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The characterization of organic matter (OM) in sedimentary rocks is important in many types of biological, geological and en-
vironmental research. The integrated use of microscopy and geochemistry, as here, is particularly useful in any attempt to
define the origin and evolution of OM in sedimentary basins. The organic petrography and geochemistry different types of
allogenic and authigenic OM from the Polish Outer Carpathian (POC) rocks were studied in present study to compare their
genetic type, thermal maturity, depositional environment and post-sedimentation processes. Special attention was paid to
redeposited coal clasts occurrences. The used techniques show differences in organic matter type originating from various
sources. The organic petrography analysis shows that redeposited coal clasts (CC) and terrigenous organic matter (TOM)
are composed predominantly of woody material (the gas-prone Type-Ill kerogen). Similar results were obtained during the
Rock-Eval pyrolysis. Moreover, the GC-MS analysis of extracts indicated the additional source of OM, namely planktonic or-
ganic matter (POM) with oil-prone kerogen Type-I or Il. This OM is in some cases high thermally mature and could potentially
has allochthonous origin. The n-alkane, saturated and aromatic biomarker data revealed deposition of this POM in anoxic
deltaic or close-shore sedimentary environments whereas the redeposited coal clasts were probably originally deposited in
coal swamps as were the Upper Silesian bituminous coals.
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INTRODUCTION

Production, accumulation, deposition and preservation pro-
cesses are essential for the existence of OM in source rocks.
The type of OM incorporated into sediments depends mostly on
the natural association of the various groups of organic materi-
als in different facies provinces (Tissot and Welte,1984; Jiang et
al., 2017). This matter can be supplied either in the form of dead
or living particulate organic debris or as dissolved OM. The OM
may be autochthonous to where it is deposited, i.e., it may origi-
nate in the water column above or within the sediment hosting it
or it may be allochthonous i.e., terrestrial higher plants contrib-
uting biomass to fluvial system that carry OM to the depositional
environment (Galloway and Hobday, 1983; Arndt et al., 2013).
The another source of OM is reworked or recycled material from
preexisting sedimentary organic matter derived during the ero-
sion and deposition of older sedimentary rocks. Of these three
types of OM, the autochthonous and allochthonous contribu-
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tions are important in the development of source rocks. The re-
worked OM is mostly degraded to the point where it has little or
no capacity for being converted into oil and gas (Calvert and
Pedersen, 1993) but can provide valuable information on sup-
ply sources for ancient and present-day sedimentary basins
(Littke et al., 1998). Reworked organic matter content in soils
and present lacustrine sediments not only gives evidence of
past vegetal cover but can testify of the bedrock that feed the
detrital supply (Di-Giovanni et al., 1999). Moreover, ancient re-
worked organic matter occurring in ice-sheets inferred an active
role of palaeo-ice flow delivered to the North Atlantic Ocean
(Hefter et al., 2017). In turn, reworked organic matter input in
lower and middle members of the Middle Permian Gufeng For-
mation (continental platform, China) suggested the transgres-
sion which probably forced the supply of organic matter from
soil to the basin (Kametaka et al., 2005; Takebe et al., 2007).
Studies on the inputs, transport and distribution of
terrigenous OM are thus necessary to infer the quantity and
composition of OM flowing into marine environments, particu-
larly within continental margins where >90% of organic carbon
burial occurs (Berner, 1989; Hedges et al., 1994, 1997, 1999;
Hedges and Keil, 1995; Aller et al., 1996). Various geochemical
and petrographic approaches, e.g., Vvitrinite reflectance,
Rock-Eval Tmax, and biomarker maturity ratios can be used to
define the thermal maturity of organic matter (OM). Thermal



166

Magdalena Zielinska, Monika Fabianska, Dariusz Wiectaw and Magdalena Misz-Kennan

Table 1
Sample locations and age

E?mgg? Place/Town Lithostratigraphic unit %%%i‘?’( Stage/Age Str:(r:]t#ral hlz)lgt}iﬂggrgcclj(fs
E1 Kozy Lhoty Fm. Cr4/Cry Albian—Cenomanian S mudstone
E2 Biesnik Istebna Fm. Cry/PIl Senonian—Paleocene S sandstone
E3 Bielsko-Biata Lhoty Fm. Cr4/Cr, Albian—Cenomanian S sandstone
E4 Porgbka Uszewska Lhoty Fm. Cr4/Cry Albian—Cenomanian S sandstone
E5 Sutkowice Cisownica Shales Cry Valanginian—Hauterivian S mudstone
E6 Ciezkowice Istebna Fm. Cr,/PI Senonian—Paleocene S sandstone
E7 Skrzydina Menilite Fm. Ol Oligocene D sandstone
E8 Gorlice Istebna Fm. Cry/PIl Senonian—-Paleocene S sandstone
E9 Miedzybrodz Grodziszcze Fm. Cry Hauterivian—Aptian S sandstone
E10 Kobielnik Menilite Fm. Ol Oligocene D sandstone
E11 Rabe Istebna Fm. Cry/PI Senonian—Paleocene S sandstone

E12 Bystre Lhoty Fm. Cr4/Cry Albian—Cenomanian S conglomerate
E13 Okocim Grodziszcze Fm. Cry Hauterivian—Aptian S sandstone
E14 Roznow Istebna Fm. Cry/PIl Senonian—Paleocene S sandstone
E15 Zywiec Cisownica Shales Cry Valanginian—Hauterivian S mudstone
E16 Tresna Godula Fm. Cry Cenomanian—Senonian S sandstone
EG1 Lanckorona Grodziszcze Fm. Cry Hauterivian—Aptian SS sandstone
EG2 Nowe Rybie Rybie Ss. Cry Upper Senonian SS sandstone

EG3 Zegocina Grodziszcze Fm. Cry Hauterivian—Aptian SS conglomerate
EG4 Radziechowy Szydtowiec Ss. PI Paleocene SS sandstone

Fm. — formation; Ss. — sandstones; Cry — Lower Cretaceous; Cr, — Upper Cretaceous; Pl — Paleocene; Ol — Oligocene; D —

Dukla; S — Silesian; SS — Subsilesian

maturation designates changes in OM structure during heating
of rock connected with generation of hydrocarbons. Thus, ther-
mal maturity is one of the most important source rock properties
and can be confirmed by quantitative and qualitative analyses
of OM (Hunt, 1996).

The Outer Carpathians in Poland belong to the North Petro-
leum Province in Central Europe (Ulmishek and Klemme, 1990;
Sotak et al., 2001; Pawlewicz, 2006; Kotarba and Peryt, 2011).
In the Outer Carpathians, Lower Cretaceous and
Oligocene—Miocene strata are considered to be organic-rich
source rocks (e.g., Koltun et al., 1995; Curtis et al., 2004;
Kotarba and Koltun, 2006; Kotarba et al., 2007, 2013, 2014,
2017; Kosakowski et al., 2009; Kosakowski, 2013; Coric, 2015;
Wendorff et al., 2017). Additionally, Mesozoic successions be-
neath the Carpathian overthrust, Paleozoic strata in the
Carpathian Foredeep basement and Lower Paleozoic forma-
tions underlying the thrusted and folded Carpathian orogen
have been deemed petroleum-generating sequences (Matolin
et al.,, 2007; Wiectaw et al., 2011; Kosakowski et al., 2012).
Apart from geochemical studies aimed at recognizing strata
with hydrocarbon potential in the Carpathians and their vicinity,
the petrographic characterization of the OM and its sedimen-
tary environment has been studied. The OM in the Outer
Carpathian deposits contains also redeposited CC from silt- to
boulder size, thin vitrain layers or lenses and dispersed OM rep-
resenting allochthonous terrestrial, and autochthonous marine
sources (e.g., Turnau, 1970; Kotlarczyk, 1979; Wagner, 1992,
1996; Uziyuk and Shaynoga, 2016; Ziemianin, 2017, 2018;
Gorecka-Nowak et al., 2019; Wojcik-Tabol et al., 2019;
Waliczek et al., 2019). The redeposited CC belonging to the
Lower and Middle Pennsylvanian were supplied to the Outer
Carpathian basin from cordilleras and from the area bordering

the basin to the north (Turnau, 1970; Wojcik-Tabol et al., 2019).
Two main source areas have been established for these,
namely, the Upper Silesian Coal Basin and its continuation to
the south and the coal basin underlying the eastern part of the
Polish Carpathians (Bukowy, 1957; Kotlarczyk and Sliwowa,
1963; Wojcik-Tabol et al., 2019). Thus, Turnau (1970) sug-
gested that these two areas formed one Precarpathian Coal
Basin. In contrast, thin homogeneous vitrain coal-forming
lenses and layers in clastic sediments reflect carbonization of
terrestrial organic particles in the Outer Carpathian flysch basin
(Zielinska, 2017).

The aim of this paper is to compare geochemical and
petrographic indicators that point to the depositional environ-
ment and thermal maturity of the authigenic and allogenic or-
ganic matter from the Polish Outer Carpathian rocks (Table 1).
Such description and comparison were done in various
lithostratigraphic units of POC using different research tech-
niques to underline differences in the detection of various types
of organic matter depending on the analysis used.

For a more precise division of organic matter in this study,
the following terms were used:

— planktonic organic matter (POM) represents hydro-
gen-rich material that originated from the marine eco-
system;
terrigenous organic matter (TOM) represents terrestrial
dispersed OM transported with rock detritus into the sed-
imentary basin prior to its coalification;
coal clasts (CC) as eroded humic coal fragments older
than the Outer Carpathian sediments.

Such division of organic matter was imposed by the signifi-
cant differences in thermal maturity of different types of organic
matter represent authigenic and allogenic sources of OM in the
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Carpathian rocks (e.g., Wagner, 1996; Zielinska, 2010; Bak et
al., 2015; Ziemianin, 2017, 2018).

GEOLOGICAL SETTING

The Outer Carpathians belong to the Carpathian mountain
range forming a ~1500 km long arc in Central and Eastern Eu-
rope (Fig. 1A). It is part of the Alpine orogenic belt of Mesozoic
and Paleogene/Neogene age. The range is a fold-and-thrust
belt with generally north vergence in the western part,
north-east to east vergence in the eastern part and southeast
vergence in the southern part. In Poland, the Carpathians are
subdivided into two domains, i.e., the Inner Carpathians (Trias-
sic—Jurassic) and the Outer Carpathians (Jurassic-Neogene;
Plasienka, 2002; Oszczypko, 2006; Plasienka and Sotak,
2015). The border between the domains is the Pieniny Klippen
Belt, a complex suture along which components of oceanic and
continental lithosphere were subducted during Late Cretaceous
and Early Miocene convergence (Birkenmajer, 1986; Golonka
et al., 2006). The Outer Carpathians comprise elements of an
accretionary wedge subdivided into nappes composed of Cre-
taceous to Paleogene strata as outlined in Figure 1B. All the
nappes mainly involve clastic sediments (Jurassic—Lower Mio-
cene). They are overthrusted onto Miocene strata of the
Carpathian Foredeep (Oszczypko and Zytko, 1987;
Oszczypko, 2004). The epi-Variscan Central European Plat-
form and its cover form the basement of the Outer Carpathians.
The depth to basement varies from 7000 m beneath the
Carpathians to a few hundred metres at the fringes
(Oszczypko, 2004; Kralikova et al., 2016).

Most of the sediments of the Outer Carpathians are
flysch-type consisting of alternating coarse-grained beds, i.e.,
conglomerates, sandstones, siltstones and, locally, limestones
and marls of deep-marine origin. Most of the sediments were
deposited at bathyal, presumably mostly upper bathyal, depths
(Ksigzkiewicz, 1975; Poprawa et. al., 2002). The area studied
involves the Silesian, Sub-Silesian and Dukla nappes of Upper
Jurassic—-Paleogene age. The Silesian nappe consists of Upper
Jurassic to Miocene and Sub-Silesian from Lower Cretaceous
to Miocene rocks. Lithologically, the Silesian and Sub-Silesian
nappes are very similar (Fig. 2) whereas, in Sub-Silesian strata,
silty and marly rocks predominate. The Dukla nappe consists of
mid-Cretaceous shales, Senonian to Eocene turbidites, and the
Lower Oligocene Menilite Formation passing upwards into dis-
tal turbidites (Oszczypko, 2004). The Silesian nappe is the sec-
ond largest nappe after the Magura nappe, whereas the
Sub-Silesian nappe is exposed in tectonic windows in the
Silesian nappe, and the frontal part of the Carpathian foreland
(Lesniak and Waskowska-Oliwa, 2001). The Dukla nappe is sit-
uated below the frontal Magura nappe and is also exposed in
tectonic windows in it (Fig. 1B).

SAMPLES AND METHODS

SAMPLES

Twenty representative rock samples containing visible OM
(sampling sites in Fig. 1) were collected from clastic rocks be-
longing to the Berrasian, Valanginian, Hauterivian, Barremian,
Albian, Paleocene and Oligocene age (Table 1) in natural out-
crops, quarries and riverbanks. Flysch deposits belonging to

described age were investigated for sampling as typical rede-
posited CC - bearing rocks which were previously palynological
described by Turnau (1970).

Special attention was paid to the presence of coal frag-
ments in detrital forms, especially redeposited CC. Unfortu-
nately most samples contained both various fractions of CC
and TOM; consequently, distinguishing different genetic types
of OM <2 mm during sampling was impossible. Therefore, all
organic matter contained in the samples was analysed.

PETROGRAPHY

Samples were prepared as polished blocks according to the
procedures in ISO 7404-2 (2009). Maceral identifications were
carried out in reflected white light and fluorescent blue light us-
ing ICCP terminology (ICCP, 1998, 2001; Pickel et al., 2017).
Random reflectance (R,, %) was measured in oil immersion ac-
cording to ISO 7404-5 (2002) at 50 points using an optical Axio
Imager A2m microscope.

GEOCHEMISTRY

ROCK-EVAL PYROLYSIS

The screening pyrolysis was completed with a Vinci Tech-
nologies Rock-Eval 6 Turbo apparatus in Bulk Rock method us-
ing the Basic cycle. This analysis consisted of two steps. Firstly,
a crucible with 30-50 mg of powdered rock sample was loaded
into a pyrolytic oven in which a nitrogen atmosphere (flow of
100 ml/min) was heated from 300°C (3 min isothermal) to
650°C at 25°C/min. The generated gases were directed to a
flame ionization detector (FID) for determination of free hydro-
carbon contents (released at isothermal 300°C — S; peak), re-
sidual hydrocarbon contents (released at 300-650°C — S,
peak) and temperature of maximum of S, peak (Tmax) and to an
infra-red cell (IR) for determination of CO and CO, produced
during decomposition of OM and carbonates (S3, S3, Szco and
Ssco peaks). Each pyrolyzed sample was then moved to an oxi-
dation oven where it was heated in air (100ml/min) from 300°C
(1 min isothermal) to 850°C at 20°C/min (5 min isothermal at fi-
nal temperature). The CO and CO, produced (S4, Ssco and Ss
peaks) were determined using an IR detector. Indices used for
quantitative, qualitative and maturity evaluation of OM were cal-
culated, i.e., pyrolytic (PC, wt.%), residual (RC, wt.%), total or-
ganic carbon content (TOC, wt.%), production index
(Pl = S4/(S4+Sy)), hydrogen index (HI = 100*S,/TOC, mg HC/g
TOC), oxygen index (Ol = 100*S3/TOC, mg CO,/g TOC), and
mineral carbon content (MINC, wt.%). Analytical details are as
in Lafargue et al. (1998).

SOLVENT EXTRACTION

Prior to extraction, the samples were air-dried for 48—72 h at
room temperature (~22°C) and powdered in a rotary mortar. Af-
ter powdering, 5-8 g aliquots of each were extracted with di-
chloromethane (DCM) in a Dionex 350 Accelerated Solvent Ex-
tractor (Thermo Scientific) at 70°C in 34 ml stainless steel cells
(p = 10 Mpa; solvent flow = 70 mI/min). Solvent was evaporated
at room temperature and dried extracts weighed to calculate ex-
traction yields (wt.%). The dry residue was diluted in 1.5 ml of
DCM and analysed by GC-MS. All solvents and reagents were of
analysis grade (Avantor Performance Materials Poland S.A.).
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GAS CHROMATOGRAPHY-MASS SPECTROMETRY

An Agilent gas chromatograph 6890 with a HP-5 column
(60 m x 0.25 mm i.d.) coated with a 0.25 pm stationary phase
film and coupled with an Agilent Technology mass spectrome-
ter 5973 was used. The experimental conditions were as fol-
lows: carrier gas — He; temperature — 50°C (isothermal for
2 min); heating rate — up to 175°C at 10°C/min, to 225°C at
6°C/min and, finally, to 300°C at 4°C/min. The final temperature
(300°C) was held for 20 minutes. The mass spectrometer was
operated in the electron impact ionization mode at 70 eV and
scanned from 50-650 da. Data were acquired in a full scan
mode and processed with the Hewlett Packard Chemstation
software. The compounds were identified by using their mass
spectra, comparison of peak retention times with those of stan-
dard compounds, interpretation of MS fragmentation patterns
and literature data (Philp, 1985; MSD, 2012). Geochemical pa-
rameters were calculated using peak areas acquired in the
manual integration mode.

RESULTS

ORGANIC PETROGRAPHY

Twenty rock samples were analysed, two of which (E9,
EG4) contained insufficient OM for petrographic analysis. The
petrographic analyses revealed two types of OM, namely, CC
and TOM (Appendix 1). Samples E1, E2, E3, E4, E6, E7, E11,
E12, E13, E14, E15, E16 and EG3 contain both CC and TOM.
Samples E5, E8, E10 and EG2 contain CC only, and EG1,
TOM only (Appendix 1%).

The CC is characterized by wide range of macerals distribu-
tion. In contrast, maceral forms in TOM hosted in the sediments
are few.

The vitrinite maceral group, represented by collotelinite,
telinite, collodetrinite and gelinite dominates in CC (Figs. 3
and 4). From the liptinite maceral group, sporinite, cutinite,
resinite and liptodetrinite macerals occur (Figs. 3 and 4). Pre-
dominantly, fusinite and semifusinite and, less commonly,
inertodetrinite, macrinite, and micrinite represent the intertinite
maceral group (Figs. 3 and 4). Massive chars in some samples
with CC are isotropic, yellowish in colour, and have high
reflectance. Some of these show small pores related to
devolatilisation (Fig. 4).

The maceral composition of TOM shows no such variety;
only collotelinite, vitrodetrinite, gelinite, inertodetrinite occur
and, in E16 only, probably solid mosaic bitumen (Nowak 2019).
Solid bitumen fits the sandstone pores and it is characterized by
heterogeneous structure (various shades of grey), very weak
fluorescence and R, = 1.21%. Pyrite, as framboids and
euhedral crystals, is an associate of both forms of organic mat-
ter (Fig. 4). In CC, pyrite occurs mainly as framboids. It is rare
as single crystals impregnating coal macerals. In TOM, pyrite
commonly impregnates the margins of vitrinite particles or oc-
curs as accumulations of framboids (Fig. 4). The typical
land-plant maceral composition of both OM types confirms their
terrigenous origin.

Thermal maturity expressed by vitrinite reflectance R, rang-
ing from 0.53-1.52% in CC points to an early-mature to
overmature stage of organic matter transformation (Appendix 1).

These R, values correspond to high-volatile and low-volatile bitu-
minous coal rank according to the ISO/DIS 11760 classification.
The TOM is immature and early-mature (R,= 0.41-0.67%) indic-
ative of subbituminous B to high-volatile bituminous coal.

The variability in thermal maturity of the OM is clear in
reflectograms in which vitrinite reflectance data show a variable
distribution, depending on the percentage of particular types of
organic matter in sample. If sample contains only or mostly CC,
the reflectogram is monomodal (e.g., E8, E12); both types, the
reflectogram is bimodal (e.g., E4); if contains mostly dispersed
TOM, the reflectogram shows trimodal R, distribution (E7) as
shown in Figure 5A-D. It is evident that the OM originated from
a variety of sources. If R.is measured only on grains with typical
CC qualities, the distribution of values obtained is monomial
(see comparison in Fig. 5E, F).

GEOCHEMISTRY

ROCK-EVAL DATA

The samples are highly variable in OM content. The TOC
varies from 0.05 in EG1 (O) sample to 59.8 wt.% in E8 (A)
sample, but is typically <1 wt.% (Appendix 2). The concentra-
tion of organic carbon partly depends on the origin and form of
dispersion of OM. Sample E8 with the highest TOC (almost
60 wt.%) is a piece of coal (CC) separated from sandstone
rock, but other rocks rich in TOC contain multi-sourced OM
(CC and POM or CC, TOM and POM). In samples poor in or-
ganic carbon all types of OM were identified (Appendix 2). The
strong correlation of OM concentration with T« values is visi-
ble; organic material occurring in high concentrations (TOC
>1wt.%) is immature or mature (oil window range) with T«
values varying from 422 to 454°C whereas for samples poor in
OM (TOC <0.54 wt.%) Tmax values are >490°C (Fig. 6A). The
elevated T, temperatures are result of strong oxidation of or-
ganic material and correlate with high values of oxygen index
(Fig. 6B), but the possible influence of carbonate decomposi-
tion on Ol values, especially for mineral carbon-rich samples,
is not excluded (Appendix 2). The erroneous (overstated) ma-
turity assessment of weathered CC were reported earlier by
e.g., Copard et al. (2002). The abnormally high Trax tempera-
tures were also described for weathered fossil organic matter
in outcrop profiles by Graz et al. (2011). The OM occurring in
coal piece (sample E8), due to small contact surface with oxi-
dizing media is resistant to oxidation processes and therefore
shows low maturity. Small particles of OM in organic-poor
samples have relatively high contact surface and therefore
they are oxidized to a much greater extent. Correct determina-
tion of the genetic type of OM is possible only for no-oxidized
samples; low hydrogen-index values of these samples indi-
cate the presence of gas-prone Type-lll kerogen (Fig. 7). Due
to the probable at least partial weathering also of these sam-
ples, the original values of the hydrogen index were higher
(Copard et al., 2006) and therefore presence of the hydro-
gen-rich kerogen Type-II or -l is not excluded. No clear rela-
tionship between the source of OM and the hydrogen index
values is observed (Appendix 2 and Fig. 7). Examples of sam-
ples containing weathered organic material are presented in
Figure 8A—C. The multilobed S, peaks are result of different
range of OM oxidation (Copard et al., 2006).

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/9q.1523
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Fig. 3. Microphotographs of organic matter

A — variation in rank and petrographic composition of CC; higher rank of collotelinite (Ct) in upper part of photo, lower rank of collodetrinite
(Cd) with sporinite (Sp) in lower part of photo, sample E10, oil immersion, reflected light; B — semifusinite (Sf) structure with empty window
cells, CC —sample EB6, oil immersion, reflected light; C — collodetrinite (Cd) and cutinite (Cu), CC — sample EG2, oil immersion, reflected light;
D - cutinite (Cu) particles visible in fluorecscent light, CC — sample EG2, same view as in C; E — trimacerite with collotelinite (Ct),
corpogelinite (Cg), fusinite (Fu), inertodetrinite (Id) and sporinite (Sp), CC — sample E8, oil immersion, reflected light; F — macerals of the
liptinite group, sporinite (Sp) and liptodetrinite (Ld), CC — sample E8, fluorescent light, same view as in E; G — trimacerite with collodetrinite

(Cd), semifusinite (Sf), fusinite (Fu) and macrinite (Ma), CC — sample E12, oil immersion, reflected light; H — resinite (Re) visible in fluores-
cent light, CC — sample E12, same view as in G
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Fig. 4. Microphotographs of organic matter

A — cracked particle of fusinite (Fu), CC — sample EG2, oil immersion, reflected light; B — dimacerite with collotelinte (Ct), corpogelinite (Cg),
semifusinite (Sf) and fusinite (Fu), CC — sample E8, oil immersion, reflected light; C — micrinite (Mi) macerals occurring in telinite cells (TI)
structure with transition into collodetrinite (Cd), CC — sample ES8, oil immersion, reflected light; D — massive chars (Ch) in CC, sample E8, oil
immersion, reflected light; E — framboidal and euhedral crystals of pyrite (S) in mineral setting, sample E11, oil immersion, reflected light; F —
cracked collotelinite (Ct), CC —sample E10, oil immersion, reflected light; G — vitrinite (Vt) particle, sample E10, oil immersion, reflected light;
H — solid bitumen, sample E16, oil immersion, reflected light
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Fig. 5. Random vitrinite reflectograms

A, B — reflectograms of selected samples (E8 — CC, E12 — mostly CC) with monomodal distribution; C — reflectogram of sample (E4 — CC
+TOM) with bimodal distribution; D — reflectogram of sample E7 (mostly TOM) with trimodal distribution; E, F — comparison of random vitrinite
reflectograms involving all vitrinite-particle measurements in CC and TOM (left side) and measurements on vitrinite particles in CC only (right

side) in the same sample
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Fig. 8. Examples of pyrograms resulting from Rock-Eval analysis

of sample E5 (A) (A), sample E3 (@) (B), sample EG4 (O) (C)
and sample E9 (#) (D)

S1 — free hydrocarbons released during isothermal heating at 300°C;
S, — residual hydrocarbons generated during thermal decomposition
of kerogen from 300-650°C, HI — hydrogen index, HC — hydrocarbon

BIOMARKER AND AROMATIC HYDROCARBONS DISTRIBUTION

Extract yields range from 0.003 (E12; #) to 0.735 (ES8; A);
the average is 0.018 wt.%. The groups of aliphatic hydrocar-
bons and aromatic compounds identified in the extracts are
n-alkanes (m/z = 71), acyclic isoprenoids (m/z = 71), steranes
(m/z=217) and tri-, and pentacyclic triterpanes (m/z = 191). Ar-
omatic hydrocarbons together with their aliphatic derivatives in-
clude compounds from naphthalene (m/z = 128) to 5-ring
PAHSs.

n-Alkanes comprise compounds in the range n-C1,—n-Cs.
The most typical range is n-C16—n-Css. Generally, three types of
distributions can be distinguished (Fig. 9):

1. Monomodal distribution with a maximum at n-C1g—n-Cyg
with a smooth distribution outline (no odd-over even predomi-
nance); samples with two or three different OM sources: EG2
(O),EG4 (O),E11 (#), E15 (#), and possibly also E7 (@) fall
in this group. This distribution is like that shown by crude oils of
planktonic origin deriving from mature kerogen Type-l or Il
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Fig. 9. n-Alkane distribution types in EG2 (CJ) (1), E3 (®) (2) and E6 () (3)

These samples usually show almost equal contents of
long-chain and short-chain n-alkanes (£2/21 in Appendix 3).

2. Monomodal with odd-over-even carbon atom predomi-
nance in the distribution ((samples predominantly with terres-
trial origin (CC and TOM): E3; @, E5; A, E8; A, E16; ¢, and
EG1; ¥. The maximum is at n-C,7—n-Co,g and the distribution
usually reflects partial removal of lighter compounds, possibly
due to water-washing/weathering and/or biodegradation (E16;
@, EG1; O). This distribution is indicative of kerogen Type-Ill of
terrestrial origin, with thermal maturity corresponding to R, of
~0.7-0.9%. Most of these samples show a marked predomi-
nance of long-chain over short-chain n-alkanes as shown by,
e.g., X2/31 values of 10.22 and 15.47 from E8 (A) and E16
(), respectively (Appendix 3), and reflecting a high input from
cuticular waxes.

3. Bimodal with two distribution maximums at n-C45—n-Cy
and n-C,7—n-Cyg, with a distinctive odd-over-even carbon atom
predominance. This distribution type, the most common in the
sample set, was found in the EG3 (), E1 (#), E2 (#), E4 (®),
E6 (#), E9 (#), E10 (O) and E12-14 (@) extracts. This distri-
bution is, most probably, due to overlapping of distributions (1)
and (2), i.e., the mixing of OM mostly of all three (CC, TOM and
POM) different sources in one sample (Fig. 10).

The first of the sources has the characteristics of mature,
planktonic crude oil derived from kerogen Type-I or Il (POM).
The characteristics of the second match those of bituminous
coals and kerogen Type-lll (CC and TOM); they reflect dis-
persed coal material similar to Carboniferous, Upper Silesian
bituminous coals redeposited in the hosting sediments (Kotarba
and Clayton, 2003; Fabianska et al., 2013). As E8 (A) is a pure
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Fig. 10. Overlapping of n-alkane distribution types

redeposited CC showing the characteristics of OM derived from
terrestrial plants (kerogen Type-Ill) only, it is used here as the
reference sample to compare the extent of coal-material input.

The degree of CC and TOM input is well seen in the
Pr/n-C47 versus Ph/n-C4g diagram (Fig. 11) where EG3 (), E5
(A), E8 (A), E10 (O) and E11 () plot in the field of coal and
kerogen Type-lll, and EG1 (O), EG2 (), EG4 (O), E1(#), E7
(®), E15 (#) and E16 (@) in that of kerogen Type-Il; the latter
were deposited in a reducing sedimentary environment. The
OM present in E15 (#), E16(#), and EG4 (®) samples shows
features of extremely high thermal maturity and/or extreme oxi-
dation due to transport though all OM in this sample sub-set (I)
is more mature than that in those of terrestrial origin. Samples
showing higher inputs of CC and TOM plot in the intermediary
field of kerogen Type-ll/lll and show the intermediary
coalification stage on Figure 11. Pr/Ph values vary widely from
0.10 (EG1; O)to 5.54 (E8; A). Pr/Ph values of ~2-5 are com-
mon in gas-prone kerogen Type-Ill and coals (Didyk et al.,
1978). It seems that in samples EG3 (#), E6 (), E8 (A),
E10 (), E11 (®) and possibly E14 (#) terrestrial material (CC
and TOM) dominates resulting in increase of Pr/Ph and Carbon
Preference Index values (CPI; Appendix 3).

Pentacyclic triterpanes (m/z = 191) show two distribution
types (Fig. 12):

1. The longer type reaching up to pentakishomohopanes
(Css) occurs in samples E1 (@), E7 (@), E9 (@), E10 (), E15
(#), EG2 (), EG3 (#) and EG4 (O). In some cases, elevated
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Fig. 11. Pr/n-C4; versus Ph/n-C,3 plot
(genetic fields after Shanmugam, 1985)
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Fig. 12. Distribution types of pentacyclic triterpanes
(m/z = 191), samples: A—-E1 (¢); B—EG4 (O); C-E8 (A)

concentrations of C35 hopanes are indicative of an anoxic- and,
possibly, hypersaline sedimentary environment (e.g., samples
E7; &, E9; ¢, and E10; [J; Peters et al., 2005).

2. The shorter type comprises compounds up to
bishomohopanes (Cj,) or trishomohopanes (Cs3), commonly
with very low compound concentrations. It occurs in samples
E2 (¢),E3(®),E4(#),E5(A), E6(®),E8(A),E11(®),E12
(®),E13 (#),E14 (#), E16 (®) and EG1 (O). This distribution
is characteristic for CC and/or TOM predominance in sample
what is common in bituminous coals and kerogen Type-Ill (Pe-
ters et al., 2005; Fabianska et al., 2013).

Comparison of the pentacyclic triterpanes ratios,
Cs310pS/(S+R) and Cs0BS/(S+R), reveals discrepancies in
their values (Fig. 13). In the process of OM thermal maturation,
values of these ratios should remain closely similar as they in-
crease with increasing maturity (Peters et al., 2005). However,
where there is input of OM from external sources (CC and
TOM) showing different stages of maturation, values of the two
ratios can differ not only because of inputs from different
sources but also because the relative concentrations of Cs103
and Cs,0p will differ, depending on the type of OM.

Steranes in the range from cholestanes (Cy;) to
stigmastanes (Cyg) occur only in some extracts; they are absent
in samples EG3 (#),E5 (A),E6 (®),E8 (A),E11(®),E13(#)
and E14 (). Generally, samples with high inputs of material
from CC and TOM (kerogen Type-lll) do not contain steranes.
Similarly, in some Upper Silesia bituminous coals, steranes are
absent or in concentrations too low for definitive identification
(Fabianska et al., 2013).

In the Pr/n-C4; versus Ph/n-Cig plot (Fig. 11), samples lack-
ing steranes (predominantly samples with CC and TOM) plot in
the field of coals and kerogen Type-lll whereas those with
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Fig. 14. C57-C23-C9 sterane ternary diagram
(genetic fields after Huang and Meinschein, 1979)

steranes plot in the kerogen Type-Il or kerogen Type-Il/lll fields
(samples containing mixed types of OM). Assuming all steranes
come from a planktonic source, the C,7-C,5-Cog Sterane ternary
plot (Fig. 14) suggests that kerogen depositional environment
was a continental shelf (Huang and Meinschein, 1979). The
Pr/Ph versus C,;/Cog sterane plot points to an anoxic sedimen-
tary environment and predominantly algal origin for the OM, ex-
cept for E1 (#), EG1 (O), EG2 () and E7 (@) which plot in the
terrestrial field (Fig. 15). It is possible that sterane distributions
in the latter samples have been shifted to stigmastanes (C,g)
due to biodegradation which first affects cholestanes as lighter
compounds (Palmer, 1993; Wenger et al., 2002; Peters et al.,
2005). Samples EG1 (O) and EG2 (1) show signs of this in
their n-alkane distribution, e.g., in the absence of lighter n-al-
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(Fig. 9).

The extracts contain relatively high concentrations of aro-
A matic compounds including unsubstituted polycyclic aromatic
hydrocarbons (PAHs) and their alkyl derivatives, together with
partially-aromatized compounds and heterocyclic aromatic
compounds, mostly of oxygen (Figs. 16 and 17). The alkyl aro-
matic hydrocarbons were used to calculate several maturity ra-
tios (Appendix 4).

Alkyl naphthalene distributions comprise compounds from

L_L methyl (C,) to Cs derivatives, though only C4 to C; were in con-
‘ centrations sufficiently high to enable calculation of parameters
I} r  of thermal maturity (Appendix 4 and Fig. 16A). Samples with
high inputs of CC commonly have low concentrations of C,—C,
alkylnaphthalenes, possibly due to water washing/weathering
during sedimentary transport. The process most strongly af-
fects naphthalene and methyl- and dimethyl naphthalenes as
their solubility in water is greater than that of more substituted
Cs> alkylnaphthalenes. Even E8, a CC ~8 cm long, shows this
effect as naphthalene was removed and methylnaphthalenes
reduced. The E9 (), E12 (#), and E13 (®) samples do not
M contain C,—Cj; alkylnaphthalenes at all nor do E2 (), E4 (#),
‘ and E6 () contain dimethylnaphthalenes, whereas E16 (#)
teiramethyinaphihalenes  contains neither naphthalene nor any alkylnaphthalenes. Such
an unusual pattern may reflect the mixing of all three types of
OM from either strongly water-washed sources without C—C3
alkylnaphthalenes or a source not affected by water wash-
ing/weathering in which naphthalene and methylnaphthalene
show the highest concentrations (Fig. 16B).

It is also possible that water-washing caused the high vari-
ability in MNR (Methylnaphthalene ratio) and DNR
(Dimethylnaphthalene ratio) values (Radke et al., 1986; Radke
1987) from 0.60 to 2.23 and from 0.83 to 5.22, respectively as
the solubility of methyl- and dimethylnaphthalenes varies de-
pending on the isomer (ChemlIDPlus, https://chem.nim.nih.
gov/chemidplus/). A further significant influencing factor is ma-
Fig. 16. Distributions of alkylnaphthalenes turity difference. A similar effect is also apparent in the case of

(m/z =128 +142 + 156 + 170 + 184) MPI-1 and MPI-3 values (Methylphenanthrene Indices) that

_ "BR_F1 € _ range from 0.23-1.82 and 0.40-1.62, respectively (Appen-
A - sample E8; B ~E1; € ~E10 dix 4). As heavier methylphenanthrenes whose distribution ex-
ample is shown in Figure 17, are less water soluble than

methylnaphthalenes, their distributions are less affected by wa-

ter washing. Thus, the key influences on MPI-1 and MPI-3 vari-
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ability would seem to be maturity and input from different
sources. Alkylphenanthrenes are less affected by water-wash-
ing/weathering; only in sample E16 () was revealed some re-
moval of these compounds.

DISCUSSION

ORGANIC-MATTER SOURCES

Results of the petrographic- and organic geochemical anal-
yses indicate the presence of OM from three different types,
i.e., POM, TOM and CC. The various types of OM differ in origin
what indicates their morphology, structure, petrographic com-
position and maturity. Moreover, correlation of the HI and Tnax
values (Fig. 7), suggest presence in analysed samples the
gas-prone Type-lll kerogen derived from vascular plants.

In the Pr/n-C47 vs. Ph/n-C4g plot (Fig. 11), most of the OM
plotting within the transitional depositional environment repre-
sents a mixture of Type-Il and Type-lll kerogens. Samples with
the highest TOM input, and E8 comprising a CC, plot within the
kerogen Type-lll field. Relative contents of Cy7, Cus, and Cyg
steranes, determined only for samples without significant CC
input, point to a planktonic-bacterial origin with or without some
input of TOM (Fig. 14). Such types of OM are deposited in shelf-
or deltaic environments proximal to the source of the TOM; de-
struction of the transported OM did not occur. Correlation of
Pr/Ph with C,/2C,; steranes (Fig. 15) points to a predomi-
nantly samples containing POM deposited in anoxic settings.
However, as most of the samples with OM dominated by CC do
not contain steranes, only part of the sample set is shown here,
with the exceptions of E10 (comprising 100% CC; Appendix 1)
and EG2 (0J) deposited in oxic- and anoxic conditions, respec-
tively. This diversity in OM types thus reflects a variety of OM
sources and sedimentary settings.

Previously studied microfossils in the redeposited humic
CC show that the fragments were eroded from the Upper Car-
boniferous deposits exposured in marginal part of the
Carpathian basin (Turnau, 1970; Kotlarczyk, 1979; Florian and
Zotdani, 1999; Zotdani, 1999; Wéjcik-Tabol et al., 201 9). Proba-
bly, these coal deposits that were later sediment sources ex-
tended far to the south-east of the present Upper Silesian Coal
Basin; it is possible that there existed a single coal basin en-
compassing these and the Upper Silesian and Lublin Coal bas-
ins (Turnau, 1970).

TOM is widespread in varying amounts in most Carpathian
sediment and it represents OM coeval with the Carpathian
hosting sediments. TOM is characterized by a rich in vitrinite
and inertinite macerals composition and a lack of any detrital
structure indicating carbonization of vascular plants during
diagenesis and catagenesis of the Carpathian sediments
(Zielinska, 2017). Additionally, the presence of inertodetrinite
indicates strongly altered or degraded plant material derived to
the sedimentary basin. Sources were mostly land areas located
in marginal parts and within the Outer Carpathian basin (e.g.,
Poprawa et al., 2002; Oszczypko, 2006). Apart from clastic ma-
terial, these supplied terrestrial OM with different degrees of de-
composition and size (Zielinska, 2010; Bak et al., 2015).

Hydrogen-rich POM in the Carpathians rock with Type Il
kerogen is mixed with varying amounts of land-plant derived
material, and indicates varying thermal maturation. Therefore,
POM was divided into two types: POM1 and POM2. POM1 ma-
turity level changes from the immature to the oil window phase
and it represents in situ OM in the Carpathian rocks (e.g.,
Kotarba et al., 2007; Ziemianin, 2017, 2018). Hydrogen-rich
POM2 occurs as organic matter with extremely high maturity

and/or weathering in the oldest Carpathian strata. We deem this
OM has allochthonous origin because of its uniquely high matu-
rity among all OM in the samples studied. There are two hypoth-
eses of such origin.

1. Some of this OM may derived from the Lower Paleozoic
strata. Underlying the Carpathian orogen, Ordovician and Silu-
rian formations host potential source rock with Type-Il kerogen
and alginite predominance (Kotarba and Peryt, 2011; Kotarba
et al., 2011; Wiectaw et al., 2011; Sowizdzat et al., 2015). The
largest predicted hydrocarbons accumulations are near major
faults considered migration pathways for oil and gas from the
Carpathian basement (Sowizdzat et al., 2015).

Rock-Eval data indicate strong weathering or bacterial deg-
radation of the OM in E3 (®), E5 (A), E9 (), E12 (), E13
(®),E15 (®)and EG4 (O) samples evidenced on pyrograms of
these samples by a multilobed peak S; (Fig. 8) during pyrolysis
in the temperature range 300-650°C (Copard et al., 2006).
These samples, containing also redeposited hydrogen-rich or-
ganic matter (POM2), represent samples form the strata of Ju-
rassic/Cretaceous age. At the end of the Jurassic, palaeorifts in
the southern part of the European shelf were floored by thin
continental crust (Birkenmajer, 1988; Sandulescu, 1988;
Castelluccio et al., 2015). This rifted European margin was in-
corporated into the Outer Carpathian basin and rifting process
was accompanied by a volcanic activity persisting to the end of
the Hauterivian (Lucinska-Anczkiewicz et al., 2002; Grabowski
et al., 2004). During the initial stage of its development, the
Outer Carpathian sedimentary basin was filled with calcareous
flysch followed by siliciclastic sediments and pelagic shales.
Early Cretaceous—Cenomanian deposition occurring during rel-
atively low sea levels in the basin was characterized by a low-
and decreasing rate of sedimentation (Poprawa et al., 2002).
Late Jurassic—Hauterivian deposition was controlled by faulting
and syn-rift subsidence, and later by post-rift Barremian—Ce-
nomanian thermal subsidence culminating with Albian—Ceno-
manian expansion of deep-water facies (Nemcok et al., 2001;
Poprawa et al., 2002; Oszczypko, 2004; Andreucci et al., 2013).
It is possible that during this time, hydrocarbons from the
Carpathian basement migrated along faults into freshly-depos-
ited sediments in the Outer Carpathian basin, the oldest strata
in the Silesian nappe profile.

2. Altered POM2 redeposited within the Carpathian strata
and it underwent of thermal maturation/weathering, what is indi-
cated by the residue of initial POM in some samples and solid
bitumen occurrences. The re-deposition of altered POM2 could
be related with the Carpathians post-compression extension
phase. In recent years, an alternative model for the Carpathian
orogen proposed by Jankowski and Probulski (2011) has envis-
aged a post-compression extension stage in the evolution of the
Outer Carpathians during which reactivation of thrust structures
and major block faulting accompanied basement collapse. Re-
activated dislocation zones in the Carpathian orogen could well
have been migration pathways for hydrothermal fluids and hy-
drocarbons dispersing widely into sandstone-hosted traps at
various stratigraphic levels. Initial planktonic matter was altered
by thermal factors and nowadays it represents a residue of hy-
drocarbons (Waliczek et al., 2019).

THERMAL MATURITY AND HYDROCARBON POTENTIAL

Vitrinite reflectance values indicate that the degree of
coalification depends on OM source. CC show an early-mature
(E6; #) to overmature stage (E11; @, E13; ¢, EG2; [J, EGS3;
@) of hydrocarbon generation corresponding to high-volatile
and low-volatile bituminous coal rank. Although many coal
seams generate significant amounts of liquid hydrocarbons like
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naturally-occurring oils, poor expulsion efficiency limits their
source rock potential. Though assimilation of liquid products by
the vitrinitic matrix of most coals severely limits amounts avail-
able for migration, significant expulsion may occur from certain
liptinite-rich coals or coals in unique depositional settings
(Teeman and Hwang, 1991; Hwang et al., 1998). R, values from
TOM reveal immature (e.g., E6; ¢, E7; ) and early-mature
stages (e.g., E2; ¢, E11; @) of hydrocarbon potential indicative
of subbituminous B to high-volatile bituminous coal.

Tmax Values reveal a diversity of maturity dependent on the
concentration of OM. Maturity classification based on Ty val-
ues (Peters and Moldowan, 1993) shows the OM to indicate im-
mature to mature corresponding with middle stage of oil win-
dow. The extremely high Ti.x values (>490°C) are result of OM
weathering (Copard et al., 2002). The low hydrogen-index val-
ues of most samples indicate the presence of gas-prone
Type-lll kerogen with low hydrocarbon potential.

DEPOSITIONAL ENVIRONMENT

Geochemical features point to anoxic deltaic or close-shore
sedimentary environments in the case of samples with
land-plant material (CC and TOM; Figs. 13 and 14). The CC
likely originated in coal swamps as did Upper Silesian bitumi-
nous coal. The incomplete oxidation of the CC, and the reten-
tion of most of their geochemical characteristics, suggest a
proximal source. Their transport is seen in the water-wash-
ing/weathering of some more soluble compounds, e.g.,
short-chain n-alkanes and methylnaphthalenes.

In the evolution of the Outer Carpathian basin, it seems that
the CC occurrences are mostly related to the post-rift thermal
stage and minor uplift of the Outer Carpathians. During the
post-rift stage, the basin widened, the rate of subsidence de-
creased, syn-rift faults became inactive and thermal contraction
and sediment loading dominantly controlled subsidence (Hub-
bard, 1988; Gabrielsen, 2010). During Late Cretaceous, and
possibly Paleocene, structural inversion, copious clastic mate-
rial from cordilleras; deep-sea sediments were deposited and
erosion of the source areas exposed coal seams at coastal
margins.

CONCLUSIONS

The Carpathian rocks contain different organic matter prov-
enances: autochthonous and allochthonous ones. This two
provenances indicate three different sources of organic matter,
namely: CC, TOM and POM.

Each type of OM indicates various features depending on
the analysis adopted. During petrographic analysis, in CC a
wide range of macerals has been identified, while in TOM only a
few maceral forms occurred. All comprise woody organic matter
what was also confirmed by the presence of the gas-prone
Type-Ill kerogen by the Rock-Eval and GC-MS analyses. More-
over, GC-MC analysis determined the rocks containing POM2

with the presence of overmature traces of crude oil deriving
from planktonic kerogen Type-lI or Il which could be an
allochthonous source. The presence of POM2 residues in the
oldest Carpathian deposits is seems to be related to: (i) altered
planktonic matter redeposition within the Carpathian strata
along reactivated dislocation zones during a post-compression
extension stage in the evolution of the Outer Carpathians or (i)
altered planktonic matter re-eposition from the Lower Paleozoic
Carpathian basement during the post-rift Barremian—Ceno-
manian thermal subsidence.

Despite of aquatic transport of CC primary organic geo-
chemical properties of this redeposited material are well pre-
served allowing to conclude about its features prior redeposi-
tion such as thermal maturity and biogenic origin. This indicates
relatively short-distance transport, low oxidation (anoxia) and
rapid deposition with subsequent covering by fine-grained sedi-
ments which did not allow for organic matter mineralization to
occur. An important consideration is the fact that redeposited
organic matter occurs at sites so differing in age and lithology.
This may testify that redeposition should be considered a signif-
icant factor in the Outer Carpathians when interpreting geo-
chemical results. Moreover, redeposition of organic matter re-
leased as a result of erosion may play a significant role in the
global carbon cycle, what is not taken into account in literature.

The additional problem in results interpretation is the type of
organic matter investigated by particular methods in relation to
secondary process (biodegradation, weathering) occurring in
water transport. GC-MS can identify only compounds soluble in
organic solvents (in this case DCM) whereas during Rock-Eval
analysis is pyrolysing the whole organic material,
macromolecular kerogen and bitumen alike. Oxidation,
biodegradation and leaching that occur during the transport of
organic matter eroded from older rocks will affect at the first
stage mostly bituminous fraction of organic matter since it is
more reactive than a macromolecular fraction. These pro-
cesses will lead to formation of refractory material (kerogen V),
non-soluble in organic solvents, thus registered only under a
microscope and by Rock-Eval but not by GC-MS. However, mi-
grating bitumen, as we suspect is present in some samples, is
well registered on GC-MS but may be not seen under a micro-
scope. Moreover, extreme oxidation of macromolecular fraction
will change its chemical features giving material with higher Tax
values than that which was not oxidized (Copard et al., 2002).
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