 030 | 0.03 | 001 | 003 | 0.04 300 | 190 | 1500
230-235| 13.10 | 1.02 | 123 | 3330 | 7.22 | 036 | 044 | 003 | 001 | 003 | 0.03 190 | 170 | 1300
Marly |235-240] 12,10 | 066 | 075 | 3630 | 558 | 035 | 024 | 002 | 001 | 002 | 003 320 | 140 | 1600
laminated |240-245| 14.50 | 0.93 | 2.08 | 32.80 | 631 | 052 | 039 | 0.03 | 00l | 003 | 0.05 680 | 160 | 1300
magnesite 45 550| 14.90 | 0.88 1.89 | 2990 | 890 | 099 | 041 | 004 | 001 | 003 | 005 | 2100 | 130 1200
250-255| 13.60 | 091 | 1.33 | 31.60 | 850 | 0.82 | 036 | 0.04 | 001 | 003 | 004 | 1600 | 110 | 1200
Lower 255-260| 1670 | 128 | 1.64 | 29.10 | 839 | 139 | 059 | 0.04 | 001 | 004 | 004 | 2900 | 130 | 1300
sequence 260-265| 1830 | 196 | 1.64 | 26.80 | 922 | 148 | 1.15 | 0.06 | 001 | 004 | 004 | 3700 | 140 | 1100
(LS) 265-271| 10.80 | 0.75 | 0.90 | 28.70 | 12.70 | 1.10 | 037 | 003 | 001 | 003 | 003 | 2600 | 150 | 2300
271-281| 15.00 | 086 | 1.08 | 2470 | 16.60 | 099 | 032 | 004 | 002 | 003 | 002 | 1600 | 170 | 3400
I\gglr})ﬁfeg 281-291| 1870 | 1.13 | 1.57 | 2520 | 1450 | 1.02 | 034 | 005 | 0.0l | 003 | 003 | 1300 | 270 | 2500
Silty |291-301) 1870 | 1.34 | 140 | 2670 | 12.30 | LIS | 032 | 006 | 0.01 | 003 | 0.03 | 1000 | 440 | 1900
Mg-marl-301-311| 12.50 | 0.88 | 1.I5 | 23.20 | 18.80 | 0.17 | 037 | 0.03 | 0.02 | 0.03 | 003 140 | 120 | 1200
]\jtg‘fz]e;y 311-321] 1680 | 120 | 149 | 23.50 | 17.00 | 099 | 031 | 0.04 | 001 | 0.04 | 004 | 810 | 400 | 4200
321-331] 1630 | 090 | 117 | 22.60 | 18.10 | 1.04 | 031 | 003 | 001 | 003 | 003 | 1400 | 420 | 2500
331-342| 19.60 | 0.90 | 2.17 | 3140 | 562 | 097 | 031 | 003 | 00l | 003 | 0.05 830 | 220 480
Minimum US 574 | 062 | 044 | 257 | 1400 | 0.10 | 0.18 | 002 | 0.0l | 002 | 0.1 39 | 20 320
Maximum US 4490 | 733 | 1.63 | 1840 | 39.00 | 178 | 1.90 | 0.2 | 0.12 | 0.06 | 0.03 280 | 460 | 1700
Average US 1500 | 1.94 | 095 | 812 | 3025 | 027 | 0.63 | 005 | 004 | 003 | 0.02 89 | 90 | 1052
Is;'é‘“dard Gy 848 | 140 | 029 | 470 | 796 | 036 | 046 | 002 | 0.04 | 001 | 0.01 50 | 112 393
Minimum LS 10.80 | 0.66 | 075 | 20.80 | 558 | 0.17 | 024 | 002 | 001 | 002 | 0.02 140 | 110 480
Maximum LS 2170 | 196 | 2.17 | 3630 | 18.80 | 2.04 | 1.15 | 0.07 | 002 | 0.04 | 005 | 4400 | 440 | 4200
Average LS 1569 | 1.08 | 143 | 2828 | 1126 | 092 | 043 | 004 | 001 | 003 | 004 | 1522 | 221 | 1899
i;andard G 300 | 037 | 039 | 455 | 461 | 048 | 022 | 001 | 000 | 000 | 001 | 1252 | 117 995
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Lithological column of ZLT-2 borehole.

The mineral content of the sediments from the Kremna
Basin is reflected in their chemical composition. The lower
sequence (216-343 m) has higher MgO, NayO, Fe;03, SiO»,
B and Li contents, while the upper sequence (13.5-216 m)
has a higher CaO content (Tables 1, 3). The entire core has a
very low Al,O3 content (0.06—6.80%; Table 1), owing to the
low clay content and a specific clay mineralogy with Mg
clays predominant.

Bulk organic geochemical parameters
and Rock Eval data

The OM content, expressed as total organic carbon (Corg),
varies across a wide range of 0.32 to 12.38% (Table 4). The
same observation is applicable to the amounts of extrac- table
organic matter (bitumen) and both free (S1) and pyrolysis-
derived bound hydrocarbons (S2), obtained by Rock-Eval
pyrolysis (Tables 4, 5). Samples from the upper sequence
are characterised by enhanced Corg, S1, S2 and nitrogen
contents (Tables 4, 5). These results indicate that variations
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in mineral proportions are followed by a notable change in  Fig.5. Modified van Krevelen diagram Hydrogen Index (HI)
the OM content. The elevated concentration of OM in the vs. Oxygen Index (OI) (Langford and Blanc-Valleron, 1990).

lower sequence, detected only in the depth interval 329 to
336 m (Table 4) can be related to coal layers (allochtonous
OM, derived from the biomass of land plants), observed on a
macroscopic scale during the sampling.
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Table 4
Values of bulk organic geochemical parameters
Sequence |[Description| No | Depth (m) | Corg (%)’ N (%) S (%) C/S? C/N? (H]lggi/tglgzrrlg) (mg/}écéorg) ASp?ﬂ;geé;gsos
Clayey carbonates 1 115 10.64 031 0.97 29.28 40.03 117.11 3.44 113.67
2 13.5 4.13 0.16 038 29.02 30.10 334.79 5.69 329.10
3 27 12.07 035 1.20 26.85 40.22 59.93 1.20 58.73
4 32 4.01 0.16 0.37 28.93 29.23 112.89 2.61 110.29
dgfjiiyte 5 425 571 0.28 0.77 19.80 23.78 95.02 5.63 89.40
6 54 11.04 0.44 1.05 28.07 29.26 134.26 7.56 126.70
7 55.5 5.52 0.20 0.47 31.36 32.19 122.10 6.85 11525
8 64.5 3.03 0.07 0.24 33.71 50.48 78.35 467 73.68
9 70 472 0.14 0.78 16.16 39.32 111.41 5.90 105.51
10 78 3.4 0.11 0.37 2338 3435 93.18 5.19 87.99
Upper 1 80 5.78 0.17 0.57 27.07 39.65 124.6 5.69 118.91
Se?{‘g;ce 12 83 2.65 0.12 0.50 14.15 25.75 90.2 4.78 85.42
13 96 3.62 0.16 0.76 12.72 2638 80.93 3.70 77.23
Marlstone, |14 111 10.23 033 0.95 28.75 36.15 135.51 5.76 129.75
calcite 15 113 1.58 0.11 0.70 6.03 16.75 136.27 5.44 130.83
dominated | ¢ 127 1.45 0.08 0.57 6.79 21.14 94.19 4.08 90.11
17 137.5 6.30 0.20 0.75 22.43 36.73 74.38 3.17 71.21
18 150 571 0.26 0.51 29.89 25.61 33.58 1.35 3223
19 164 171 0.07 031 14.73 28.49 88.03 4.14 83.89
20 185 8.86 0.27 0.71 3332 3827 108.82 5.88 102.95
21 189.5 5.81 0.23 0.61 25.43 29.46 31.87 1.37 30.51
22 216 1.42 0.06 0.15 2527 27.60 183.71 8.08 175.63
23 219 2.07 0.08 0.30 18.42 30.17 213.71 8.29 205.42
24 224 0.32 0.10 0.56 1.53 373 276.69 13.56 263.13
25 238 0.46 0.06 0.54 227 8.94 270.49 11.33 259.16
Marly 26 2435 2.14 0.08 0.50 11.43 312 213.75 10.58 203.17
laminated
magnesite |27 245 1.04 0.03 0.55 5.05 40.43 266.2 5.14 261.06
28 2483 3.02 0.09 0.48 16.80 39.13 329.45 10.51 318.94
29 255 2.40 0.06 0.42 15.26 46.65 323.46 11.39 312.08
30 258 0.81 0.07 1.83 118 13.49 158.19 533 152.86
31 265 1.37 0.04 0.58 631 39.94 218.77 16.39 202.39
Lower 32 283 1.23 0.04 0.44 7.46 35.86 270.12 7.89 262.23
Se?fgr;“ 33 286 0.88 0.03 0.60 3.92 3421 262.38 12.10 250.28
34 297.5 1.69 0.06 0.41 11.00 32.85 326.03 25.46 300.57
35 309 0.51 0.04 0.97 1.40 14.87 251.39 10.26 241.13
Marly Mg |3 317.5 1.48 0.06 0.48 8.23 28.77 389.65 13.13 376.52
dolomite,
Silty 37 324 2.08 0.08 0.83 6.69 3032 336.19 17.25 318.95
Mg-marl- | 38 329 12.38 0.48 3.88 8.51 29.74 4041 2.55 37.86
Nigf‘:f;y 39 335 4.50 0.20 0.30 40.05 26.24 81.17 4.69 76.48
40 336 5.88 0.26 0.37 42.43 2637 80.37 2.61 77.76
41 340 2.69 0.12 1.37 5.4 26.14 89.33 4.63 84.70
4 341 1.89 0.08 1.81 2.79 27.55 89.27 6.65 82.62
43 343 0.77 0.06 2.50 0.82 14.97 81.95 3.96 77.99
Minimum US 1.45 0.07 0.24 6.03 16.75 31.87 1.20 30.51
Maximum US 12.07 0.44 1.20 33.71 50.48 334.79 7.56 329.1
Average US 5.36 0.20 0.63 22.93 31.67 107.02 4.53 102.48
Standard deviation US 3.09 0.10 025 3.48 7.85 61.50 1.82 60.54
Minimum LS 0.32 0.03 0.15 0.82 373 40.41 255 37.86
Maximum LS 12.38 0.48 3.88 42.43 46.65 389.65 25.46 376.52
Average LS 2.32 0.10 0.90 11.00 27.69 216.03 9.63 206.40
Standard deviation LS 2.61 0.10 0.89 11.66 10.76 102.01 5.49 98.04

! Corg — Organic carbon content; 20/8is given as molar ratio; 3CMNis given as molar ratio; 4 HC - Content of saturated and aromatic hydrocarbons; 3 NSO - Polar compounds

containing N, S and O.
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Table 5
Results of Rock-Eval pyrolysis for selected samples
. S1' (mg S2* (mg HC/g S3* (mg HI° (mg HC/ | OI° (mg CO,/ . Tmax
Sequence | Description No |Depth (m) HC %/g sample) sample) CO,/g sample) (g Corg) ¢ Corg)® S2/83 PI 0y’
3 27 2.35 53.42 2.69 442,58 2229 19.86 0.04 | 430
|6 54 7.78 11231 3.93 10173 35.60 28.58 0.06 | 425
Marly dolomite
7 55.5 3.51 41.96 1.73 760.14 31.34 24.25 0.08 | 430
8 64.5 1.01 25.69 1.31 847.85 4323 19.61 0.04 | 428
9 70 1.35 33.64 1.67 712.71 35.38 20.14 0.04 | 427
Upper 10 78 0.63 2421 1.57 74722 48.46 15.42 0.03 | 429
sequence
(US) 12 83 0.47 12.18 1.92 459.62 72.45 6.34 0.04 | 424
Mafisﬁ‘me, 14 | 111 2.84 77.74 3.81 759.92 37.24 20.40 0.04 | 430
calcite
dominated 18 | 150 1.29 17.19 3.53 301.05 61.82 4.87 0.07 | 424
19 | 164 0.38 9.44 1.41 552.05 82.46 6.70 0.04 | 427
20 | 185 2.84 84.25 2.79 950.9 31.49 30.20 0.03 | 425
21 | 189.5 0.95 46.21 1.73 795.35 29.78 26.71 0.02 | 429
2 | 216 0.47 7.08 1.10 498.59 77.46 6.44 0.06 | 452
23 | 219 0.89 13.56 1.15 655.07 55.56 11.79 0.06 | 442
Marly 25 | 238 0.24 141 0.95 306.52 206.52 1.48 0.15 | 423
laminated
magnesite 28 | 2483 0.59 21.01 1.46 695.70 48.34 14.39 0.03 | 428
30 | 258 0.16 0.93 1.14 114.81 140.74 0.82 0.15 | 434
Lower 31 | 265 0.23 6.05 121 441.61 88.32 5.00 0.04 | 425
sequence 32 | 283 0.14 5.76 1.19 468.29 96.75 4.84 0.02 | 437
*s) 33 | 286 0.10 262 1.04 297.73 118.18 252 | 004 | 445
Marly Mg 35 | 309 0.10 0.77 1.08 150.98 211.76 0.71 0.11 | 425
dolomite, Silty ™3, ™35 0.26 8.98 1.47 43277 70.84 6.11 0.03 | 439
Mg-marl-
stone, Mg-clay | 38 | 329 0.31 8.54 2.30 68.98 18.58 3.71 0.04 | 436
39 | 335 0.17 16.72 3.00 371.56 66.67 5.57 0.01 | 442
41 | 340 0.10 5.53 1.98 205.58 73.61 2.79 0.02 | 438
Minimum US 0.38 9.44 1.31 301.05 2229 4.87 0.02 | 424
Maximum US 7.78 112.31 3.93 1017.3 82.46 30.20 0.08 | 430
Average US 2.12 44.85 234 695.56 4429 18.59 0.04 | 42733
Standard deviation US 2.07 32.01 0.97 215.12 18.60 8.69 0.02 2.35
Minimum LS 0.10 0.77 0.95 68.98 18.58 0.71 0.01 | 423
Maximum LS 0.89 21.01 3..00 695.7 211.76 14.39 0.15 | 452
Average LS 0.29 7.61 1.47 362.17 97.95 5.09 0.06 | 435.85
Standard deviation LS 0.23 6.23 0.60 196.17 57.99 4.07 0.05 8.67

1'S1 - Free hydrocarbons; 2HC- Hydrocarbons; 390 Pyrolysate hydrocarbons; 4$3 - Amount of CO, generated from oxygenated functional groups; SHI- Hydrogen Index =
S2 x 100/Corg; So1- Oxygen Index = S3 x 100/Corg; 7 PI - Production Index = S1/(S1+S2); 8 Tmax — Temperature corresponding to S2 peak maximum.

Modified van Krevelen, Hydrogen Index (HI) vs. Oxy-
gen Index (OI) diagram (Langford and Blanc-Valleron,
1990) shows that samples from the upper and lower se-
quence of the borehole ZLT-2, in addition to the OM con-
tent, also differ with regard to the OM type. The OM of
sediments from the upper sequence comprises kerogen I/11,
I, T and II/III types, whereas the OM of samples from the
lower sequence consists of kerogen II/111, III and II types
(Fig. 5).

There is no significant difference in sulphur content be-
tween samples (Table 4), although sediments from the lower
sequence are generally enriched in this element. Higher con-
centrations of total organic carbon, accompanied by lower
concentrations of sulphur, resulted in a notably higher C/S
ratio in the upper sequence (Table 4).

Preferred utilization of carbon and bacterial fixation of

nitrogen result in lowering of C/N values with increasing
depth (Table 4), as it is reported for lacustrine sediments
(Meyers and Ishiwatari, 1993).

The bitumen of all samples investigated is mainly repre-
sented by asphaltenes and polar-NSO compounds, whereas
the relative amounts of saturated and aromatic hydrocarbons
are low (Table 4), indicating low maturity. Values of Produc-
tion Index (PI) lower than 0.1 confirms the low OM matu-
rity (Table 5). Two samples have values of PI =0.15. How-
ever, these samples contain low amounts of Corg (0.46% and
0.81%, respectively; Tables 4, 5) and therefore the Rock Eval
parameters should be treated with caution (Kluska et al.,
2013). The maximal temperature (Tmax), Which corresponds
to S2 peak maximum, varies in a wide range (Table 5). How-
ever, this variation in Tmgax is related to different kerogen
types, rather than to thermal maturity (Peters et al., 2005).
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Table 6
Values of bulk organic geochemical parameters in liquid pyrolysates
i iqui Group composition of liquid pyrolysates
Sample | Yield of iquid p;;ji;g‘?;‘;;g Vields of HC? | Yields of HC [ pt ; +p ; quo +pyrh ylt oo (bar) | P (bar)
rolysates m m me/g Cor aturate aromatic asphaltenes o
pyroly (ppm) Corg) (ppm) (mg/g Corg) HC (%) %)
3 4980 41.26 1796 14.88 36.07 63.93 5.0 5.9
6 13114 118.79 5996 54.31 45.72 54.28 4.9 5.5

! Relative to the bitumen-free sample; 2 HC — Hydrocarbons; * p, — Initial pressure; # p — Pressure at the end of pyrolysis.

Characteristics of liquid pyrolysates — Bulk organic
geochemical parameters

The generative potential of samples from the upper se-
quence, rich in organic matter containing kerogen I and II
types, was investigated using conventional pyrolysis (Stoja-
novi¢ et al., 2010). Pyrolysis was performed on bitumen-
free samples 3 and 6. Heated at 400°C for 4 hours, the bitu-
men-free samples generated a total liquid pyrolysate of
4980 ppm and 13114 ppm, and hydrocarbons of 1796 and
5996 ppm, respectively (Table 6). The yields are consistent
with those of a source rock with good potential (Peters et
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al., 2005) and support the assumption, derived from ele-
mental analysis and Rock-Eval pyrolysis of the initial sam-
ples (Tables 4, 5). Sample 6 showed a higher liquid hydro-
carbons potential (Table 6), consistent with the Rock-Eval
data (Table 5). Apart from the liquid pyrolysate, the pyro-
lytic experiments also produced gaseous products that may
be generated by direct degradation of kerogen or as second-
ary products of the degradation of liquid hydrocarbons. The
gaseous products were not analyzed. However, their pres-
ence is proved by measuring pressure in the autoclave at the
end of pyrolysis, in relation to the initial pressure, which ty-
pically was ~5 bar (Table 6).
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Molecular composition of the organic matter

The total ion currents (TICs) of saturated fractions of
the samples investigated are shown in Figure 6. The main
constituents are n-alkanes, isoprenoids, and polycyclic al-
kanes with sterane and hopane skeleton. The n-alkanes are
the predominant biomarkers in all the samples. However,
samples showed differences with respect to n-alkane pat-
terns and abundances of isoprenoids and steroids (Fig. 6),
which were consistent with different OM types (Fig. 5).

The total ion currents (TICs) of saturated fractions of
liquid pyrolysates were dominated by n-alkanes, typical of
oil distribution, whereas n-alkenes were observed in low
amounts (Fig. 7A).

n-Alkanes and acyclic isoprenoids

On the basis of m/z 71 mass chromatograms (Fig. 8), in
almost all of the samples, n-alkanes are identified in the
range Cis to C3s (Table 7). In all samples, the CPI values
for the full range of n-alkanes (C;6—C34) are higher than
2.4, indicating the significant predominance of odd-chain
homologues (Table 7). CPI values for short-chain n-alkanes
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Table 7
Values of organic geochemical parameters calculated from the distributions and abundances of n-alkanes and isoprenoids
Sequence [Description  No | Depth (m) n—r/;lll;aene ( C,SIg34)l «© :_Igu)z ( Cf-[g“f Iﬁi}i?f; E(C?;-gjgﬁ LAD? Pr’/Ph’ | Pr/n-Cy; | Ph/n-Cyg
Clayey carbonates 1 11.5 16 - 35 4.92 2.15 5.61 Cy 0.34 1.21 0.20 0.54 1.06
2 135 | 15-35 453 2.05 508 | CpCy | 047 1.15 0.33 0.26 0.60
3 27 15-35 3.92 1.29 570 | Cyp, Co 0.70 1.96 0.15 0.51 1.58
4 32 16-37 2.94 1.28 311 | CyCy | 029 3.28 0.35 0.52 0.60
dg/l[j;lﬁyte 5 45 | 16-35 453 2.40 496 | CyCy | 061 0.95 0.16 0.43 1.83
6 54 15-35 5.58 2.86 6.21 C,, 0.40 0.98 0.25 0.37 1.38
7 555 | 15-35 4.79 221 576 | Cyy,Co 0.87 1.05 0.32 0.24 1.07
8 645 | 15-35 2.58 1.34 3.20 C,y 247 0.67 0.66 0.48 0.39
9 70 15-35 3.47 1.97 3.68 | CyCo 0.77 1.02 0.18 0.40 1.60
10 78 17-33 2.95 1.42 4.08 Cy» 2.51 0.67 0.44 0.35 0.32
Upper 11 80 14-33 2.79 1.23 3.91 C, 1.39 0.91 0.40 0.41 0.68
Se?{}eslice 12 83 14-35 3.17 1.39 419 | Cp G,y 1.53 1.16 0.36 0.20 0.67
13 9 14-35 3.33 1.26 556 | Cy,Co 1.63 1.64 0.23 0.15 0.78
Marlstone, |14 111 14-35 5.99 1.83 8.02 G, 0.34 2.20 0.18 0.30 3.65
calcite 15 113 15-35 2.57 1.29 283 | Cp Gy 343 0.65 0.33 0.22 0.59
dominated| ¢ 127 14-33 | 288 1.40 344 | C,C, | 184 0.90 038 0.19 125
17 1375 | 16-35 6.16 1.93 7.32 C,, 0.28 2.68 0.18 0.77 3.47
18 150 16-35 243 137 254 | Cp, Gy 2.14 0.62 0.52 0.65 1.07
19 164 15-35 3.86 2.48 398 | Cy, Cy 2.56 0.44 0.30 0.37 1.07
20 185 16 - 35 6.19 2.66 710 | Gy, Gy, 0.28 1.89 0.07 0.42 7.21
21 189.5 | 16-35 4.85 1.78 5092 | Cy,Cy | 044 1.91 0.08 0.32 3.76
22 216 15-35 247 1.33 281 | C Cy 0.79 1.12 0.49 0.94 2.41
23 219 15-35 425 1.54 542 | Cy, Co 0.47 1.62 0.06 0.69 14.16
24 224 15-35 3.72 1.80 427 | Cy,Cy 1.02 1.00 0.11 0.25 3.15
25 238 15-35 2.86 1.70 2.57 Cyy 4.17 0.32 1.72 0.62 0.64
Marly 26 2435 | 15-35 432 2.69 3.88 C, 1.62 113 0.14 0.22 25.72
laminated
magnesite| 27 245 15-35 3.01 1.36 370 | Cp, Gy 1.32 1.20 0.35 0.50 1.91
28 2483 | 15-35 2.91 2.72 237 Chy 0.99 1.71 0.25 0.17 4.04
29 255 15-35 6.49 7.48 3.50 C, 2.27 1.62 0.28 0.06 3.62
30 258 15-35 4.66 2.15 5.64 Cyo 0.67 1.44 1.24 0.38 1.99
31 265 15-35 3.53 1.96 349 | Cyp, Cy 1.90 0.88 0.17 0.46 24.87
Lower 32 283 15-35 3.79 1.57 455 | Cy Cy 0.75 1.61 0.40 0.53 3.18
Se?ﬁgr;ce 33 286 16-35 3.91 1.84 456 | Cy Cy | 092 1.32 0.43 0.14 1.29
34 2975 | 15-33 3.40 2.12 3.29 Chy 1.38 1.40 2.17 1.39 3.87
35 309 16-35 3.38 1.98 4.13 Cyy 1.34 0.93 1.44 0.24 0.63
X;ﬂfnmg 36 3175 16 -35 2.50 1.41 321 | Gy Gy 127 0.92 0.52 0.82 2.20
Silty 37 324 16 - 34 3.32 1.48 4.79 Ca 0.79 1.36 0.22 0.66 4.74
Mg-marl- | 33 329 16 - 35 3.54 1.51 510 | Gy, Gy, 0.90 1.04 0.10 0.56 6.89
Nigfﬁ;y 39 335 16-33 | 243 1.09 306 | Cp Cy | 084 1.50 0.54 033 0.55
40 336 16-33 5.10 1.80 845 | CCyy | 0.75 1.02 0.6 0.31 0.45
41 340 16-35 4.19 1.13 642 | Cy,Cy | 044 2.71 0.88 0.19 0.13
42 341 15-35 4.06 127 568 | Cy,Cy | 054 225 0.33 0.45 0.39
43 343 15-35 3.83 1.25 491 | Cy,Cy | 043 2.08 0.20 0.42 0.55
Minimum US 243 123 2.54 0.28 0.44 0.07 0.15 0.32
Maximum US 6.19 2.86 8.02 343 3.28 0.66 0.77 721
Average US 3.98 1.77 4.83 1.25 1.34 0.29 0.38 1.68
Standard deviation US 127 0.52 1.58 0.96 0.76 0.15 0.16 1.68
Minimum LS 243 1.09 237 0.43 0.32 0.06 0.06 0.13
Maximum LS 6.49 7.48 8.45 4.17 271 2.17 1.39 25.72
Average LS 371 1.96 436 1.16 137 0.57 0.47 4.88
Standard deviation LS 0.94 131 1.42 0.82 0.52 0.57 0.31 7.28
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Table 8
Values of organic geochemical parameters calculated from the distributions and abundances of n-alkanes and isoprenoids
in liquid pyrolysates
Sample | "AKANC | e (C16-Caq)| CPI(C16-Cag) | CPI (Cas-Cag)|  "AKNS | (CisCol oy 1 pypy | ppeC17 | PlinCIS
range maximum (C25-C3s)
3 13-35 1.14 0.96 1.08 Cie, C17 1.39 0.99 0.93 0.88 0.98
6 13-35 1.16 1.07 1.01 Ci6, C17 1.11 0.97 1.04 0.77 0.94

For abbreviations see Table 7 legend.

(C16—Cap4) range from 1.09 to 7.48, most probably resulting
from relatively high contents of n-C17 and n-C;; (Fig. 8, Ta-
ble 7). The CPI values for long-chain n-alkanes (C24—C34)
are higher than 2.3 (Table 7). Average CPI values for three
different ranges (full, short and long) are comparable, indi-
cating uniform, low maturity level (Table 7). The samples
investigated differ significantly according to n-alkane max-
ima and the distributions of n-alkanes, i.e. the abundance of
short- and mid-chain homologues (C15—C24) vs. abundance
of long-chain homologues (C25—C3s; Table 7; Fig. 8).

Both pyrolysates have similar n-alkane distributions, in
which the n-alkanes C16—C»q are predominant, as is typical
for aquatic organic matter (Fig. 7B). The CPI values for the
three different ranges (full, short and long) for the pyrolysa-
tes are close to 1, which is typical of a mature oil distribu-
tion (Table 8).

The isoprenoids, pristane (Pr) and phytane (Ph), were
identified in all samples (Figs 6, 8). Generally, higher values
of Pr/Ph ratio, followed by more common variations of this
parameter were observed in the lower sequence (Table 7). In
samples from the lower sequence, the non-regular isopre-
noid, squalane, C3¢, was identified (Figs 6C, D, 8C, D). In
the upper sequence, squalane is absent or present in very low
amounts. The regular Cp4 isoprenoid was observed exclu-
sively in sediments from depth interval 219-265 m (lower se-
quence, Figs 6C, 8C).

The C»5 isoprenoid was observed only in samples from
depths above 265 m, with values of the Pr/Ph ratio < 0.35,
(Figs 6A, C, 8A, C). Careful checking of the mass spectra
(ratio of fragmentations ions, 239 and 253 as well as the
abundance of fragmentation ion 113) of the corresponding
peak (Vink et al., 1998; Peters et al., 2005) showed that in
the upper sequence, the peak represents the irregular Cp;s
isoprenoid, 2,6,10,15,19-pentamethylicosane (PMI). In the
sediments of the lower sequence, the peak is a mixture of
regular and irregular Cp5 isoprenoids, with a dominance of
the latter. The irregular PMI is related to methanogenic ar-
chaea (Schouten et al., 1997; Vink et al., 1998). The regular
C»s isoprenoid is interpreted as an indicator of high salinity
(Waples et al., 1974, Wang and Fu, 1997; Grice et al.,
1998a, b; Yangming et al., 2005). However, the elevated
content of the regular C»5 isoprenoid was also identified in
alkaline environments (Sajnovié ez al., 2008b). In addition it

<

was reported that some families of methanogenic archaea
(Methanobacterium thermoautotrophicum) also synthesize the
precursor of the regular Cy5 isoprenoid (Risatti et al., 1984).

Unlike bitumen in the initial samples, squalane and
PMI were absent from the liquid pyrolysates (Fig. 7). The
values of Pr/Ph ratio were higher than in the initial bitumen
(Tables 7, 8), which may be explained by the fact that the
degradation of kerogen during laboratory simulations re-
sults in the uniform formation of both pristane and phytane
(Stojanovi¢ et al., 2009, 2010).

Chromans

Alkylated 2-methyl-2-(4,8,12-trimethyltridecyl)chromans
(MTTCs) were detected in aromatic fractions by ion chromato-
grams of m/z =121 + 135 + 149 (Fig. 9). Samples from the
lower sequence contained 8-methyl-MTTC, 5,8-dimethyl-
MTTC, 7,8-dimethyl-MTTC and 5,7,8-trimethyl-MTTC
(Fig. 9B), whereas in samples from the upper sequence only
dimethyl- and trimethyl- MTTCs derivatives were observed
(Fig. 9A). In all samples, 5,7,8-trimethyl-MTTC was the
most abundant compound. On the basis of empirical obser-
vations, it was suggested by Sinninghe Damsté et al. (1989)
that in sediments from non-hypersaline environments, 5,7,8-
trimethyl-MTTC dominates and 8-methyl-MTTC is comple-
tely missing. Therefore, it might be assumed that samples
from the upper sequence were deposited under non-saline
conditions. For samples from the lower sequence, 5,7,8-tri-
methyl-MTTC was the most prominent compound, but
8-methyl-MTTC also occurred, which indicates certain dif-
ferences in depositional environment between the sequences.
For a more elaborate characterisation of palacosalinities, the
MTTC ratio was defined by Sinninghe Damst¢é et al. (1987,
1993) as MTTC ratio = 5,7,8-trimethyl-MTTC/total MTTCs
(Table 9).

Chromans were not identified in the liquid pyrolysates.

Arylisoprenoids

In samples 3, 4, 14, 23, 26, 27, 28, 31 and 32, isoreni-
ratane (I) and several other digenetic products of isorenira-
tene (II-X) are identified (Fig. 10).

Arylisoprenoids are absent from the liquid pyrolysates.
This result is expected, owing to the sensitivity of their side
chain to thermal stress.

<

CPI — Carbon Preference Index; ' CPI (C4-C34) = 1/2 % [Zodd(n-C 7 - n-Cs3)/Zeven(n-C g - n-Cs,) + Zodd(n-C,7 - n-Css)/Zeven(n-C g - n-Cs4)]; 2 CPI
(C]G-C24) =1/2 % [ZOdd(}’l-C17 - n-C23)/Zeven(n-C16 - I’l-sz) + ZOdd(l’l-Cw - l’l-Cz:},)/ZCVGIl(ﬂ-C]g - n-C24)]; 3 CPI (C24-C34) =1/2 % [ZOdd(l’l-C25 -
n-Cs3)/Zeven(n-Cyy - n-Csy) + Zodd(n-Cys - n-Cs3)/Zeven(n-Cyg - n-Cs4)]; n-Cy designates n-alkane homologue, and x represents number of carbon atoms;
(C15-Cas)/(Cys5-Css) = [Z(n-Cys - n-Coy)/Z(n-Css - n-Cs5)]; > LAD = [E(n-Cy7 - n-C31)/Z(n-Cas - n-Ca7)]; ¢ Pr — Pristane; ’ Ph — Phytane.
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Fig. 9.  Characteristic GC-MS chromatograms of MTTCs (m/z
121+135+149) in sedimentary rocks from the upper sequence (A)
and the lower sequence (B).

Steroids and hopanoids

The distributions of steroid biomarkers are characte-
rised by the presence of Cp7-Cpg saturated steranes with
So(H)140(H)170(H) and 5p(H)140(H)170(H) 20R confi-
gurations, unsaturated sterenes in the same range with dou-
ble bonds in the A2, A* and A3 positions, respectively, as
well as steradienes (Fig. 11). A similar distribution of ste-
roids was reported in Malm Zeta laminated carbonates from
the Franconian Alb, SW Germany (Schwark ef al., 1998).
Thermodynamically more stable sterane isomers, with
Sou(H)140u(H)1700(H) 208 and 5ou(H) 14B(H)17B(H) 20R or
20S configurations, are not present. Such steroid distribu-
tions indicate a low thermal maturity of the OM, consistent
with the bitumen composition, PI and CPI discussed above
(Tables 4, 5, 7). The sediments investigated are characteri-
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Fig. 10. Characteristic GC-MS chromatograms of arylisopre-
noids (m/z 133) in sedimentary rocks from the upper sequence (A)
and the lower sequence (B). C. The structures of arylisoprenoids
identified in the samples. * Unidentified compound, M 5442, ba-
sic ion, m/z 133.

sed by the dominance of C29 compounds or Cp7 compounds
(Table 9), indicating a prevalence of terrestrial, or aquatic
OM, respectively (Volkman, 1986), although elevated
amounts of Cpg steroids in samples containing kerogen I
and I/II types (Fig. 5) also can be related to a contribution
from green algae (Volkman, 2003). The main difference be-
tween sediments from the upper and lower sequences with
regard to steroid biomarkers is expressed as elevated con-
tents of Cpg steroids in the lower sequence (Table 9).

>
»

194 Cy7 = 100 x Cy750/(H) 140(H)170u(H)-Sterane/[ZCy7-Cog Sou(H)140(H)170(H)-Steranes]; 2 % Copg = 100 x Cog5ou(H)140((H)170(H)-Sterane/[ZC,7-
Cyo 50(H)140(H) 1 70u(H)-Steranes]; > % Cao = 100 x Cyo(50(H)140/(H)1701(H)-Sterane/[ZCy7-Coo Sou(H) 140(H)170u(H)-Steranes]; * AC,7 = 100 x Cpy (A2
+ A*+ Ad)-Sterenes/[Z(Ca7-Cag)(A” + A%+ A%)-Sterenes]; > AC,g Sterenes = 100 x Cag(A% + A* + A)-Sterenes/[Z(Cp7-Cao)(AZ + A* + A%)-Sterenes]; © AC,g
Sterenes = 100 x Cho(A> + A* + A®)-Sterenes/[E(Cy7-Cao)(A? + A* + A’)-Sterenes]; 7 Ster/Hop = [E(Cy7-Cao)(A> + A* + A%)-Sterenes + X(Cpy-
Coro)(SouH)14ouH)170u(H) + 5B(H)140u(H)170u(H))-Steranes]/[Z(Cp9-C3,)1 70u(H)21B(H)-Hopanes + Z(C,9-C31)17B(H)210/(H)-Hopanes + Z(Cy9-Cs3)
17B(H)21B(H)-Hopanes + C,7170u(H)-Hopane + C,;17B(H)-Hopane + C3oHop-17(21)-ene + C,7Hop-17(21)-ene + C,7Hop-13(18)-ene + C3oHop-13
(18)-ene]; ¥ C3oBB/C3o(BB+0B) = C3017B(H)21B(H)-Hopane/(Cs,17B(H)21B(H)-Hopane + C3170u(H)21B(H)-Hopane); * C3;(S)/C51(S+R) = C3; 170u(H)
21B(H)22(S)-Hopane/(C3;170(H)21B(H)22(S)-Hopane + C3;170(H)21B(H)22(R)-Hopane); 10 GI — Gammacerane Index = 100 x G/(G + C3ol70(H)21B
(H)-Hopane); '! MTTC - 2-Methyl-2-(4,8,12-trimethyltridecyl)chromans (MTTC) ratio = 5,7,8-Trimethyl-MTTC/(8-Methyl-MTTC + 5,8-Dimethyl-
MTTC + 7,8-Dimethyl-MTTC + 5,7,8-Trimethyl-MTTC); 12 N.D. - Not determined due to the absence of steranes, sterenes, C3;170((H)21B(H)22(S)-
hopane and gammacerane. For sample 34 parameters calculated from the distributions of steroids and hopanoids are missing.
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Table 9
Values of organic geochemical parameters calculated from the distributions and abundances of steroids, hopanoids and chromans
Descrip- Depth | 1] o 2 | o 3 | 4o 5o 6 7 b/ Gy, (S) 10 1

Sequence tion No (m) % C,; % Cyg % Cyo % AC,; % ACyg % ACyq Ster/Hop E:;g;% C,/(S+R) o GI MTTC
Clayey carbonates 1 115 | 2732 | 29.16 | 4352 | 2345 | 2781 | 4875 0.11 082 | ND. | ND. 0.79
2 135 | 3478 | 2072 | 4450 | 4989 | 1824 | 31.87 | 0.06 075 | ND. | ND. 0.75
3 27 3412 | 1669 | 49.19 | 3552 | 1482 | 49.66 | 0.24 076 | ND. | ND. 0.82
4 32 3236 | 1568 | 51.96 | 2690 | 1513 | 5797 | 020 083 | ND. | ND. 0.79
dgfs;lliyte 5 425 | 2678 | 2039 | 5282 | 3208 | 2117 | 4676 | 0.14 0.82 006 | N.D. 0.81
6 54 | ND.” | ND. | ND. | 2793 | 1528 | 56.80 | 0.0 084 | ND. | ND. 0.84
7 555 | ND. | ND. | ND. | 3004 946 | 60.50 | 032 0.80 0.10 | N.D. 0.82
8 645 | 21.21 923 | 69.57 | 2026 780 | 7194 | 0.3 0.75 012 | ND. 0.76
9 70 ND. | ND. | ND. | 2614 | 1460 | 5926 | 0.09 0.79 0.15 | N.D. 0.82
10 78 3273 | 1978 | 4749 | 27.00 | 17.17 | 55.83 0.17 0.74 017 | N.D. 0.84
Upper 11 80 3472 | 1977 | 4550 | 3284 | 1563 | 5154 | 034 0.72 004 | ND. 0.83
Sef‘{};‘;“ 12 83 42,55 | 1826 | 3920 | 5062 | 1642 | 3296 | 0.30 047 | ND. | 1714 | 0.63
13 96 40.14 | 1240 | 4747 | 5947 | 1323 | 2730 | 031 046 | ND. | 3352 | 0.79
Marlstone, 14 111 51.45 7.86 | 40.69 | 4248 | 10.62 | 4690 | 030 056 | N.D. | 23.68 0.75
calcite 15 113 2552 | 18.08 | 5640 | 3834 1.82 | 59.84 | 046 039 | N.D. 5.95 0.86
dominated| ¢ 127 | 5257 | 1542 | 3200 | ND. | ND. | ND. | 018 | 039 | ND. | ND. | 067
17 1375 | N.D. N.D. ND. | 3263 | 1371 | 5366 | 0.18 074 | ND. N.D. 0.71
18 150 ND. | ND. | ND. | 3263 9.85 | 5751 0.44 0.71 ND. | ND. 0.50
19 164 4324 | 1576 | 41.00 | 4892 | 12.01 | 39.07 | 0.30 075 | ND. | ND. 0.74
20 185 ND. | ND. | ND. | 4828 | 10.11 | 41.62 | 0.6 0.87 0.17 N.D. 0.80
21 189.5 | N.D. | ND. | ND. | 4090 | 1268 | 4642 | 047 077 | ND. | ND. 0.81
22 216 2652 | 5192 | 21.56 | 36.88 | 4049 | 22.63 0.58 0.51 025 | 13.73 0.72
23 219 ND. | ND. | ND. | 6629 | 13.04 | 2067 | 035 084 | ND. | 6708 | 082
24 224 ND. | ND. | ND. | 5383 | 1583 | 3034 | 031 080 | ND. | 63.09 | 0.78
25 238 2598 | 29.68 | 4435 | ND. | ND. | ND. 0.48 0.11 015 | 1231 0.61
laﬁﬂéd 26 2435 | ND. | ND. | ND. | 4179 | 2556 | 32.65 | 3.64 0.68 0.14 | 4500 | 0.77
magnesite| 27 245 4878 | 2520 | 26.02 | 47.15 | 3062 | 2222 | 027 086 | N.D. | 3044 | 0.78
28 2483 | 5135 | 2454 | 2411 | 3622 | 1445 | 4933 0.55 079 | ND. | 3710 | 08I
29 255 2536 | 42.10 | 32.55 | 29.84 | 3587 | 3430 | 0.71 0.81 ND. | 5576 | 0.78
30 258 2952 | 3650 | 33.98 | 27.65 | 3132 | 41.03 0.60 0.69 030 | 2495 0.71
31 265 2751 | 17.54 | 5495 5.02 0.57 031 | 2452 | 0.79
Lower 32 283 3780 | 2696 | 3524 | 47.12 | 2654 | 2633 0.48 073 | ND. | 4045 0.69
Se?ﬁesr)lce 33 286 3160 | 2215 | 4624 | 27.11 | 4268 | 30.21 0.51 066 | ND. | 3504 | 058
34 2975 | N.D. ND. | ND. | ND. | ND. ND. | ND. N.D. N.D. N.D. 0.73
35 309 3240 | 3347 | 3413 | ND. | ND. | ND. 0.23 044 | ND. 877 | 0.6l
?;2%%8 36 3175 | 43.01 | 30.62 | 2637 | 5344 | 2250 | 24.06 | 0.53 064 | ND. | ND. 0.60
Silty 37 324 42.69 | 2945 | 27.86 | 4345 | 2773 | 2881 0.74 072 | ND. | 6201 0.70
Mg-marl-| 38 329 3490 | 4020 | 2491 | 4140 | 3077 | 27.84 1.44 066 | N.D. | 3785 0.71
I\Ztg‘frc‘le;y 39 335 | 1191 | 991 | 7818 | 17.08 | 937 | 7355 | o018 | 083 | ND. | ND. | 063
40 336 8.28 841 | 8331 9.55 8.04 | 8241 045 074 | ND. | 2355 0.61
41 340 729 | 2198 | 70.73 567 | 11.84 | 8249 | 0.19 083 | ND. | ND. 0.67
42 341 972 | 1987 | 7041 | ND. | ND. | ND. 0.11 078 | ND. | 2232 | 057
43 343 12.55 | 1590 | 7155 | 11.46 690 | 81.64 | 0.08 0.74 0.16 | N.D. 0.43
Minimum US 21.21 7.86 | 32.00 | 20.26 1.82 | 2730 | 0.06 0.39 0.00 0.00 | 050
Maximum US 5257 | 2072 | 69.57 | 59.47 | 21.17 | 7194 | 0.56 0.87 021 | 3352 | 086
Average US 3632 | 1616 | 47.52 | 3699 | 13.14 | 4986 | 027 0.70 0.05 4.01 0.77
Standard deviation US 944 | 1035 | 1128 | 10.22 742 | 1267 | 0.5 0.15 0.07 9.43 | 0.09
Minimum LS 7.29 841 | 21.56 5.67 690 | 20.67 | 0.08 0.11 0.00 0.00 | 043
Maximum LS 5135 | 5192 | 8331 | 6629 | 4268 | 8249 | 5.02 0.86 031 | 67.08 | 082
Average LS 2822 | 27.58 | 4420 | 3464 | 2284 | 4253 0.83 0.69 006 | 2876 | 0.69
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Characteristic GC-MS chromatograms of sterenes, m/z 215 (A, B) and steranes, m/z 217 (C, D) in sedimentary rocks from the

upper sequence and the lower sequence. Az, A*and A designate double bonds in positions 2, 4 and 5 in sterenes; oo and Bowow designate

configurations at Cs, C14 and C;7 in 20(R) steranes.

The sterane distributions in pyrolysates obtained at 400°C
are typical for oils (Fig. 12A), which confirms the good poten-
tial of the sediments investigated and shows that catagenesis
was simulated successfully by pyrolysis. Apart from the regu-
lar SoH)140u(H)170u(H)20(R)-steranes, Cp7—Cp9 isomers
with thermodynamically more stable Sou(H)14c(H)170(H)
20(S)-, SouH)14B(H)17B(H)20(R)-, and Sou(H)14B(H)17B(H)
20(S)-configurations, as well as the typical geoisomers, oi-
and op-diasteranes, were present (Fig. 12A). As in bitumen
of initial samples 3 and 6, C7 and Cp9 steranes are more
abundant in liquid pyrolysates than Cpg homologues (Tables
9 and 10). Values of the most used sterane maturation param-
eters based on the ratios of Cag sterane isomers, C2903B(R)/
(Co90BB(R)+0crau(R)) and Crgouonai(S)/Coroaioou(S+R) in all

pyrolysates are lower than equilibrium values (Peters et al.,
2005; Table 10).

On the basis of a mass chromatogram, m/z 191 of the
saturated fractions, the hopane composition is characterised
by the presence of C27-C32 170u(H)21B(H), C20—C31 17B(H)
210(H), and Cy7—C33 17B(H)21B(H) compounds with the
exception of Cpg homologues in all three series (Fig. 13).
Other hopanoid-type constituents of the saturated fraction are
Ca7 hop-13(18)-ene and Cp7 hop-17(21)-ene, whereas C3g
hop-17(21)-ene was observed in samples from the lower se-
quence (depth interval 219-265 m). The presence of unsatu-
rated hopenes, the dominance of BB-isomers over o3-hopa-
nes and the complete absence of o3-22(S) isomers or low
values of C31(S)/(S+R) ratio (< 0.3) confirm an immature

Table 10

Values of organic geochemical parameters calculated from the distributions and abundances of steranes and hopanes

in liquid pyrolysates

Sample] % Ca7 | %Cas | %Cao CS:&"&%‘E‘SK) (CMCBZE(OEE)E%; ®) c;cf(ls(fz?/) C20Bo/Ca90 | C30Ba/C300 | Ts/(Ts+Tm)>
3 3378 | 2968 | 36.54 0.50 0.55 0.58 0.29 0.35 0.42
6 | 3183 | 2996 | 3821 0.49 0.54 0.57 036 0.44 0.41
E.V. 0.52-0.55 0.67-0.71 0.57-0.62 0.15'

! _ For samples of Tertiary age; 2Tm — C,7170/(H)-22,29,30-trisnorneohopane; for other abbreviations see Table 9 and Figure 12 legend.
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Fig. 12. Characteristic GC-MS chromatograms of steranes, m/z
217 (A) and hopanes, m/z 191 (B) in liquid pyrolysate. 1 — C2750
(H)140(H)170u(H)20(S)-sterane  + Cag130u(H)17B(H)20(S)-dia-
sterane; 2 — Co750u(H)14B(H)17B(H)20(R)-sterane + Ca9130(H)
170u(H)20(S)-diasterane; 3 — Ca2750((H)14B(H)17B(H)20(S)-ste-
rane + Cag130u(H)17B(H)20(R)-diasterane; 4 — C2750u(H) 140u(H)
170(H)20(R)-sterane; 5 — C29130u(H)170u(H)20(R)-diasterane; 6 —
Cag50(H)140u(H)170u(H)20(S)-sterane; 7 — C29130u(H)17B(H)20
(S)-diasterane; 8 — Cag50(H)14B(H)17B(H)20(R)-sterane + C2913
o(H)17B(H)20(R)-diasterane; 9 — Cag5ou(H) 14B(H)17B(H)20(S)-
sterane; 10 — Cag50u(H)140u(H)170u(H)20(R)-sterane; 11 — Cpo
Sou(H)140(H)170(H)20(S)-sterane; 12 — C2950.(H)14B(H)17B(H)
20(R)-sterane; 13 — Ca950u(H)14B(H)17B(H)20(S)-sterane; 14 —
Cao50(H)140u(H)1701(H)20(R)-sterane; § and o designate config-
urations at C17 in hopanes; Bf, Bo. and o3 designate configura-
tions at C17 and Cz1 in hopanes; Ts — C2718a(H)-22,29,30-trisnor-
neohopane; (S) and (R) designate configuration at C»2 in hopanes.

stage for the OM (Table 9; Fig. 13). The absence of C34 and
C35 hopanes could be explained by the high sensitivity of
the side chains from biologic hopanoids, which were readily
degraded in the upper, oxygenated part of the stratified wa-
ter column and/or to the lower contribution of those bacteria
that synthesise bacteriohopanetetrol.

Gammacerane was identified in the majority of samples
from the lower sequence and in several samples from the
upper sequence. Its precursor, 2-gammacerene, formed by
the dehydration of tetrahymanol (Peters et al., 2005), is
present in almost all of the samples (Fig. 13).

Both pyrolysates contain a greater quantity of thermo-
dynamically more stable Cp9 and C30 o3-hopanes, compa-
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Fig. 13. Characteristic GC-MS chromatograms of hopanoids
(m/z 191) in sedimentary rocks from the upper sequence (A) and
the lower sequence (B). A°G — 2-gammacerene; G — gamma-
cerane; for other peak assignments, see Fig. 12 legend.

red to the corresponding fo-moretanes (C29B0/Ca90tf3 and
C30B0/C300p below 1; Table 10), whereas unstable BB-ho-
panes and unsaturated hopenes were not identified (Fig. 12B).
On the basis of the mass spectra of the corresponding peaks,
Ts and the 22R and 228 epimers of C3;—C35 homohopanes
were determined in the pyrolysates (Fig. 12B). Values for
C31(S)/C31(S+R)-homohopanes indicated that in isome-
risation 22(R) — 22(S) equilibria had been achieved in both
pyrolysates; which is established in the earliest phase of
catagenesis, at vitrinite reflectance, Ro = 0.60 (Peters et al.,
2005; Table 10). This result, together with the appearance
of the hopane distribution in the liquid pyrolysates (ion
fragmentogram m/z 191; Fig. 12B), which is typical for ma-
ture source rocks and oils, provide proof that catagenesis
using pyrolysis at 400°C was simulated successfully and
confirms the good potential of the samples investigated.

Alkylnaphthalenes and alkylphenanthrenes

The main constituents of the aromatic fractions of the
liquid pyrolysates are alkylnaphthalenes and alkylphenan-
threnes, which showed distributions typical for mature
source rocks and oils (Fig. 14). The values of the correspon-
ding maturity ratios are given in Table 11.
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DMN and TMN (m/z 142 + 156 + 170), and (B) P, MP and DMP
(m/z 178 + 192 + 206) in liquid pyrolysate. MN — methylnaphtha-
lene; DMN — dimethylnaphthalene; TMN — trimethylnaphthalene;
PrN — propylnaphthalene; EMN — ethylmethylnaphthalene; P —
phenanthrene; A — anthracene; MP — methylphenanthrene; DMP —
dimethylphenanthrene; EP — ethylphenanthrene.
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DISCUSSION
Mineral composition and geochemistry

The entire section studied belongs to an intrabasinal
lacustrine facies, although Mg-clays at the bottom of the ba-
sin fill indicate a marginal sedimentary environment. The
lower sequence of the intrabasinal facies (216343 m) is
most probably more marginal, but that cannot be strictly de-
fined on the basis of only one borehole core. In general, in
this lower sequence, sedimentation occurred in shallow wa-
ter with the predominant Mg ions derived from ultramafic
rocks, while sedimentation of the upper sequence occurred
in slightly deeper water, with predominant Ca ions (Fig. 15;
Table 1). The higher variations of the Sr and NayO contents
in the lower sequence, compared to the upper sequence of
the core studied (Fig. 16; Tables 1, 2), indicates more vari-
able sedimentary conditions at the beginning of basin evolu-
tion, i.e. the formation of Mg-clays and marly magnesite,
and rare thin (up to 2 mm) layers with dissolved, readily sol-
uble minerals in the lower sequence of the intrabasinal fa-
cies (Fig. 17). Pronounced volcanic activity, evidenced by
several tuff layers, influenced lower the palaecoproductivity
and/or preservation of the organic matter (Fig. 2).

The significant positive correlation between B and NayO
contents (Fig. 18) indicates that the high boron concentrations
in the lower sequence of the intrabasinal facies (Table 3) are
most probably related to searlesite, identified by XRD anal-
yses (Fig. 3C). This result is consistent with an earlier study
of the Kremna Basin (Zivkovi¢ and Stojanovi¢, 1976),
which reported the presence of searlesite. The presence of
boron minerals in the Kremna Basin was interpreted as hy-
drothermal in origin (Ili¢, 1969; Obradovi¢ et al., 1996).
However, boron rich sediments also can originate from dia-
genetic processes in tuffaceous sediments in saline-alkaline
lakes (Sheppard and Gude, 1973; Stamatakis, 1989; Sajno-
vi€ et al., 2008b). In arid areas, boron is likely to be co-pre-
cipitated with Mg and Ca hydroxides as coatings on the
sediment particles and it also may occur as Na-metaborate
(Floyd et al., 1998; Alonso, 1999).

The upper sequence of the intrabasinal facies (13.5—
216 m) was deposited in slightly deeper water, with predo-
minant Ca ions (Table 1), resulting in the formation of more

Table 11

Values of organic geochemical parameters calculated from distributions and abundances of naphthalene and phenanthrene

hydrocarbons in liquid pyrolysates

Sample| MNR'| DMNR? | DNx? |o/BDN 14 TNR 1°| TNR 2° |[TMNR’| TNy® | MPI 1° |MPI 3!°|Rc!! DMPI 1'3DMPI 21 PAT 1!* | PAI 2" |DBT/P'¢
3 1093 | 032 [279| 1.04 | 063 | 056 | 035 | 205 055 | 1.06 (073 045 | 035 | 1.08 | 071 | 0.16
6 | 1.1 | 040 |257| 093 | 061 | 071 | 061 |1.71] 056 | 1.06 [0.74] 065 | 038 | 1.14 | 086 | 0.14

'MNR = 2-MN/I-MN (Radke ef al., 1982b); 2DMNR = (2,6-+2,7-DMN)/(1,4-+1,5-+1,6-+2,3-+2,6-+2,7-DMN) (Yawanarajah and Kruge, 1994); DNx =
(1,3-+1,6-+1,7-DMN)/(1,4-+1,5-+2,3-DMN) (Stojanovié et al., 2007); *o/ DN 1 = (1,4-+1,5-+2,3-DMN)/(2,6-+2,7-DMN) (Golovko, 1997); TNR 1 =
2,3,6-TMN/(1,3,5-+1,4,6-TMN) (Alexander et al., 1985); °TNR 2 = (1,3,7-+2,3,6-TMN)/(1,3,5-+1,3,6-+1,4,6-TMN) (Radke, 1987); "TMNR = 1,3,7-
TMN/(1,3,7-+1,2,5-TMN) (van Aarssen et al., 1999); TNy = (1,3,6-+1,3,7-TMN)/(1,3,5-+1,4,6-TMN) (Stojanovi¢ et al., 2007); MPI 1 = 1.5 x (2-+3-
MP)/(P+1-+9-MP) (Radke et al., 1982a) ; '"’MPI 3 = (2-+3-MP)/(1-+9-MP) (Radke, 1987) ; 'Rc = 0.6 MPI 1 + 0.37 (Radke and Welte, 1983); 2DMPI 1 =
4 % (2,6-42,7-+3,5-43,6-DMP+1-+2-+9-EP)/(P+1,3-+1,6-+1,7-+2,5-+2,9-+2,10- +3,9- +3,10-DMP) (Radke et al., 1982a); > DMPI 2 = (2,6-+2,7-+3,5-
DMP)/(1,3-+1,6-+2,5-+2,9-+2,10-+3,9-+3,10-DMP) (Radke et al., 1982b); “PAI 1 = (1-+2-+3-+9-MP)/P (Ishiwatari and Fukushima, 1979); 'SPAI 2 =
ZDMP/P (Ishiwatari and Fukushima, 1979); *®DBT/P = Dibenzothiophene/Phenanthrene (Hughes ez al., 1995); MN — Methylnaphthalene; DMN — Dime-
thylnaphthalene; TMN — Trimethylnaphthalene; P — Phenanthrene; MP — Methylphenanthrene; DMP — Dimethylphenanthrene; EP — Ethylphenanthrene.
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uniform marlstone and dolomite (Figs 2, 3A). The rare vol-
canic input and stable sedimentary conditions were respon-
sible for the higher productivity and better preservation of
the organic matter.

Content and precursors of the organic matter

Lower sequence. The lower sequence contains lower
amounts of total and soluble OM (Tables 4, 5). The OM of
these sediments is composed of kerogen II/III, III and II
types (Fig. 5). This result indicates a significant contribu-
tion of the allochtonous biomass of land plants from the lake
catchment to the OM of the sediments, particularly in the
lower part of the sequence (265-343 m). The relatively low
OM content could be attributed to a lower palacoproducti-
vity (i.e. in situ OM production) and/or more intense degra-
dation (i.e. a higher redox potential in the environment).

Samples from the lower part of the lower sequence are
characterised by the dominance of odd long-chain n-alkane
homologues C27—C31, a (C15—C24)/(C25—C35) ratio < 1 and
the prevalence of Cy9 homologues in the C27—Cp9 sterane
and sterene distributions (Tables 7, 9; Figs 8D, 11D), indi-
cating significant input of terrestrial OM (Bray and Evans,
1961; Volkman, 1986; Cranwell et al., 1987). Samples from
upper part of the lower sequence (219-265 m, an interval of
chemical precipitation of carbonates) are characterised by
n-alkane maxima at C17, C21 or Ca2, (C15—C24)/(C25—C35) >
1 and a ratio of Cp7/Cpg steranes and sterenes > 1 (Tables 7,
9; Figs 8C, 11B), implying dominance of aquatic OM (Neto
et al., 1998; Peters et al., 2005).

The identification of PMI in samples with Pr/Ph < 0.35
(Figs 6C, 8C) indicates methanogenic archaea as the precur-
sor of the OM (Rissati ef al., 1984; Schouten et al., 1997).
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The regular Cy5 isoprenoid is a common indicator of eleva-
ted salinity (Waples et al., 1974; Wang and Fu, 1997; Grice
et al., 1998a, b; Yangming et al., 2005). However, the pres-
ence of this biomarker in the lower sequence in part also
may be related to the methanogenic archaea Methanobacte-
rium thermoautotrophicum, which synthesize Cps alkenes,
the hydrogenation of which results in the formation of the
regular Cps isoprenoid. The presence of phytenes in these
samples (Figs 6C, 8C) corroborates the previous assump-
tion, as it was reported that Methanobacterium thermoauto-
trophicum also synthesizes Cy¢ alkenes with a phytene skel-
eton (Rissati et al., 1984).

Isorenieratene (I; see Fig. 10C for structures) is a caro-
tenoid, uniquely biosynthesized by the brown-coloured
strains of the photosynthetic green sulphur bacterium (Chlo-
robiaceae). In samples (23, 26, 27, 28, 31 and 32), isorenie-
ratane, the hydrogenated counterpart of isorenieratene and
other diagenetic products of isorenieratene were identified
(II-X, Fig. 10B, C). Although isorenieratane also can origi-
nate from B-carotene (Koopmans et al., 1996b), a wides-
pread carotenoid synthesized by algae, bacteria and land
plants (Peters ef al., 2005), the presence of other diagenetic
products of isorenieratene (II-X; Fig. 10B) uniquely indi-
cates the contribution of a photosynthetic green sulphur
bacterium (Chlorobiaceae) to the precursor OM. It also
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should be noted that the diagenetic products of B-carotene,
such as B-carotane and other derivatives with the prominent
typical fragmentation ions m/z 119 and 120 (Koopmans et
al., 1997), were absent.

The main precursor of 2-gammacerene and gammace-
rane is tetrahymanol. The principal source of tetrahymanol
appears to be bacterivorous ciliates, which occur at the in-
terface between oxic and anoxic zones in stratified water
columns. Moreover, tetrahymanol was reported in ferns
(Zander et al., 1969), an anaerobic rumen fungus (Kemp et
al., 1984) and photosynthetic bacteria (Kleeman et al.,
1990). Considering the previous discussion, the presence of
2-gammacerene and gammacerane in the samples investi-
gated partly can be related to bacterivorous ciliates. In sev-
eral ciliates, C3¢ hopan-3-B-ol was also identified. There-
fore, it is reasonable to speculate that the abundant Cy7, Ca9
and C3o hopanoids with BB-configuration in the samples
studied (Fig. 13), could be attributed at least to some extent
to ciliate sources.

Abundant hopanoid biomarkers (ster/hop ratio < 1 in
the majority of the samples; Table 9) indicate a significant
contribution of prokaryotic organisms to the sedimentary
OM. This result is consistent with the significant proportion
of kerogen II type in the OM (Fig. 5) and the conclusions
drawn by Bohacs et al. (2000, 2003).

Bacteriohopanetetrol with minor contribution of 3-de-
soxyhopanes from prokaryotes and fungi, are considered as
the main biological precursors of geohopanoids (Ourisson
etal., 1979; Rohmer et al., 1992). In addition, Chaffee et al.
(1986) reported that hopanes containing less than 30 carbon
atoms could originate from ferns, lichens and mosses. Ele-
vated amounts of hopanoids with less than 30 carbon atoms
(Fig. 13), observed in some samples, may also signify me-
thanotrophic bacteria (e.g., Methylococcus capsulatus or
Methylomonas methanica, which synthesized aminobacte-
riohopanepentol; Neunlist and Rohmer, 1985), as a source
of the OM. These bacteria had suitable conditions, owing to
the presence of methanogenic archaea (see the discussion
related to the irregular Cp5 isoprenoid, PMI), which produce
methane as a source of methanotrophics.

C30 Hop-17(21)-ene was detected in samples 20-32,
with the exception of sample 22 (Fig. 13B). According to Bo-
ttari ef al. (1972) and Volkman et al. (1986), C3ohop-17(21)-
ene is introduced into sediments by bacteria or in some cases
of ferns and mosses, whereas Brassell ef al. (1980) suggest a
diagenetic origin from the transformation of hop-22(29)-ene
(diploptene). Wolff ef al. (1992) suggest sulphate-reducing
bacteria as a probable source of C3phop- 17(21)-ene.

Upper sequence. The upper sequence is relatively rich
in OM that comprises kerogen I/II, 11, I and II/III types (Ta-
bles, 4, 5). Samples from this sequence are characterised by
the dominance of C1 and Cp; n-alkanes or long-chain odd
homologues in the range Cy7 to C33, and the predominance
of either C27 or C29 homologues in the C27—Cpg steroid dis-
tribution (Tables 7, 9; Figs 8A, B, 11A, C). n-Alkane (C15—
C24)/(C25—C35) ratio vary in a wide range of 0.28-3.43 (Ta-
ble 7). These data indicate mixed aquatic/terrestrial OM
sources (Peters et al., 2005).

Although the n-alkane distributions of samples 3, 6, 14,
20 and 21 show maxima at odd long-chain homologues and
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have CPI and (C15—Cp4)/(C25—C35) values > 1 (Table 7),
Rock Eval data suggest kerogen I and I/II types (Fig. 5; Ta-
ble 5). In addition to an origin from higher land plants, there
are reports of Cp7—C31 n-alkanes originating from strains of
Botryococcus braunii race A (e.g., Moldowan et al., 1985;
Derenne et al., 1988) by the reduction of the n-alkadienes
and trienes they biosynthesized (e.g., Banerjee et al., 2002,
and references therein). Therefore, it can be assumed that
the green unicellular microalga, Botryococcus braunii race
A was the source of the OM in the sediments of the upper
sequence. For purpose of quantification of the variability of
the long chain n-alkanes, Kluska et al. (2013) proposed
novel parameter, the LAD (long n-alkane distribution) ratio.
This ratio includes range of n-alkanes which are considered
typical for Botryococcus braunii race A. For the samples
mentioned (3, 6, 14, 20 and 21) this ratio varies in the range
0.98 to 1.96 (Table 7). These values are similar to those ob-
served during an investigation of sediments from the Werra
cyclothem (Upper Permian, Fore-Sudetic Monocline, Po-
land), for which Botryococcus braunii race A also was pro-
posed as a source of the OM (Kluska et al., 2013). The sig-
nificant contribution of a green alga is further supported by
the high relative abundance of C;9 steroid homologues, ob-
served in these samples (Fig. 11A, Table 9).

The identification of PMI in samples with values of the
Pr/Ph ratio < 0.35, indicates methanogenic archaea as pre-
cursors of the OM (Risatti et al., 1984; Schouten et al.,
1997; Vink et al., 1998). In samples 3, 4 and 14, isorenie-
ratane and other diagenetic products of isorenicratene were
identified (Fig. 10A), indicating a photosynthetic green sul-
phur bacterium (Chlorobiaceae) as an OM source.

The presence of gammacerane and 2-gammacerene
(Fig. 13) partly can be related to bacterivorous ciliates (Pe-
ters et al., 2005), whereas abundant hopanoid biomarkers
indicate a significant contribution from prokaryotic organ-
isms (possibly including methanotrophic bacteria, owing to
elevated amounts of C7 to C3¢ hopanes, Fig. 13A; Neunlist
and Rohmer, 1985) to the sedimentary OM.

Characteristics of depositional environment

Lower sequence. The pristane to phytane ratio is wi-
dely used as indicator of redox settings (Didyk et al., 1978).
However, it also depends on thermal maturity and increases
with thermal alteration of the OM. Low values of this ratio
(< 0.8) were also reported in hypersaline environments (ten
Haven et al., 1987; Peters et al., 2005). On the basis of the
amounts of NSO compounds in bitumen, values of PI, CPI,
and biomarker maturity parameters (Tables 4, 5, 7 and 9),
the influence of thermal maturity on this sample set could be
ruled out. On the other hand, the distributions of MTTCs
(Fig. 9B) and the values of the MTTC ratio (Table 9) show
that there are no indications of hypersalinity. Therefore, a Pr/
Ph ratio lower than 1 (with exception of 4 samples, Table 7)
could imply sedimentation under reducing conditions. The
plot Pt/n-C17 vs. Ph/n-Cyg ratio (Shanmugam, 1985) corrob-
orates the previous assumption (Fig. 19).

The higher amount of Cpg homologue in the distribu-
tion of C27—Cag steroids (Fig. 11B; Table 9; Volkman 1986;
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Wang and Fu, 1997) , the presence of squalane, C24 and C35
regular isoprenoids (Fig. 6C; Waples, 1974; Grice et al.,
1998a, b), the higher values of GI (Table 9; Peters ef al.,
2005) and the distribution of MTTCs (Fig. 9B; Sinninghe
Damsté et al., 1987, 1993), followed by elevated MgO/CaO
ratio and elevated content of NayO (Fig. 15; Table 1), indi-
cate that sediments from lower sequence were deposited un-
der alkaline conditions. Similar conditions were established
during the investigation of the Lower Miocene lacustrine
Valjevo-Mionica Basin, located close to the Kremna Basin
(Sajnovié et al., 2008a, 2009), and the Piskanja borate de-
posit, Jarandol Basin, Serbia (Szabo et al., 2009).

The presence of gammacerane, 2-gammacerene (Fig. 13),
MTTCs and isoreniratene diagenetic products (Figs 9B, 10B)
implies stratification of the water column (Sinninghe Damsté
et al., 1995). The presence of isoreniratene diagenetic prod-
ucts (Fig. 10B) indicates a photic zone of anoxia (Koopmans
et al., 1996a; Kluska et al., 2013), characterised by periods
when the water column was highly stratified and anoxic wa-
ters extended up into the photic zone.

Upper sequence. Considering that there was no influence
of hypersalinity and maturity, the Pr/Ph ratio < 1 (Table 7) and
plot Pr/n-Cy7 vs. Ph/n-Cig (Fig. 19; Shanmugam, 1985) im-
plies reducing conditions.

Generally, the lower values of Pr/Ph ratio in the upper
sequence, followed by less variation of this parameter, indi-
cate more reductive settings, i.e. deposition under a higher
water column by comparison with sediments from the lower
sequence (Table 7). This result could imply higher precipi-
tation that is consistent with the palaeoclimate reconstruc-
tion obtained from an investigation of the palacoflora in
Serbia, which showed that during the Lower Miocene, pre-
cipitation rates increased, peaking in the Eggenburgian/Ott-
nangian (Utescher et al., 2007). Therefore, a higher amount
of OM (Tables 4, 5) in sediments from the upper sequence
to some extent could be related to more reducing conditions
(resulting from a deepening of the water column), which
contributed to better OM preservation.

The low amounts of NayO (Fig. 15; Table 1) and the Cpg
homologue in the distribution of C27-Cpg steranes and ste-
renes (Table 9; Fig. 11A, C), the absence of or trace amounts
of squalane, the absence of Cp4 and Cp5 regular isoprenoids
(Fig. 6A, B), the distribution of MTTCs (Fig. 9A) along with
the dominance of calcite as the primary carbonate and the
low MgO/Ca0O ratio (Figs 2A, 15) show that sediments from
the upper sequence were formed in a freshwater environment.

The presence of 2-gammacerene (Fig. 13A), MTTCs
(Fig. 9A) and isoreniratene diagenetic products (Fig. 10A)
implies that stratification of the water column (Sinninghe
Damsté et al., 1995; Kluska et al., 2013) resulted from tem-
perature differences within the higher water column. A pho-
tic zone of anoxia is also indicated.

Investigation of the liquid hydrocarbon generation
potential and assessment of the conditions
for achieving early catagenesis

The yields of total liquid pyrolysate of 4980 and 13114,
and hydrocarbons of 1796 ppm and 5996 ppm, respectively
(Table 6) indicate a good generation potential for the orga-
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nic-rich sediments of the upper sequence (samples 3 and 6).
Liquid pyrolysates have typical oil distributions of biomar-
kers (n-alkanes, steranes, hopanes; Figs 7, 12) and alkyla-
romatics (Fig. 14), which confirms the good potential of the
sediments investigated and shows that catagenesis was sim-
ulated successfully by pyrolysis.

Values for C31(S)/C31(S+R)-homohopanes indicate that
in isomerisation 22(R) — 22(S) the equilibria was achieved
in ligiud pyrolysates; established in the earliest phase of cata-
genesis, at vitrinite reflectance = 0.60 (Peters et al., 2005; Ta-
ble 10). On the other hand, the values of sterane maturation
parameters, Ca90BB(R)/(C290BB(R)+aicoy(R)) and Crooioiol
(S)/Ca901010i(S+R) in pyrolysates are lower than the equilib-
rium values (Peters et al., 2005; Table 10). Bearing in mind
that in the previous studies it was noticed that equilibria in the
sterane isomerisations are established at vitrinite reflectance
value of approximately 0.80% and taking into consideration
the fact that equilibria were attained in homohopane isomeri-
sations 22(R) — 22(S) in both pyrolysates (Table 10), it may
be assumed that during pyrolysis at 400°C the sample investi-
gated reached an equivalence value of vitrinite reflectance
between 0.60 and 0.80% (Peters et al., 2005).

The low dibenzothiophene/phenanthrene ratio (DBT/P;
Table 11) confirms formation of the sediments of the upper
sequence in a freshwater environment. The values of naph-
thalene and phenanthrene maturity ratios in pyrolysates are
similar and in a range that is typical for oils (Table 11). Ap-
plying the equation Rc =0.6 MPI 1 +0.37 (Radke and Welte,
1983), the vitrinite reflectance equivalent (Rc) of 0.70% for
pyrolysates of at 400°C was calculated (Table 11). This Rc
value is in full agreement with the results, obtained in the in-
terpretation of the terpane and sterane biomarkers (Table 10).

Therefore, it can be assumed that pyrolysis of the sam-
ples investigated at 400°C achieved oil generation at a vitri-
nite reflectance equivalent of ~ 0.70%. Applying a general-
ized diagram that relates vitrinite refelectance, depth and a
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Fig. 20. Depth vs. vitrinite reflectance vs. geothermal gradient
(according to Suggate, 1998); % of Rc values, calculated in this
study, and corresponding depths are indicated.

regional geothermal gradient (Suggate, 1998) of between 40
and 50°C/km (Kosti¢, 2010), the minimum depth of 2300
2900 m was estimated, as that at which the sediments would
become a thermally mature source rock (Fig. 20). The mini-
mum temperature necessary for catagenetic generation of
hydrocarbons (temperature = depth x geothermal gradient +
annual mean surface temperature; Suggate, 1998) was cal-
culated at 103°C (t=2.3 x40 + 11 = 103°C). Using the ba-
sin-independent equation T = (InRo+1.68)/0.0124 (Barker
& Pawlewicz, 1994) and a vitrinite reflectance, Ro, value of
0.70%, the temperature is estimated to be 107°C. The esti-
mated temperature for hydrocarbon generation and the nec-
essary depth are in good agreement with corresponding data
for the active source rocks in the region (Dragas et al., 1991;
Jovancicevi¢ et al., 2002; Kosti¢, 2010; Mrkic¢ et al., 2011).

CONCLUSIONS

Lacustrine sediments of the Kremna Basin (borehole
ZLT-2, at depths of up to 343 m) originated from an ultra-
mafic source. One main intrabasinal facies with two se-
quences was distinguished. The lower sequence occurs at
depths of 216-343 m, while the upper sequence is encoun-
tered from 13.5-216 m. The sediments contain variable
amounts and types of immature OM.

A comprehensive analysis of the OM indicates diverse
precursors: bacteria, algae and, terrestrial plants. A higher
contribution of allochtonous biomass of land plants from
the lake catchment is observed in the sediments of the lower
part of the lower sequence (265-343 m). Biomarker distri-
butions reveal the following possible sources of the OM in
the stratified water column: methanogenic archaea, a photo-
synthetic green sulphur bacterium (Chlorobiaceae), bacteri-
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vorous ciliates, various bacteria (photosynthetic and non-
photosynthetic), and the green unicellular microalga, Botry-
ococcus braunii race A (strictly in the upper sequence).

At the beginning of basin development (216-343 m),
sedimentation took place in shallow water. This lower se-
quence consists of Mg-rich sediments with lower amounts
of OM. Indications of volcanic activity include tuff layers
and the presence of searlesite. The OM of these sediments is
composed of kerogen II/II1, IIT and II types. Through time, a
slight deepening of basin occurred. This was followed by de-
position of Ca-rich sediments (depth interval 13.5-216 m).
These sediments are richer in OM, which comprises kerogen
/11, 11, T and TI/III types.

A higher water level (more reducing conditions) contrib-
uted to better OM preservation and also resulted in an ele-
vated content of autochthonous aquatic OM in the sediments
of the upper sequence. The transition between the lower and
upper sequences is associated with a decrease of MgO/CaO
ratio, a decrease of NapO and B contents, and an increase in
the OM content. The main differences between the sequences
with regard to biomarker distribution are expressed in the
more uniform and lower Pr/Ph ratio, the lower amounts of
Cag steroids and gammacerane index, the absence or signifi-
cantly lower amount of squalane, the absence of §8-methyl-
MTTC, Cy4 and Cps regular isoprenoids, as well as C3( hop-
17(21)-ene in the sediments of the upper sequence.

The liquid pyrolysate and hydrocarbons yields obtained
in the pyrolitic experiments, the distributions of saturated
biomarkers and the alkylaromatics in pyrolysates supported
the assumption, derived on the basis of the Rock-Eval data
and the analysis of the initial bitumen, that the samples of
the upper sequence, rich in OM in its catagenetic phase,
could be a source of liquid hydrocarbons. The values of
hopane, sterane and phenanthrene maturation parameters
indicate that through pyrolysis at 400°C the samples investi-
gated reached a value of vitrinite reflectance, equivalent to
approximately 0.70%. It was estimated that the sediments
investigated should occur at depths of 2300-2900 m to be-
come active source rocks. The calculated minimum temper-
ature, necessary for catagenetic hydrocarbon generation, is
between 103 and 107°C.
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