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ARTICLE INFO ABSTRACT

The Orava-Nowy Targ Basin (ONTB) is an intramontane depression filled with Neogene and Quaternary deposits
located at the junction of the Inner and Outer Carpathians. The Neogene infill of the basin consists mainly of
siliciclastic rocks with very common lignite intercalations and is mostly of fluvial or lake origin.

Keywords:
Orava-Nowy Targ Basin
Neogene lignites

?Lomaﬂ;ers ) The organic matter molecular analysis of seventeen Neogene samples confirmed the terrigenous origin of
erma Fﬂatumy organic matter with a predominance of higher plant input in most samples, based on the distribution of n-alkanes
Paleoenvironment

and steranes, as well as the presence of tri- and tetracyclic diterpenoids, and triterpenoids representing oleanane,
ursane, lupane, chrysene and picene derivatives. High concentrations of compounds originating from both an-
giosperms and gymnosperms suggest the presence of mixed forests. Additionally, important input of mosses into
the primary organic matter is indicated by the high concentration of n-C»3 and presence of hop-17(21)-enes in
most samples. A high Average Aromatic Ring and Conifer Wood Degradation Index > 0.7 indicate high activity
of bacteria and wood-degrading fungi in the sedimentary environment. There was no evidence of weathering and
scarce signs of biodegradation were identified. All samples were subjected to water washing.

Huminite reflectance and biomarker-based parameters, as well as the presence of unsaturated pentacyclic
triterpenoids and steroids indicate an immature organic matter. A trend of decreasing maturation of sediments
from east to the west was observed, as was a similarity of thermal maturity between the Podhale Synclinorium
and the ONTB, although the latter seems to be coincidental. A thermal gradient value of 35 °C/km was assumed
for calculating the maximum thickness of eroded strata, resulting in 1-1.6 km for the SE area and a maximum
temperature of the deepest buried samples equal to 45-65 °C.

1. Introduction

The Orava-Nowy Targ Basin (ONTB) is in the Slovak-Polish cross-
border area in the Western Carpathians. It constitutes an intramontane
depression, which developed in a fully continental setting upon bedrock
composed of three different, older structural units (Fig. 1). The Neogene
infill of the basin consists mainly of fine-grained siliciclastics that were
deposited in fluvial and lake environments (e.g., f.ozinski et al., 2015).
Paleoenvironmental reconstruction of the basin is hindered by the
scarcity of fauna in these facies. Furthermore, the domination of sili-
ciclastic facies precludes the application of inorganic geochemical
analyses as paleoenvironmental proxies. Therefore, organic matter ap-
pears to be a potentially valuable source of information in this regard,

* Corresponding author.

especially as the basin has not been deeply buried. The Neogene sili-
ciclastic deposits exhibit variable contents of organic matter and are
intercalated with thin lignite seams, making them suitable for organic
geochemical investigation. Thus, the principal goal of this work was to
characterize the paleoenvironmental conditions and the source of or-
ganic matter through biomarker analysis.

Organic matter is frequently used for the reconstruction of the
thermal and burial histories. One of the older units underlying the
ONTB is the Podhale Synclinorium (PS) (Fig. 1), where systematic
studies of thermal maturity were completed by Wagner (2011),
Marynowski et al. (2006) and Srodor et al. (2006) using vitrinite re-
flectance, biomarkers and illite/smectite measurements, respectively.
The above methods revealed a clear trend in the thermal maturity

E-mail addresses: e.jaroszewicz@twarda.pan.pl (E. Jaroszewicz), mbojan@twarda.pan.pl (M. Bojanowski), leszek.marynowski@us.edu.pl (L. Marynowski),

maciej.lozinski@uw.edu.pl (M. Lozifiski), Anna.Wysocka@uw.edu.pl (A. Wysocka).

https://doi.org/10.1016/j.coal.2018.07.016

Received 8 May 2018; Received in revised form 25 July 2018; Accepted 31 July 2018

Available online 01 August 2018
0166-5162/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01665162
https://www.elsevier.com/locate/coal
https://doi.org/10.1016/j.coal.2018.07.016
https://doi.org/10.1016/j.coal.2018.07.016
mailto:e.jaroszewicz@twarda.pan.pl
mailto:mbojan@twarda.pan.pl
mailto:leszek.marynowski@us.edu.pl
mailto:maciej.lozinski@uw.edu.pl
mailto:Anna.Wysocka@uw.edu.pl
https://doi.org/10.1016/j.coal.2018.07.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coal.2018.07.016&domain=pdf

E. Jaroszewicz et al.

International Journal of Coal Geology 196 (2018) 288-301

186071 127071

45507 Lipnica

Mala
L -Sy

POLAND

[8.35" 10 5p- p\?—‘&

~\ORAVA BASIN

15001

108071

MAGURA NAPPE
rs

45.50"

L3 N
—=of Subsigence

Czamy Dungiec 4

C-CD—— @
(depth 241 m af hale i
Czamy Dungec G- 1"

! /S-By1 wao]
S-By2

NMCLIN RIUM
mMPN_ GEN

\493=

Fig. 1. Schematic map of the ONTB with marked sample locations. Areas of basin uplift are shown in yellow (after foziriski et al., 2017; modified). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

across this unit, which was related to the tectonically controlled dif-
ferential exhumation of the PS. We applied biomarker-based indices of
thermal maturity and measured the vitrinite reflectance in the ONTB,
then compared these results with those for the PS to estimate the
magnitude and timing of the exhumation in the region. Moreover, we
evaluated the applicability of different biomarker-based thermal ma-
turity indices for terrestrial organic matter dominated by a higher plant
source with low maturity and not obliterated by weathering, although
influenced by water washing.

2. Geological setting

The Orava-Nowy Targ Basin (ONTB) is in the Polish-Slovak cross
border area north and north-west from the strongly elevated Tatra
Mountains (Fig. 1). The ONTB is an E-W stretching intramontane basin,
which can be divided into two parts — eastern (Nowy Targ) and western
(Orava). The basin infill consists of terrigenous Neogene and Qua-
ternary strata, which overlays partially eroded older units (e.g.,
Watycha, 1976) (Fig. 1): Podhale Synclinorium (PS), consisting of Lu-
tetian-Bartonian to Egerian rocks of the Central Carpathian Paleogene
Basin (Sotak, 1998a, 1998b; Garecka, 2005); Pieniny Klippen Belt
(PKB), consisting of strongly tectonized Early Jurassic — Paleogene
rocks (e.g., Birkenmajer, 1960); and Magura Nappe, consisting of Al-
bian/Cenomanian - Early Miocene rocks (e.g., Birkenmajer and
Oszczypko, 1989; Cieszkowski et al., 1989).

The base of the ONTB undulates and attains two depth maxima:
150 m near Nowy Targ and above 1000 m in Orava, and these are se-
parated by the elevation between LudZmierz and RogoZnik (Watycha,
1976). Neogene deposits in Orava consist of a series of clastic sediments
— gravels, sandstones, siltstones and claystones with common lignite
lenses and intercalations. The strata generally lay subhorizontally, al-
though at the basin margin, the dips of the strata increase up to 20-25°
towards the basin center. These clastic sediments were predominantly
transported by streams and rivers from the mountains surrounding the
basin. They were arranged in alluvial fans propagating towards the
center of the basin, where freshwater lakes and swamps developed
(Watycha, 1976; Lozinski et al., 2015). Freshwater fauna, mainly snails,
are rather infrequent in these deposits. Consequently, the age of
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sedimentation onset is still discussed and has been estimated to be Late
Oligocene/Early Miocene (Watycha, 1976), Badenian (Oszast and
Stuchlik, 1977) or Sarmatian (Nagy et al., 1996; Wysocka et al., 2018).
Provenance studies of the basin infill revealed that detrital material was
derived mainly from the Podhale and Magura Units. Lithoclasts from
the PKB are also common in places, but material eroded from the Tatra
Mountains is found only in the Quaternary deposits (Watycha, 1976;
Tokarski et al., 2012).

Previous paleoenvironmental studies of the ONTB Neogene infill are
especially important for this work. Oszast and Stuchlik (1977) have
shown that the main type of plant communities present in the examined
area during the Neogene was forest, which differed depending on water
availability in different parts of the ONTB. Swamps were covered with
swamp forests with Cupressaceae-Taxodiaceae trees or swamp thickets
with Betulaceae-Myricaceae-Cyrillaceae and herbaceous plants. Forests
with alder, willow, poplar, platanus and pterocarya trees have also been
identified. The slopes of the mountains surrounding the basin were
overgrown by mixed forests with a predominance of broad-leaved trees.

The presence of such plant communities allowed the formation of
lignites. Lignites are up to 2 m thick, and their lateral extent is relatively
small, but they are very common in the studied sediments, especially in
the Miocene strata. They exhibit a relatively high abundance of cutinite
and a high degree of gelification (Nagy et al., 1996). Their origin has
been interpreted as both autochthonous, from local swamps and
shallow lakes, and allochthonous, from the fragments of trees brought
into the basin by rivers and streams (Nagy et al., 1996).

Sedimentation in the Magura Unit and Podhale Basin halted in the
Early Miocene and was followed by the uplift and folding of the sedi-
ments. Thrusting of the Magura Unit started in the north, and the de-
formation front migrated towards the south. At the transition from the
Early to Middle Miocene, the PS was already folded, and tectonic
contacts between all three units underlying the ONTB were formed
(e.g., Watycha, 1976). The sedimentation in the ONTB started on the
erosional surface of the PS, PKB and Magura Unit (Oszast and Stuchlik,
1977). The origin of the ONTB has been widely discussed in the lit-
erature, but most authors suggest that it must have been related to a
strike-slip mechanism (Baumgart-Kotarba, 1996; Tokarski et al., 2012).
The regional fault systems started to form during the Late Oligocene-
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Table 1
Samples' bulk characteristics and fractional compositions.

Sample TOC [%] TS [%] EOM Aliphatic Aromatic Polar
[mg/g  fraction [%  fraction [%  fraction
rock] EOM] EOM] [% EOM]

L-Or7 48.15 1.24 17.57 4.65 2.33 93.02

L-Orl 31.04 4.06 20.85 1.36 1.36 97.28

L-Or2 53.49 3.77 16.07 4.52 1.56 93.92

L-Orl0 52.96 3.87 13.40 1.37 1.37 97.26

L-Sy 56.88 0.77 14.30 5.61 2.68 91.71

L-Ch 51.58 3.97 27.67 1.27 2.53 96.20

L-CD 53.26 1.73 16.63 1.51 3.24 95.25

L-NU1  43.06 8.79 8.90 4.57 1.81 93.62

L-NU2  52.40 4.96 12.02 3.44 4.16 92.40

C-Or4 0.24 0.01 0.21 33.33 33.33 33.33

C-0r8 7.91 3.12 2.58 5.62 1.12 93.26

C-Ch 0.30 0.02 0.26 7.14 7.14 85.71

C-Co - - - 11.76 5.88 82.35

C-CD 15.38 1.31 6.99 1.28 1.80 96.92

S-Byl 1.79 0.05 0.63 7.89 5.26 86.84

S-By2 2.77 0.11 1.31 5.08 3.39 91.53

S-LwW 2.36 0.09 0.88 2.50 2.50 95.00

TOC = Total Organic Carbon
TS = Total Sulfur
EOM = Extractable Organic Matter

Miocene in the Western Carpathians (Kovac¢ and Hoék, 1993; Kovac
et al., 1998). One of the main strike-slip movements started during the
Eggenburgian in the Vienna Basin and propagated towards the north-
east, most likely leading to the formation of the ONTB (e.g., Tokarski
etal., 2012). Sedimentation in the ONTB likely began around Badenian-
Sarmatian, but an exact age is difficult to estimate, as there is no
agreement on the age of the onset of sedimentation (Oszast and
Stuchlik, 1977; Baumgart-Kotarba, 1996; Nagy et al., 1996; Wysocka
et al., 2018). Subsidence ceased in the Pliocene and was followed by a
partial uplift during the Late Pliocene, which persists (Vanko, 1988;
Nagy et al., 1996; Baumgart-Kotarba, 2001; Tokarski et al., 2012;
Lozinski et al., 2017).

3. Material and methods

Seventeen samples of Neogene deposits from different locations
were chosen for geochemical studies (Fig. 1). Nine lignite samples
(marked with a “L” prefix) were collected from the well-exposed strata
at the banks of the Oravica River near Cimhova (L-Or7, L-Or1, L-Or2, L-
Or10), the Syhlec Stream near Lipnica Mata (L-Sy), the Chyzny Stream
near Chyzne (L-Ch), the Czarny Dunajec River near Chochotéw (L-CD)
and from the southern shore of Orava Lake near Nove Ustie (L-NU1 and
L-NU2). Five claystone samples (marked with a “C” prefix) were ob-
tained from outcrops at the banks of the Oravica River near Cimhova
(C-Or4, C-0r8), a stream near Chyzne (C-Ch), the Czarna Orawa River
(C-CO) and from the Czarny Dunajec IG-1 borehole (C-CD; depth
240.6-241.6). Three siltstone samples (marked with a “S” prefix) were
collected from the Bystry Stream bank near Mietustwo (S-Byl, S-By2)
and from a small stream bank near Lipnica Wielka (S-LW). The material
was collected from deposits of marshy and swampy areas (lignites and
claystones), as well as from extensive floodplains with small flow
channels and ephemeral ponds (sandstones, siltstones and claystones).
The Nove Ustie, Oravica River, Czarny Dunajec River and Bystry Stream
sections are located along the southern margin and close to the base of
the ONTB, and the collected samples represent the same basal interval
of the basin infill.

Total organic carbon (TOC) and total sulfur (TS) contents were
determined for all the samples, except for sample C-CO, using an ELTRA
CS-530 analyzer. Vitrinite reflectance (R,) was determined using an
Axio Imager M2M in three lignite samples (L-CD, L-Orl and L-Or2).
One-hundred measurements were performed for each sample. All
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seventeen samples were crushed and powdered. Extraction of bitumens
was performed in a Soxhlet apparatus for 72 h with a dichloromethane/
methanol (93/7, v/v) mixture. To separate extracts into aliphatic,
aromatic and polar fractions, modified column chromatography was
used (Bastow et al., 2007). Samples were placed at the top of a Pasteur
pipette filled with silica gel which had been activated for 8 h at 110 °C.
Hydrocarbon aliphatic, aromatic and polar fractions were eluted under
gravity with 2ml of an n-pentane, n-pentane/dichloromethane (7/3)
mixture and a dichloromethane/methanol (1/1) mixture, respectively.
Aliquots of the polar fractions were converted to trimethylsilyl (TMS)
derivatives by reaction with N,O-bis-(trimethylsilyl)trifluoroacetamide
(BSTFA), 1% trimethylchlorosilane, and pyridine for 3h at 70 °C.

GC-MS analyses were performed on aliphatic and aromatic fractions
with an Agilent Technologies 6890 series II gas chromatograph (GC)
and an Agilent 5973 Network mass spectrometer (MS). Helium was
used as a carrier gas (flow rate of 1 ml/min). A J&W DB35-MS capillary
column (60m, 0.25mm i.d.,, 0.25um film thickness) coated with a
chemically bonded phase (35% polymethylsiloxane 65% diphenylsi-
loxane) was used. A GC oven was preheated to 50 °C, which was held
constant for 1 min and then heated to 120 °C at a 20 °C/min rate and to
300°C at a 3°C/min rate. The column was then held isothermal for
50 min. The GC column outlet was connected directly to the ion source
of the mass spectrometer. Mass spectra were recorded from m/z 45-550
(0-40 min) and m/z 50-700 (above 40 min). The MS was operated in
electron impact mode (ionization energy 70 eV). Individual compounds
were identified based on retention time and mass spectra in comparison
with previously published data. Extraction and separation were carried
out at the Faculty of Geology, University of Warsaw, Poland, while the
instrumental analyses (TOC, TS, R,, GC-MS) were completed at the
Faculty of Earth Sciences, University of Silesia, Poland.

4. Results
4.1. Bulk organic geochemistry

Total organic carbon (TOC) content ranges from 0.2% to 15.4% in
clastic samples and from 31.0% to 56.9% in lignites (Table 1). Total
sulfur (TS) content is rather low in the clastic samples (< 0.5%)
(Table 1). Only two claystones (C-Or8 and C-CD) show elevated sulfur
content (3.1% and 1.3%, respectively). TS in lignites ranges from 0.8%
to 8.8%. Lignite samples can be divided into two populations: samples
with relatively low (< 2%) TS values (L-CD, L-Sy and L-Or7) and
samples with higher sulfur content (> 3.5%; L-Orl, L-Or2, L-Or10, L-
Ch, L-NU1 and L-NU2) (Table 1). Extractable organic matter (EOM)
content ranges from 0.21 to 27.67 mg/g of rock with lignites showing
considerably higher values than clastic rocks (Table 1). The polar
fraction is dominant in almost all samples, ranging from 82.3% (C-CO)
to 97.3% (L-Orl) (Table 1). Aliphatic and aromatic fraction contents
range from 1.3% (L-Ch) to 11.8% (C-CO) and from 1.1% (sample C-
Or8) to 5.9% (sample C-CO), respectively (Table 1). Sample C-Or4 is an
exception with equal amounts of all three hydrocarbon fractions. This
pattern is likely related to an extremely small amount of EOM in this
sample. Unresolved complex mixture (UCM) (Milner et al., 1977;
Rubinstein et al., 1977; Killops and Al-Juboori, 1990; Peters et al.,
2005a) is present in sample C-CO. It is also noticeable in sample C-Or4,
although not as significant as in the former sample.

4.2. n-Alkanes and acyclic isoprenoids

The distribution of n-alkanes in the samples studied is usually in the
range from n-C;¢ to n-Css (Figs. 2 and 3). Most samples show a unim-
odal distribution with notable odd-over-even predominance and a
maximum at n-Cyg or n-Cz;. One sample (C-Or8) has a unimodal dis-
tribution with a maximum at n-Cy3 (Fig. 2). Other samples (S-By2, L-
Or2 and L-NU1) are characterized by odd-over-even predominance and
a bimodal distribution, with the first maximum at n-C,3 and the second
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Fig. 2. Total Ion Current (TIC) of the aliphatic fractions (samples L-Or2 and C-Or8). n-Alkanes are marked by dots.

at n-Cz;, n-Cy9 and n-C,y, respectively (Figs. 2 and 3).

Samples C-CO and L-Sy (Fig. 3) show slightly different character-
istics. The distribution of n-alkanes is bimodal with maxima at n-Cy,
and n-Cyo. In the range between n-C;, and n-C,3, a slight even-over-odd
predominance can be observed, while among the long-chain n-alkanes,
a significant odd-over-even tendency is present. Moreover, the dis-
tribution of n-alkanes in all the samples show a specific “cut” shape of
chromatogram in the range of short-chain compounds.

The Carbon Preference Index (CPI) provides information about the
origin and thermal maturity of organic matter (Killops and Killops,
2005; Peters et al., 2005a). CPI values were calculated according to the
following formula: 0.5[Z(n-Cys5-1-Cas)odqa + Z(M-C3-n-C31)oaal/ Z(n-

C24-1-C33)even] (Bray and Evans, 1961). CPI values vary from 1.53 to
8.41 (Table 2), which indicates terrigenous and immature organic
matter (Bray and Evans, 1961; Scalan and Smith, 1970; Peters et al.,
2005b). The ratio of short-chain to long-chain n-alkanes, SCh/LCh = (n-
C17-n-C19)/(n-Co7-n-Cyg), also helps to determine the source of organic
matter (Tissot and Welte, 1984; Bourbonniere and Meyers, 1996;
Killops and Killops, 2005; Peters et al., 2005b). The SCh/LCh values
range from 0.01 to 0.32 (Table 2).

The Alkane Index, Al = n-C31/(n-C3; + n-Cyg), is higher than 0.5 in
only three samples (C-Or4, S-By1 and S-By2) (Table 2), which suggests
that grasses were the main type of vegetation. Other samples show
values lower than 0.5, which indicates trees as the main source of
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Fig. 3. Gas chromatograms (m/z = 71) of the n-alkanes distribution of the samples S-By2, L-NU2 and L-Sy. n-Alkanes are marked by dots, Pr - pristane, Ph — phytane.

organic matter (Schefuss et al., 2003; Zhang et al., 2006). Generally,
most samples from Oravica exhibit lower values than other samples,
while lignites have slightly lower values than the clastic rocks. Worth
mentioning is also the relatively high abundance of n-C,3 in many
samples (Figs. 2 and 3). A n-Cy3/n-Ca; ratio higher than 0.35 indicates a
significant input of Sphagnum organic matter (Pancost et al., 2002) in
many samples, especially in L-Or2, L-NU1, S-By2 and C-Or8, with the
maximum value of 16.37 in sample C-Or8 (Table 2).
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Pristane and phytane are acyclic isoprenoids that may originate
from chlorophyll or from cell membranes of archaeons, zooplankton,
plants or algae (Goossens et al., 1984; Ten Haven et al., 1987; Peters
et al., 2005b). These compounds are present in most samples, but their
concentrations are low. The pristane to phytane (Pr/Ph) ratio may
provide information about the redox conditions of the sedimentary
environment, if their source is limited to chlorophyll. However, this
index should be treated with caution in the case of lignites, as smaller
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Table 2
Calculated biomarkers parameters for samples studied.

International Journal of Coal Geology 196 (2018) 288-301

Sample  CPI Al n-Cp3/n-C3;  Pr/Ph SCh/LCh  Czofa/aB  Cs1 BB/(BB + af + fa)  20S/(20S + 20R)  Steranes/sterenes  Regular steranes/af hopanes
L-Or7 2.05 0.29 1.30 - 0.07 - - - - -
L-Orl 422 031 0.32 0.35 0.06 - 0.47 0.26 0.09 0.28
L-Or2 7.28 0.33 1.12 0.22 0.07 - 0.46 0.27 0.11 0.54
L-Or10 4.67 0.25 0.35 0.36 0.04 - - - 0.06 0.004
L-Sy 1.53 027 228 0.26 0.32 - - - - -
L-Ch 4.95 0.30 0.32 - 0.03 - 0.49 - - -
L-CD 4.94 0.33 0.58 0.48 0.13 - 0.28 - 0.05 0.39
LNU1 618 039 162 0.41 0.06 - 0.51 0.29 0.20 0.63
LNU2 477 034 052 0.64 0.10 - 0.46 0.34 0.11 0.66
C-Or4 3.53 0.59 0.13 - - - - _ _ _
C-Or8 8.41 0.35 16.37 0.08 0.09 0.45 0.55 0.22 0.23 0.80
C-Ch 324 045 0.33 - 0.02 - - - - -
C-CO 1.74 0.47 0.50 0.92 0.13 - - - - -
C-CD 5.17 0.38 0.35 0.61 0.11 - 0.35 0.26 0.40 0.33
S-Byl 565 053 031 - 0.03 - 0.15 0.17 0.92 0.67
S-By2 8.02 0.68 0.82 0.36 0.06 0.18 0.45 0.15 0.58 0.55
S-LW 7.01 0.37 0.19 - 0.01 0.27 0.34 0.13 0.39 0.96
CPI = Carbon Preference Index: 0,5 [%(n-Cys - n-C33)oqqa + 2(1-Ca3 - 1-C31)0dal/ L(n-Ca4 - N-C32)even (Bray and Evans, 1961)
Al = Alkane Index: n-Cz;/(n-Cz; + n-Cag) (Schefuss et al., 2003)
Pr/Ph = pristane/phytane
SCh/LCh = short-chain to long-chain n-alkanes: (n-C;; - n-C19)/(n-Co; - n-Cog) (Tissot and Welte, 1984)
C3p fa/af} = C3o moretane/hopane (Mackenzie et al., 1980)
Cs1 BB/(BB + af + Ba) = homohopane Cs; BB/(BB + aff + Ba) (Sinninghe Damste et al., 1995)
Steranes/sterenes = X(Cy;-Cog steranes)/Z(Cyy-Cog sterenes) (Amo et al., 2007)
Regular steranes/ af3 hopanes = £(Cy;-Ca9 aaa and af}, R and S steranes)/=(Czo-C33 @f3, R and S hopanes) (Tissot and Welte, 1984)
amounts of phytane are usually extracted from the lignite macro-
molecule to the bituminous fraction due to low maturity (Connan,
1974; Volkman and Maxwell, 1986; Peters et al., 2005b). Nevertheless,
phytane predominates over pristane in all the samples, resulting in a ®
Pr/Ph ratio ranging from 0.08 to 0.92 (Table 2). S
-]
S
8
4.3. Tri- and tetracyclic diterpenoids =4
Diterpenoids were identified in most samples, although in rather 2 S T
small amounts with the exceptions of samples L-Or10, L-Ch, L-LM and % 'g :g’
C-CD. The most common tetracyclic diterpenoid is 16a(H)-phyllocla- @ S -
dane, and it is the dominant compound from that group in siltstones 2 .2
(Fig. 4). Only in a few samples other diterpenoids, i.e. 163(H)-phyllo- % °
cladane, 16a(H)-kaurane and ent-beyerane, were identified. Various x g L-Or7
tricyclic diterpenoid were identified as well; pimarane, isopimarane °
and abietane were the most abundant (Fig. 4), but norpimarane, ri- o 2
muene and fichtelite were also present. Although isopimarane was E
identified only in a few samples, a certain relation was observed, as it g
was more abundant in the lignites than in clastic rocks. a
L
4.4. Pentacyclic hopanoid triterpenoids — A
30.00 34.00 38.00 42.00
Pentacyclic hopanoid triterpenoids were present in most samples,

although in relatively low amounts. Both hopanes and hopenes were
identified (Fig. 5). A predominance of C3o hop-17(21)-ene over other
hopanoids was observed (Fig. 5). Among hopanes, Cy9 to C3» com-
pounds with configurations of af, fa and S were identified (Fig. 5),
although Cs3, hopanes were registered mainly in lignites. Samples S-By1
and S-By2 show much higher concentrations of Cys hopanes and Cs;
hopenes compared to the other studied material. The ratio of Csy fa
moretane/af3 hopane, used to determine thermal maturity of organic
matter (Mackenzie et al., 1980; Seifert and Moldowan, 1986; Peters
et al., 2005b), could be calculated for samples C-Or8, S-By2 and S-LW
and is equal to 0.45, 0.18 and 0.27, respectively (Table 2). The ratio of
the Cs; BB homohopane isomer to the sum of all isomers (Sf3/
(BB + aff + Ba)) is also an indicator of thermal maturity (Sinninghe
Damste et al., 1995; Farrimond et al., 1998). The values of ff/
(BB + aff + Ba) in our study range from 0.15 to 0.55 (Table 2). Both the
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Fig. 4. Gas chromatogram (m/z = 123) showing the typical diterpenoid dis-
tribution for the investigated samples.

presence of 3 isomers and values of fa moretane/af3 hopane and f33/
(BB + af + Ba) indicate low thermal maturity of the studied samples.

4.5. Steroids

Cy7, Cag, Coo steranes and unsaturated steroids (sterenes and ster-
adienes) were identified. The distribution of steroids demonstrates a Co9
compounds predominance (Fig. 6). Among cholestanes and stigmas-
tanes, both isomers, R and S, of the aaa configuration were present,
whereas Cog sterane (ergostane) is represented by aaa (R) isomer, only.
Cholestanes and ergostanes are more abundant in siltstones.
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Fig. 5. Gas chromatograms (m/z = 191) of the pentacyclic hopanoid triterpe-
noids distribution of the samples L-Or2 and C-Or8.

The sterane 20S Cyo aaa to the sum of isomers 20S and 20R [20S/
(20S + 20R)] (e.g., Mackenzie and McKenzie, 1983; Beaumont et al.,
1985; Seifert and Moldowan, 1986; Farrimond et al., 1998) ratio values
range from 0.13 to 0.34, with the highest values calculated for the
samples from Orava Lake (L-NU1 and L-NU2) and the lowest for the
siltstones (Table 2). For the most samples the ratio of sterane to sterene
for Cy7, Cog and Cy9 compounds (Amo et al., 2007) ranges from 0.05 to
0.40 (Table 2). Samples S-Byl and S-By2 were the exceptions, having
sterane/sterene ratios of 0.91 and 0.58, respectively. Both parameters
are indicators of rather low organic matter thermal maturity.

The ratio of regular steranes vs. af3 hopanes allows the estimation of
the origin of organic matter. Regular steranes are calculated as the sum
of Cy7, Cag and Cyo steranes with the aaa and aff configurations (both,
R and S isomers are included), while aff hopanes are determined by the
sum of Cyo-C33 hopanes (R + S isomers), having the aff configuration
(Tissot and Welte, 1984; Moldowan et al., 1985; Peters et al., 2005b).
The ratio ranges from 0.28 to 0.96, except for sample L-Or10, which has
a significantly lower value (0.004) (Table 2), which undoubtedly in-
dicates terrestrial origin of examined organic matter.

4.6. Aromatic non-hopanoid terpenoids

Numerous derivatives of chrysene and picene, mostly representing
the des-A degraded and aromatized or aromatized products of

294

International Journal of Coal Geology 196 (2018) 288-301

(0]
=4
5
A o Co 2
c 2 f
’ 2 A
o Q
s |g] e
C,, steradi AEE
steradienes 2 >
2 o |® 2
1] x &
2 2 ° S°
< o s o
2 3 © 3 8
o P e P o
= Q n 4
2xs ] 2y ® &||| L-or2
QNQ ﬁ L c =1
S oh o L o
® S 5 & o =]
& S0 1 © % g
QU«W d’s &
\7 AA O

2
B
| =
% Cy
[}
- c .
kS| (o8 2 5
[0} 2
4 @ o
C,, steradienes & S
o 5
) © o s
5 o & s g 8
2o 2 5 5 s O
QL w o 2 o @ 7] g
Lxrs B 5 (] 13
2R g & RS & g || cors
SR 17 » o =} 5]
S & 8 2 8 S 2
5 G J J&u 8 J
8 $) o
56.00 57.00 58.00 59.00 60.00 61.00
Retention Time [min] P>
Fig. 6. Gas chromatograms (upper m/z =215+ 217, lower m/

z = 108 + 215 + 217) of the steroids distribution of the samples L-Or2 and C-
Or8.

triterpenoids with oleanane and ursane skeleton were present in all the
samples, except of sample C-CO. Trimethyltetrahydro- and tetra-
methyloctahydrochrysenes were identified, together with dimethyl-
and trimethyltetrahydropicenes and tetramethyloctahydropicenes
(Fig. 7). The most common compounds were 2,2,9-trimethyl-1,2,3,4-
tetrahydropicene, 3,3,7-trimethyl-1,2,3,4-tetrahydrochrysene and iso-
mers of 3,3,7,12a-tetramethyl-1,2,3,4,4a,11,12,12a-octahydrochrysene
of an unknown exact structure. Chrysene and picene derivatives are
more abundant in lignites than in clastic rocks. Other triterpenoid
constituents of aromatic fraction are dinoroleana(ursa)-1,3,5(10),12-
tetraene, dinoroleana(ursa)-1,3,5(10)-triene and aromatic triterpene
with an open C-ring (Fig. 7). Amounts of total oleanane, ursane and
lupane derivatives are quite uniform in lignites (usually around
40-50% of aromatic fraction) but highly variable in the clastics (con-
stituting from few to over 70% of aromatic fraction).

The Average Aromatic Ring (AAR) value reflects the mean number
of aromatic rings in the oleanane derivatives. It can provide informa-
tion about the oxygen availability during sedimentation (Huang et al.,
2013). The AAR calculated according to the formula defined by Huang
et al. (2013) ranges from 3.89 to 4.00 in the samples examined
(Table 3), leading to the conclusion that there was a high microbial
activity in the sediment.

Aromatic derivatives of diterpenoids, such as retene, simonellite,
dehydroabietane and abietatetraene were present in the samples stu-
died, mainly in lignites. For some samples cadalene in relatively high
concentrations has been determined.

The ratio of diterpenoids to the sum of diterpenoids and triterpe-
noids originating from angiosperms, can determine the relative gymno-
and angiosperm contribution to the primary organic matter (Bechtel
et al., 2007). The diterpenoids taken into consideration in this ratio are
ent-beyerane, 16a(H)-phyllocladane, 168(H)-phyllocladane, nor-
abietane, pimarane, abietane, 19-norabieta-3,8,11,13-tetraene, 19-
norabieta-8,11,13-triene, abieta-6,8,11,13-tetraene, simonellite and
retene. Triterpenoids originating from angiosperms are understood as
the sum of des-A-oleanenes, des-A-lupanes, olean-12-ene, olean-13(18)-
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Fig. 7. Gas chromatograms (Total Ion Current) showing the aromatic fractions
of the samples L-Or2 and L-Ch.
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Table 3
Huminite reflectance and calculated aromatic biomarker parameters for the
samples studied.

Sample R, [%] AAR CWDI di- / (di- + triterpenoids)
L-Or7 - 3.98 0.98 0.04
L-Orl 0.20 3.95 0.93 0.01
L-Or2 0.26 3.94 0.85 0.01
L-Orl0 - 3.96 0.27 0.21
L-Sy - 391 0.73 0.12
L-Ch - 4.00 0.88 0.10
L-CD 0.43 391 0.97 0.004
L-NU1 - 3.97 0.90 0.03
L-NU2 - 3.98 0.09 0.24
C-Or4 - - - -
C-Or8 - 4.00 - 0.02
C-Ch - - - -
C-CO - - - -
C-CD - 3.9 - 0.30
SByl - 400 - 0.05
S-By2 - 391 - 0.04
S-LW - 3.89 - 0.10

R, = Huminite reflectance.

AAR = Average Aromatic Ring (Huang et al., 2013).

CWDI = Conifer Wood Degradation Index (Marynowski et al., 2013).

di- / di- + triterpenoids = ratio of diterpenoids to the sum diterpenoids and
angiosperm-derived triterpenoids (Bechtel et al., 2007).

ene, urs-12-ene,
drochrysenes,

tetramethyloctahydrochrysenes,
24,25-dinoroleana-1,3,5(10),12-tetraene,

trimethyltetrahy-
24,25-
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dinorursa-1,3,5(10),12-tetraene, 24,25,26-trisnorlupa-1,3,5(10)-triene,
tetramethyloctahydropicenes, dimethyltetrahydropicenes and tri-
methyltetrahydropicenes (Bechtel et al., 2007). This ratio ranges from
0.004 to 0.30 in the samples examined (Table 3).

4.7. Perylene and other PAHs

Perylene is present in relatively high concentrations, especially in
the clastic samples (Fig. 7). Other polycyclic aromatic hydrocarbons
(PAHs) were also found, although in relatively small amounts: anthra-
cene (mostly in lignites), pyrene and fluoranthene (mostly in clastic
rocks), phenanthrene and its methyl derivatives (Fig. 7). Another phe-
nanthrene derivative, 1-methylisopropyl-7,8-cyclopentenophenan-
threne, is also present in the studied samples, with a significantly higher
abundance in lignite samples.

For lignite samples, the Conifer Wood Degradation Index (CWDI)
was calculated according to the following formula:

CWDI = perylene/(perylene + cadalene + retene + simonellite + de-
hydroabietane) (Marynowski et al., 2013).

The CWDI is an indicator of the degree of wood decay in sediments
driven by wood-degrading fungi (Marynowski et al., 2013). The CWDI
ranges from 0.73 to 0.98, except for the samples L-NU2 and L-Or10
where CWDI is 0.09 and 0.27, respectively (Table 3).

4.8. Polar compounds

In all samples including lignites, claystones and siltstones, long-
chain n-fatty acids (> n-Cy3) and long-chain n-alkanols predominates.
In case of some lignites (L-Orl and L-Or2), succinic acid as well as n-Cy¢
and n-C;g n-fatty acids are important constituents of polar fraction as
well. Significant group of polar compounds in majority of the samples
are phenols, phenolic acids, ketones and aldehydes characteristic for
both angiosperm and gymnosperm lignin degradation products. In that
group vanillin, hydroxyacetophenone, syringaldehyde as well as ben-
zoic, 3- and 4-hydroxybenzoic, vanillic, protocatechuic and syringic
acid are major compounds (Fig. 8). Degradation products of cellulose
and possibly also hemicellulose (e.g. Marynowski et al., 2018) are much
less common, but a- and p-glucose, a- and B-arabinose and a- and S-
arabinofuranose has been identified in two lignite samples (L-Orl and
L-Or2), and one siltstone (S-Byl; Fig. 8). Polar diterpenoid biomole-
cules, including ferruginol and sugiol (e.g. Otto and Simoneit, 2001) are
rare and were found in one lignite sample only (L-Ch). Dehydroabietic
acid is more common, but its relative abundances except two samples
(L-Or7 and L-Orl0) are small. Polar triterpenoid natural products
identified in lignite samples are quite common a- and S-amyrins. Sterols
represented by f-sitosterol and stigmastanol are common polar com-
ponents present in investigated rocks.

4.9. Huminite reflectance

Huminite reflectance (R,) was measured in three lignite samples. L-
Orl and L-Or2 samples exhibit similar values of 0.20% (s.d. 0.06) and
0.26% (s.d. 0.04), respectively, while L-CD shows a slightly higher re-
flectance of 0.43% (s.d. 0.10) (Table 3). The distribution of measured
R, values was monomodal for each sample examined.

5. Discussion
5.1. Secondary processes

Weathering causes various modifications of organic matter on a
molecular level. During weathering, TOC content decreases, and the
vitrinite reflectance values and distributions of n-alkanes, steranes and
hopanes are also altered (e.g., Faure et al., 1999; Elie et al., 2000;
Marynowski et al., 2011a). One of the most important changes is an
increase in short-chain n-alkanes and a decrease in long-chain n-alkane
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Fig. 8. Total Ion Current (TIC) of the silylated polar fraction (L-OR1 sample) showing the predominance of succinic acid and n-C¢ alkanoic acid and the occurrence

of benzoic acids typical for lignin decomposition.

concentrations. Moreover, aromatic terpenoids such as simonellite,
cadalene or retene are eliminated. Weathering causes a decrease of
perylene concentration and an increase of other PAHs such as phe-
nanthrene and its methyl derivatives or fluoranthene (Marynowski
et al.,, 2011b). Considering the predominance of long-chain and the
scarcity of short-chain n-alkanes, the presence of aromatic terpenoids,
perylene and small amounts of phenanthrenes and fluoranthene, no
evidence of weathering was found in the samples examined. Never-
theless, the absence of weathering cannot be assumed with certainty, as
it has been proven, that weathering can remove even over 25% of
primarily present soluble organic matter, although highest values are
obtained in dry, hot climates (Leythaeuser, 1973; Littke et al., 1991).
Littke et al. (1991) have estimated that the organic carbon loss in Po-
sidonia Shale in north Germany ammounted up to 16 wt%. Considering
the general similarity of climate between northern Germany and
southern Poland we could assume similar values. This could explain the
relatively low TOC in lignites. Moreover, the prevalence of the polar
fraction in the samples examined also indicates that they could have
undergone some changes, as weathering depletes the organic matter in
bitumen, especially aromatic hydrocarbons (Leythaeuser, 1973; Littke
et al., 1991).

Biodegradation removes many compounds from organic matter,
preferably n-alkanes, isoprenoids, Co7-Cog steranes and Csp-C3s ho-
panes. The reworking of organic matter by microorganisms results in
the production of an unresolved complex mixture (UCM) visible on
chromatograms (e.g., Gough and Rowland, 1990; Killops and Al-
Juboori, 1990). An UCM was identified in samples C-Or4 and C-CO,
which were interpreted as floodplain deposits. Additionally, neither
diterpenoids, steranes nor hopanes were identified in these samples.
Short-chain n-alkanes and aromatics were also partially removed. All
these peculiarities evokes a high level of biodegradation for these
samples.

Water washing effects are similar to those caused by biodegrada-
tion. Therefore, it might be difficult to distinguish between the effects
of these processes. Water washing removes many aromatic and ali-
phatic compounds from the organic matter. The characteristic result of
this process is the removal of short-chain n-alkanes according to their
solubility in water. This removal leads to the characteristic “cut” shape
of n-alkanes distribution (Palmer, 1993), observed in all the samples
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(Figs. 2 and 3) and distorts the Pr/Ph ratio, as both compounds are also
easily removed. Water washing effects were observed in all the samples.

5.2. Origin of organic matter and sedimentary environment

A high percentage of polar fraction observed in the samples ex-
amined (Table 1) is typical for immature type III kerogen (Killops and
Killops, 2005). This is confirmed by the presence of lignin and cellulose
degradation products in polar fraction and products of wax lipids de-
composition (long chain n-alkanols and fatty acids) (e.g. Otto and
Simoneit, 2001; Stefanova et al., 2002; Otto et al., 2005) but also the
distribution of n-alkanes with high odd-over-even predominance max-
imizing at n-Cyy, n-Cag or n-Cz; (Figs. 2 and 3) characteristic for ter-
restrial organic matter with a predominance of higher plants (e.g., Bray
and Evans, 1961; Connan and Cassou, 1980; Rieley et al., 1991; Killops
and Killops, 2005). Additionally, CPI values higher than 1 and a SCh/
LCh significantly lower than 1 support this view (Table 2) (e.g., Bray
and Evans, 1961; Scalan and Smith, 1970; Tissot and Welte, 1984;
Bourbonniere and Meyers, 1996; Peters et al., 2005b). In samples C-
Or4, S-Byl and S-By2, Al values were higher than 0.5 (Table 2), sug-
gesting grasses as the main source of organic matter. In other samples,
organic matter is derived mainly from trees, as the dominant compound
is n-Cy; or n-Cyg (Schefuss et al., 2003; Zhang et al., 2006). Odd n-
alkanes of the range n-C,; — n-C,5 are considered to originate from
mosses, mainly from Sphagnum (Bechtel et al., 2007). A high n-Cy3/n-
Cs; ratio is determined for a lot of samples (Table 2) and might argue
for peatlands or flooded forest (Pancost et al., 2002). A relatively high
amount of n-C,, in samples C-CO and L-Sy can be related to a presence
of specific algae species (Ekpo et al., 2005; Wang et al., 2010).

The distribution of steranes with a Cy9 predominance (Fig. 6) con-
firms the higher plant origin of organic matter (Moldowan et al., 1985;
Peters et al., 2005b) supported by a sitosterol, a typical higher plant
natural product, predominance (Otto and Simoneit, 2001). The ratio of
regular steranes to aff hopanes lower than 1 (Table 2) suggests a land
plant origin or an organic matter highly reworked by bacteria (Peters
et al., 2005b); however, considering the n-alkane distribution, the
former interpretation can be considered as the dominant factor. The
presence of tri- and tetracyclic diterpenoids, such as abietane, pi-
marane, isopimarane, fichtelitene, rimuene, phyllocladane, kaurane,
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Fig. 9. Map of the estimated thermal maturity parameters for samples from the
southern margin of the ONTB. Huminite reflectance values (%) are given in the
brackets. Isolines of total random reflectivity (%) for the Podhale Synclinorium
are estimated by Wagner (2011). Tables show biomarker-based maturity
parameters:

Ba/ap = C3p moretane/hopane (Mackenzie et al., 1980), B = homohopane
C31 BR/(BB + aP + Ba) (Sinninghe Damste et al.,, 1995), 208 = C29 aoa
sterane 20S/(20S + 20R) (Mackenzie and McKenzie, 1983), sterane = X(C27-
C29 steranes)/X(C27-C29 sterenes) (Amo et al., 2007).

0.55

retene, simonellite and polar biomolecules like ferruginol, sugiol and
dehydroabietic acid indicates gymnosperm plants as they originate
from compounds present in gymnosperm resins (Wakeham et al., 1979;
Dehmer, 1995; Hautevelle et al., 2005; Marynowski et al., 2013).
Oleanane, ursane and lupane derivatives originate from the f-amyrin,
a-amyrin and lupeol present in the leaves, bark and roots of angios-
perms (Mille et al., 2006; Bechtel et al., 2007). Angiosperm origin of the
studied organic matter could also be concluded from the presence of
chrysene and picene derivatives, although their origin from a- and -
amyrin is not confirmed (Tuo and Philp, 2005). Inasmuch as both -
amyrin and a-amyrin were determined in lignite samples, chrysene and
picene derivatives origin from these natural products is of great certi-
tude. In order to recognize the relative input of gymno- and angios-
perms to the primary organic matter, the di—/(di- + triterpenoids)
ratio was calculated. For all the samples examined, the ratio is low
(Table 3), which suggests that angiosperm plants were predominant
(Bechtel et al., 2007), although the results should be considered with
caution as it has been proved that, when compared to the proportions of
their macroscopic remnants, gymnosperm-derived compounds are less
abundant in a sediment than angiosperm biomarkers (Otto et al., 2005).
Also the composition of polar fraction demonstrates relatively high
abundances of gymnosperm organic matter. Considering these data, we
find determining the prevalence of any of these plant groups impossible
to state definitely.

The presence of hop-17(21)-enes (Fig. 5) is also important in
terms of determining the organic matter source. Although their pre-
cursors are also present in bacteria and fungi, interpreting them as
compounds derived from mosses and ferns seems reasonable, especially
considering their high concentrations compared to other bacteria-de-
rived hopanoids (Bechtel et al., 2007).

The Pr/Ph ratio in all samples is lower than 1 (Table 2), which in-
dicates anoxic conditions during sedimentation (Didyk et al., 1978).
These results should be taken with caution, as both pristane and phy-
tane are prone to secondary alterations, and the Pr/Ph ratio in the
lignites may not reflect the real redox conditions during the sedi-
mentation (Connan, 1974; Kohnen, 1991; de Graaf et al., 1992; Peters
et al., 2005b). Water washing surely has led to the partial removal of
both pristane and phytane from the investigated samples, thus dis-
turbing their original proportions. Redox conditions can also be de-
termined using AAR, which rises with increasing oxidation potential in
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sediments (Huang et al., 2013). For the studied material, the AAR mean
value is 3.95 (Table 3) which, compared to the published data, is re-
latively high and indicates high activity of aerobic bacteria and well
oxidized sediment (Huang et al., 2013). Considering that water washing
is present in all the samples and the influencing Pr/Ph, the AAR seems
to be a more reliable indicator of redox conditions. High microbial
activity is also indicated by the presence of the derivatives of chrysene
and picene (Wakeham et al., 1979). In addition to bacteria, wood-de-
grading fungi were active during the early stage of diagenesis, as sug-
gested by the presence of perylene and by the CWDI values > 0.7
(Table 3), which are characteristic for highly decomposed wood
(Marynowski et al., 2013). It is rather surprising because in the case of
the Miocene lignites, CWDI values are very small (Marynowski et al.,
2013).

The presence of hop-13(18)-enes (Fig. 5) can also provide insight
into the depositional conditions. They are most likely derived from
alterations of hop-17(21)-enes in an acidic environment (Meredith
et al., 2008; Pan et al., 2010). This interpretation appears to be ap-
propriate, considering the high n-C,3 amounts present in samples, in-
dicating Sphagnum as one of the main constituents of plant communities
in the studied area during the Neogene.

Pyrene, anthracene and fluoranthene occurring in many samples
could have been formed by the incomplete burning of biomass and
caustobiolites, e.g., during wildfires. These compounds can be trans-
ported by air- or waterborne processes and deposited in different lo-
cations (Killops and Massoud, 1992; Jiang et al., 1998; Marynowski and
Simoneit, 2009). As these compounds are present in almost all the
samples, although in small concentrations, it can be assumed that they
were transported by riverine or eolian transport from different source
areas rather than formed in situ.

5.3. Thermal maturity of organic matter

The huminite reflectance values (Table 3; Fig. 9) indicate an im-
mature character of the organic matter, although the sample from the
SE part of the basin (L-CD) shows a slightly higher maturity of the late
diagenesis phase (R, = 0.43%) (Peters and Moldowan, 2017). Thermal
maturity can also be determined by biomarker-based indicators, such as
CPI, which decreases to 1 with increasing maturity (e.g., Bray and
Evans, 1961; Scalan and Smith, 1970). The CPI varies from 1.53 to 8.41
(Table 2), indicating that the organic matter examined is immature,
with the minimum values representing the phase of early catagenesis.
Direct correlation between CPI and R, values in samples L-Orl, L-Or2
and L-CD is poor, which is probably related to the susceptibility of CPI
to alterations caused by water washing and its dependence on the or-
ganic matter source (e.g., Palmer, 1993). Thus, maturity determined
based on the CPI is probably overestimated.

The presence of unstable $ hopane isomers (Fig. 5) indicates very
low maturation of organic matter, generally below or around
R, = 0.4% (Nytoft and Bojesen-Koefoed, 2001; Peters and Moldowan,
2017). The Czo moretane/hopane (Sa/aff) ratio decreases from 0.8 to
0.15 with an increase in thermal maturation (e.g., Peters et al., 2005b).
The ratio was possible to calculate for three samples (Table 2; Fig. 9)
and their values (0.18, 0.27 and 0.45) indicate that two of them (C-Or8
and S-LW) are immature and one (S-By2) is mature (Nytoft and Bojesen-
Koefoed, 2001). The BB/(BB + aff + Ba) homohopane C3; ratio de-
creases to 0 during increasing thermal maturation before the organic
matter reaches the mature phase (Farrimond et al., 1998; Peters and
Moldowan, 2017). This ratio ranges from 0.34 to 0.55 in most samples
(Table 2; Fig. 9), indicating immature organic matter. The lowest values
obtained in samples L-CD and S-By1 were 0.28 and 0.15, respectively.
Other maturity indicators show concordantly that these samples were
relatively deeply buried, so their elevated maturity seems reliable,
especially for sample L-CD, which exhibits the highest R, value. How-
ever, even samples L-CD and S-By1 should be treated as immature, with
R, not exceeding ca. 0.45% (see Peters and Moldowan, 2017).
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The 20S/(20S + 20R) parameter based on the C,9 aaa steranes is
one of the most commonly used biomarker indicators of thermal ma-
turity. Its values increase from O to 0.45-0.55 in clastic rocks and to
0.30-0.45 in lignites at the transition from diagenesis to catagenesis
during increasing thermal maturation (Farrimond et al., 1998; Peters
and Moldowan, 2017). In the clastic samples, the 20S/(20S + 20R)
ranges from 0.13 to 0.26 (Table 2; Fig. 9), which means that they are
immature. Lignites have slightly higher values, from 0.26 to 0.34
(Table 2; Fig. 9), which indicates a maturation stage of diagenesis and
early catagenesis (Farrimond et al., 1998; Peters and Moldowan, 2017).
The values of 20S/(20S + 20R) can be distorted by the presence of Cyg
sterenes and steradienes (Fig. 6) that were not yet transformed into
steranes (Amo et al., 2007). The presence of those unsaturated steroids
confirms the immature character of the organic matter. The steranes to
sterenes ratio increases rapidly with increasing thermal maturity, from
0.2 to 0.9 at the temperature range between 45 and 55 °C (Amo et al.,
2007). The ratio ranges from 0.05 to 0.92 (Table 2) in the samples
examined, which implies that the samples have not reached the cata-
genesis (oil window) phase.

The stratigraphy in the ONTB is problematic and still poorly con-
strained, so it is difficult to assess the exact age relations between Nove
Ustie, the Oravica River, the Czarny Dunajec River and the Bystry
Stream sections. However, since they are located along the southern
margin of the basin of the inferred highest magnitude of uplift (fozinski
et al.,, 2017), they presumably represent the basal part of the infill.
Therefore, samples from these sections can be treated as roughly re-
presenting the same interval of the basin infill, and their thermal ma-
turity parameters can be compared to reconstruct the history of sub-
sidence, burial and exhumation along the E-W transect through the
basin. Huminite reflectance values obtained from samples L-CD, L-Orl
and L-Or2 suggest a decrease in the maturation of sediments towards
the west (Table 3; Fig. 9). This trend is confirmed by certain biomarker-
based parameters. The fa/af ratio increases from 0.18 to 0.45 towards
the west (Table 2; Fig. 9), similar to the case of the f3/(8 + af + Ba)
C3; homohopane ratio, which also tends to be lower in the eastern than
in the western part of the basin. The only exception is sample S-By2,
with a value of BB/(BB + aff + fa), similar to the western samples
(Table 2; Fig. 9), most likely due to a higher influence of secondary
processes such as water washing or biodegradation. The sterane/
sterene ratio also generally decreases to the west (Table 2; Fig. 9), al-
though this trend is not that clear due to large spread of values, even in
a single section, e.g., between S-By1 (0.92) and S-By2 (0.58). All these
biomarker-based indices clearly indicate a lower thermal maturity in
the western part of the basin. The only biomarker-based parameter not
following the described trend is 20S/(20S + 20R), which shows an
increase in values in the direction opposite from what was suspected,
i.e., from east to west (Table 2; Fig. 9). As mentioned above, it is dif-
ficult to expect reliable results based on the 20S/(20S + 20R) ratio with
such a high contribution of sterenes, in the overall steroid composition
of the samples examined.

Waliczek and Solecki (2014) measured the vitrinite reflectance in a
claystone from Chochotéw, which is the same area as the section of the
Czarny Dunajec Stream examined in this work. They obtained a R,
value of 0.37%, which is very similar to our result (0.43%) from that
locality and confirms the increased maturity of sediments in the SE part
of the ONTB. However, Nagy et al. (1996) obtained relatively high R,
values for lignites from the SW part of the basin in Nove Ustie (from
0.35% to 0.43%), which contrasts with our biomarker-based results
obtained for lignites from the same locality and does not fit the west-
ward trend of maturity decrease. Such a discrepancy can relate to a
partial oxidation of lignites from the Nove Ustie site, which influenced
the vitrinite reflectance measurement. As it was shown, organic matter
weathering can increase R, values up to 0.2% (Marynowski et al.,
2011b). If so, the R, values obtained by Nagy et al. (1996) are not
representative of burial conditions, and the extremely high calculated
geothermal gradient of 50 °C/km is overestimated.
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5.4. Magnitude and timing of exhumation

The Magura Nappe sediments near the northern margin of the ONTB
were estimated to be heated up to 105 °C, but it is estimated that most
of the sediments (4,4 km) had been eroded before the onset of Neogene
sedimentation (Swierczewska, 2005), so the Magura Nappe in the re-
gion represents a different stage of thermal history. Thermal maturity of
the PS, on the other hand, decreases from SE to NW, which is mani-
fested by the decreasing illite/smectite ratio (Srodoni et al., 2006) and
vitrinite reflectance (Wagner, 2011) measured for Paleogene sedimen-
tary rocks (Fig. 9). The lowest R, values of ~0.5% occur close to the
junction between the PS, PKB and ONTB near Chochotéw (Fig. 9). They
are significantly lower than those reported for the Aalenian and Bajo-
cian samples from the Szlachtowa and the Czorsztyn formations from
the PKB (~1.0%) (Wagner, 2011) and for the High- and Sub-Tatric
units (Ladynian to Tythonian in age) to the south of the PS (0.9-1.8%;
Poprawa et al., 2002). However, the R, value obtained in this study for
the sample from Czarny Dunajec (L-CD) in the SE part of the ONTB
(0.43%) is only slightly lower than that obtained by Wagner (2011) for
a Paleogene sample from the nearby Chochotéw (0.49%) in the NE part
of the PS (Fig. 9). Marynowski et al. (2006) obtained values of ~ 0.6%
of the calculated vitrinite reflectance for the samples from the Cho-
chotéw PIG-1 well from the depth of 280 to 600 m. Moreover, the
thermal maturity of the samples collected along the southern margin of
the ONTB decreases to the west, similar to the trend in the PS, where
the thermal maturity decreases to the NW (Srodon et al., 2006; Wagner,
2011). This shows that the trend of decreasing thermal maturity in the
PS continues without a gap in the ONTB (Fig. 9). This suggests that the
burial histories of the ONTB and Podhale Basin could have been asso-
ciated and that rocks in both basins could have experienced maximum
burial during the same period. However, this scenario is not supported
by the thermochronological investigations, which indicate that the
maximum burial in the NW part of the Podhale Basin occurred between
15.8 and 17.1 Ma (Srodon et al., 2006). This is earlier than the onset of
deposition in the ONTB that has recently been dated with U—Pb dating
of zircons from a tuffite at ~12Ma (Wysocka et al., 2018). Thus,
maximum burial and the subsequent partial erosion of the Podhale
Basin must have occurred prior to sedimentation in the ONTB. Then,
after the period of subsidence and deposition, the ONTB experienced
uplift and exhumation during the Pliocene/Quaternary, which con-
tinues (Vanko, 1988). Thus, the apparent continuity of thermal ma-
turity between the PS and ONTB must be coincidental.

Still, the fact that the trend of increasing maturity and the amount of
erosion to the SE continues through both units (Fig. 9) is intriguing and
leads to some conclusions about the exhumation history of both units.
After the initial Middle Miocene phase of exhumation, probably related
to the Savic phase of the Alpine orogeny, the western part of the Pod-
hale Basin experienced subsidence and was covered by Upper Miocene-
Pliocene sediments belonging to the ONTB. Thickness of these deposits
near Chochotéw could have been close to the amount of the exhuma-
tion of the Podhale Basin, as there is no significant difference between
thermal maturity of the neighboring PS and ONTB. The exhumation
magnitude of PS is highest near the Ruzbachy Fault, which suggests that
this fault played an important tectonic role during the uplift of the PS in
the Miocene (Srodon et al., 2006). Interestingly, this trend continues in
the ONTB, which may be attributed in this area to the Pliocene/Qua-
ternary dip-slip activity of the strike-slip Krowiarki Fault (also: Orava
Fault, e.g., Baumgart-Kotarba et al., 2004, Lozinski et al., 2017).

The thermal maturity of surface samples, and hence the amplitude
of the uplift and exhumation, decrease to the NW in both basins (Fig. 9).
The highest R, value (0.43%) obtained in this study for the SE margin of
the ONTB suggests that the temperature of maturation (if the peak
temperature was reached due to maximal burial) was probably in the
range of 45-65°C, depending on the model applied (Barker and
Pawlewicz, 1994; Hunt, 1995). This sample was collected from an
outcrop, so the difference between the maximum temperature of
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maturation and the current mean temperature in the region does not
exceed 35-55°C. The amount of erosion associated with such a tem-
perature drop can be estimated by assuming the thermal paleogradient
for the Late Miocene. Srodofi et al. (2006) indicated that the paleo-
gradient in the Middle Miocene was 20-25 °C/km, which is similar to
the present-day value of 19-23 °C/km (Srodon et al., 2006), while Nagy
et al. (1996) suggested a much higher value of up to 50 °C/km for the
Late Miocene. We cannot apply the paleogradient proposed by Srodori
et al. (2006) because it is close to the present-day value, while the
gradient must have been somewhat greater during the Late Miocene, as
there was active volcanism present in the area, especially within PKB
and Magura Nappe, related to reactivation of fault zones formed earlier
(Nejbert et al., 2012; Anczkiewicz and Anczkiewicz, 2016). Although
there is no evidence of magmatic activity in the ONTB, except one
tuffite layer (L.ozinski et al., 2015; Wysocka et al., 2018), the presence
of andesites in the tectonic units surrounding and underlying the ONTB
suggests an overall elevated gradient in the region. The paleogradient
estimated by Nagy et al. (1996) is extremely high and may be over-
estimated, as discussed above. Moreover, it is difficult to assess the
reliability of modeling that was used in the calculation. Thus, an in-
termediate value of 35 °C/km suggested by Wagner (2011) will be used
in this work. The calculated maximum thickness of eroded strata is
1-1.6 km for the SE part of the Orava Basin, and this value decreases
towards the west. Such a magnitude of exhumation at the present-day
margin of the ONTB implies that the paleogeographic extent of the
basin must have been much greater. Evidently, the area adjacent to the
south that is currently composed of eroded rocks of the PS must have
been covered with < 1.6km thick Neogene deposits of the ONTB,
which is similar to the estimations of Wagner (2011) of < 1 km.

6. Conclusions

Based on the molecular composition of organic matter and the
geochemical indicators of the Neogene sediments in the Orava-Nowy
Targ Basin, only type III kerogen was identified, which confirms that
the sedimentation occurred in a continental setting. Higher plants,
mainly grasses and trees, are indicated as the main source of organic
matter. Considering the high input of peat-derived organic matter in
most samples, such as Sphagnum-derived compounds, mixed swamp
forests are proposed as the dominant plant community in the examined
area, although other communities such as mixed forests and meadows,
swamps and mires with a few trees were also present. The sedimentary
environment of wetlands and floodplains was oxic and acidic, in which
intensive activity of bacteria and fungi led to the partial decay of or-
ganic matter. Wildfires occurred in the examined area during the
Neogene, as compounds such as pyrene, fluoranthene and anthracene
were identified in most of the studied samples. The influence of water
washing that disrupted the distribution of short-chain n-alkanes and
acyclic isoprenoids is detectable in all the samples. Only two of the
samples underwent biodegradation, which led to the removal of almost
all the compounds from the aliphatic fraction and most compounds
from the aromatic fraction. Signs of post-exhumation weathering were
not identified.

The huminite reflectance of the examined samples ranges from 0.20
to 0.43%, proving the organic matter immaturity. The presence of un-
saturated compounds and the values of calculated geochemical in-
dicators also confirm it and denote that examined organic matter has
not reached further than late diagenesis stage. A comparison of R, and
CPI indicates that the latter is a less reliable proxy of maturity due to
water washing and its dependence on an organic matter source. The
thermal maturity of samples collected from the basal part of sedimen-
tary infill along the southern margin of the ONTB exhibits a clear de-
creasing trend towards the west. Moreover, the comparison of different
biomarker-based thermal maturity indicators from samples located at
the southern margin of the basin allowed estimation of the applicability
of different thermal maturity indices to relatively immature terrigenous
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sediments. The C3y fa/af3 hopane, S3/(Bf + aff + fa) homohopane and
sterane/sterene ratios show good correlations with the maturity trend
based on the huminite reflectance.

The deepest buried samples were heated to a maximum temperature
of ~45-65°C, temperatures of late diagenesis-early catagenesis.
Therefore, erosion must have removed 1-1.6 km of sediments in the SE
part of the basin, where the outcrops of these strata and their contact
with the basement is observed. Thermal maturity of samples re-
presenting the basal interval of the ONTB infill that are currently on the
surface decreases to the west, which indicates that the amount of ex-
humation decreased in this direction. These results clearly imply that
the ONTB extended beyond its current limits, at least in the southern
part, and must have covered the rocks of the PS that are currently ex-
posed. The Neogene sediments belonging to the ONTB must have
formed the 1-1.6 km thick cover on the western part of PS.
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