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The char ac ter iza tion of or ganic mat ter (OM) in sed i men tary rocks is im por tant in many types of bi o log i cal, geo log i cal and en -
vi ron men tal re search. The in te grated use of mi cros copy and geo chem is try, as here, is par tic u larly use ful in any at tempt to
de fine the or i gin and evo lu tion of OM in sed i men tary bas ins. The or ganic pe trog ra phy and geo chem is try dif fer ent types of
allogenic and authigenic OM from the Pol ish Outer Carpathian (POC) rocks were stud ied in pres ent study to com pare their
ge netic type, ther mal ma tu rity, depositional en vi ron ment and post-sed i men ta tion pro cesses. Spe cial at ten tion was paid to
re de pos ited coal clasts oc cur rences. The used tech niques show dif fer ences in or ganic mat ter type orig i nat ing from var i ous
sources. The or ganic pe trog ra phy anal y sis shows that re de pos ited coal clasts (CC) and terrigenous or ganic mat ter (TOM)
are com posed pre dom i nantly of woody ma te rial (the gas-prone Type-III kerogen). Sim i lar re sults were ob tained dur ing the
Rock-Eval py rol y sis. More over, the GC-MS anal y sis of ex tracts in di cated the ad di tional source of OM, namely plank tonic or -
ganic mat ter (POM) with oil-prone kerogen Type-I or II. This OM is in some cases high ther mally ma ture and could po ten tially
has allochthonous or i gin. The n-alkane, sat u rated and ar o matic biomarker data re vealed de po si tion of this POM in anoxic
deltaic or close-shore sed i men tary en vi ron ments whereas the re de pos ited coal clasts were prob a bly orig i nally de pos ited in
coal swamps as were the Up per Silesian bi tu mi nous coals.

Key words: Pol ish Outer Carpathians, re de pos ited or ganic mat ter, or ganic mat ter pe trog ra phy, ther mal ma tu rity,
biomarkers, Rock-Eval.

INTRODUCTION

Pro duc tion, ac cu mu la tion, de po si tion and pres er va tion pro -
cesses are es sen tial for the ex is tence of OM in source rocks.
The type of OM in cor po rated into sed i ments de pends mostly on 
the nat u ral as so ci a tion of the var i ous groups of or ganic ma te ri -
als in dif fer ent fa cies prov inces (Tissot and Welte,1984; Jiang et 
al., 2017). This mat ter can be sup plied ei ther in the form of dead 
or liv ing par tic u late or ganic de bris or as dis solved OM. The OM
may be autochthonous to where it is de pos ited, i.e., it may orig i -
nate in the wa ter col umn above or within the sed i ment host ing it
or it may be allochthonous i.e., ter res trial higher plants con trib -
ut ing bio mass to flu vial sys tem that carry OM to the depositional 
en vi ron ment (Gal lo way and Hobday, 1983; Arndt et al., 2013).
The an other source of OM is re worked or re cy cled ma te rial from 
pre ex ist ing sed i men tary or ganic mat ter de rived dur ing the ero -
sion and de po si tion of older sed i men tary rocks. Of these three
types of OM, the autochthonous and allo chthonous con tri bu -

tions are im por tant in the de vel op ment of source rocks. The re -
worked OM is mostly de graded to the point where it has lit tle or
no ca pac ity for be ing con verted into oil and gas (Calvert and
Pedersen, 1993) but can pro vide valu able in for ma tion on sup -
ply sources for an cient and pres ent-day sed i men tary bas ins
(Littke et al., 1998). Re worked or ganic mat ter con tent in soils
and pres ent lac us trine sed i ments not only gives ev i dence of
past veg e tal cover but can tes tify of the bed rock that feed the
de tri tal sup ply (Di-Giovanni et al., 1999). More over, an cient re -
worked or ganic mat ter oc cur ring in ice-sheets in ferred an ac tive 
role of palaeo-ice flow de liv ered to the North At lan tic Ocean
(Hefter et al., 2017). In turn, re worked or ganic mat ter in put in
lower and mid dle mem bers of the Mid dle Perm ian Gufeng For -
ma tion (con ti nen tal plat form, China) sug gested the trans gres -
sion which prob a bly forced the sup ply of or ganic mat ter from
soil to the ba sin (Kametaka et al., 2005; Takebe et al., 2007).

Stud ies on the in puts, trans port and dis tri bu tion of
terrigenous OM are thus nec es sary to in fer the quan tity and
com po si tion of OM flow ing into ma rine en vi ron ments, par tic u -
larly within con ti nen tal mar gins where >90% of or ganic car bon
burial oc curs (Berner, 1989; Hedges et al., 1994, 1997, 1999;
Hedges and Keil, 1995; Aller et al., 1996). Var i ous geo chem i cal 
and petrographic ap proaches, e.g., vitrinite reflectance,
Rock-Eval Tmax, and biomarker ma tu rity ra tios can be used to
de fine the ther mal ma tu rity of or ganic mat ter (OM). Ther mal
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mat u ra tion des ig nates changes in OM struc ture dur ing heat ing
of rock con nected with gen er a tion of hy dro car bons. Thus, ther -
mal ma tu rity is one of the most im por tant source rock prop er ties 
and can be con firmed by quan ti ta tive and qual i ta tive anal y ses
of OM (Hunt, 1996).

The Outer Carpathians in Po land be long to the North Pe tro -
leum Prov ince in Cen tral Eu rope (Ulmishek and Klemme, 1990; 
Soták et al., 2001; Pawlewicz, 2006; Kotarba and Peryt, 2011).
In the Outer Carpathians, Lower Cre ta ceous and
Oligocene–Mio cene strata are con sid ered to be or ganic-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). Ad di tion ally, Me so zoic suc ces sions be -
neath the Carpathian overthrust, Pa leo zoic strata in the
Carpathian Foredeep base ment and Lower Pa leo zoic for ma -
tions un der ly ing the thrusted and folded Carpathian orogen
have been deemed pe tro leum-gen er at ing se quences (Matolin
et al., 2007; Wiêc³aw et al., 2011; Kosakowski et al., 2012).
Apart from geo chem i cal stud ies aimed at rec og niz ing strata
with hy dro car bon po ten tial in the Carpathians and their vi cin ity,
the petrographic char ac ter iza tion of the OM and its sed i men -
tary en vi ron ment has been stud ied. The OM in the Outer
Carpathian de pos its con tains also re de pos ited CC from silt- to
boul der size, thin vitrain lay ers or lenses and dis persed OM rep -
re sent ing allochthonous ter res trial, and autochthonous ma rine
sources (e.g., Turnau, 1970; Kotlarczyk, 1979; Wag ner, 1992,
1996; Uziyuk and Shaynoga, 2016; Ziemianin, 2017, 2018;
Górecka-Nowak et al., 2019; Wójcik-Tabol et al., 2019;
Waliczek et al., 2019). The re de pos ited CC be long ing to the
Lower and Mid dle Penn syl va nian were sup plied to the Outer
Carpathian ba sin from cor dil leras and from the area bor der ing

the ba sin to the north (Turnau, 1970; Wójcik-Tabol et al., 2019).
Two main source ar eas have been es tab lished for these,
namely, the Up per Silesian Coal Ba sin and its con tin u a tion to
the south and the coal ba sin un der ly ing the east ern part of the
Pol ish Carpathians (Bukowy, 1957; Kotlarczyk and Œliwowa,
1963; Wójcik-Tabol et al., 2019). Thus, Turnau (1970) sug -
gested that these two ar eas formed one Precarpathian Coal
Ba sin. In con trast, thin ho mo ge neous vitrain coal-form ing
lenses and lay ers in clastic sed i ments re flect car bon iza tion of
ter res trial or ganic par ti cles in the Outer Carpathian flysch ba sin
(Zieliñska, 2017).

The aim of this pa per is to com pare geo chem i cal and
petrographic in di ca tors that point to the depositional en vi ron -
ment and ther mal ma tu rity of the authigenic and allogenic or -
ganic mat ter from the Pol ish Outer Carpathian rocks (Ta ble 1).
Such de scrip tion and com par i son were done in var i ous
lithostratigraphic units of POC us ing dif fer ent re search tech -
niques to un der line dif fer ences in the de tec tion of var i ous types
of or ganic mat ter de pend ing on the anal y sis used.

For a more pre cise di vi sion of or ganic mat ter in this study,
the fol low ing terms were used:

– plank tonic or ganic mat ter (POM) rep re sents hy dro -
gen-rich ma te rial that orig i nated from the ma rine eco -
sys tem;

– terrigenous or ganic mat ter (TOM) rep re sents ter res trial
dis persed OM trans ported with rock de tri tus into the sed -
i men tary ba sin prior to its coalification;

– coal clasts (CC) as eroded humic coal frag ments older
than the Outer Carpathian sed i ments.

Such di vi sion of or ganic mat ter was im posed by the sig nif i -
cant dif fer ences in ther mal ma tu rity of dif fer ent types of or ganic
mat ter rep re sent authigenic and allogenic sources of OM in the
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Sam ple
sym bol Place/Town Lithostratigraphic unit Se ries/

Ep och Stage/Age Struc tural
unit

Li thol ogy of
host ing rocks

E1 Kozy Lhoty Fm. Cr1/Cr2 Albian–Cenomanian S mudstone

E2 Bieœnik Istebna Fm. Cr2/Pl Senonian–Paleocene S sand stone

E3 Bielsko-Bia³a Lhoty Fm. Cr1/Cr2 Albian–Cenomanian S sand stone

E4 Por¹bka Uszewska Lhoty Fm. Cr1/Cr2 Albian–Cenomanian S sand stone

E5 Su³kowice Cisownica Shales Cr1 Valanginian–Hauterivian S mudstone

E6 Ciê¿kowice Istebna Fm. Cr2/Pl Senonian–Paleocene S sand stone

E7 Skrzydlna Menilite Fm. Ol Oligocene D sand stone

E8 Gorlice Istebna Fm. Cr2/Pl Senonian–Paleocene S sand stone

E9 MiêdzybródŸ Grodziszcze Fm. Cr1 Hauterivian–Aptian S sand stone

E10 Kobielnik Menilite Fm. Ol Oligocene D sand stone

E11 Rabe Istebna Fm. Cr2/Pl Senonian–Paleocene S sand stone

E12 Bystre Lhoty Fm. Cr1/Cr2 Albian–Cenomanian S con glom er ate

E13 Okocim Grodziszcze Fm. Cr1 Hauterivian–Aptian S sand stone

E14 Ro¿nów Istebna Fm. Cr2/Pl Senonian–Paleocene S sand stone

E15 ¯ywiec Cisownica Shales Cr1 Valanginian–Hauterivian S mudstone

E16 Tresna Godula Fm. Cr2 Cenomanian–Senonian S sand stone

EG1 Lanckorona Grodziszcze Fm. Cr1 Hauterivian–Aptian SS sand stone

EG2 Nowe Rybie Rybie Ss. Cr2 Up per Senonian SS sand stone

EG3 ¯egocina Grodziszcze Fm. Cr1 Hauterivian–Aptian SS con glom er ate

EG4 Radziechowy Szyd³owiec Ss. Pl Paleocene SS sand stone

Fm. –  for ma tion; Ss. – sand stones; Cr1 –  Lower Cre ta ceous; Cr2 – Up per Cre ta ceous; Pl – Paleocene; Ol – Oligocene; D –
Dukla; S – Silesian; SS – Subsilesian

T a  b l e  1

Sam ple lo ca tions and age

https://gq.pgi.gov.pl/article/view/8094
https://gq.pgi.gov.pl/article/view/7758
https://gq.pgi.gov.pl/article/view/25659
https://gq.pgi.gov.pl/article/view/25421


Carpathian rocks (e.g., Wag ner, 1996; Zieliñska, 2010; B¹k et
al., 2015; Ziemianin, 2017, 2018).

GEOLOGICAL SETTING

The Outer Carpathians be long to the Carpathian moun tain
range form ing a ~1500 km long arc in Cen tral and East ern Eu -
rope (Fig. 1A). It is part of the Al pine orogenic belt of Me so zoic
and Paleogene/Neo gene age. The range is a fold-and-thrust
belt with gen er ally north vergence in the west ern part,
north-east to east vergence in the east ern part and south east
vergence in the south ern part. In Po land, the Carpathians are
sub di vided into two do mains, i.e., the In ner Carpathians (Tri as -
sic–Ju ras sic) and the Outer Carpathians (Ju ras sic–Neo gene;
Plašienka, 2002; Oszczypko, 2006; Plašienka and Soták,
2015). The bor der be tween the do mains is the Pieniny Klippen
Belt, a com plex su ture along which com po nents of oce anic and
con ti nen tal litho sphere were subducted dur ing Late Cre ta ceous 
and Early Mio cene con ver gence (Birkenmajer, 1986; Golonka
et al., 2006). The Outer Carpathians com prise el e ments of an
accretionary wedge sub di vided into nappes com posed of Cre -
ta ceous to Paleogene strata as out lined in Fig ure 1B. All the
nappes mainly in volve clastic sed i ments (Ju ras sic–Lower Mio -
cene). They are overthrusted onto Mio cene strata of the
Carpathian Foredeep (Oszczypko and ¯ytko, 1987;
Oszczypko, 2004). The epi-Variscan Cen tral Eu ro pean Plat -
form and its cover form the base ment of the Outer Carpathians.
The depth to base ment var ies from 7000 m be neath the
Carpathians to a few hun dred metres at the fringes
(Oszczypko, 2004; Králiková et al., 2016).

Most of the sed i ments of the Outer Carpathians are
flysch-type con sist ing of al ter nat ing coarse-grained beds, i.e.,
con glom er ates, sand stones, siltstones and, lo cally, lime stones
and marls of deep-ma rine or i gin. Most of the sed i ments were
de pos ited at bathyal, pre sum ably mostly up per bathyal, depths
(Ksi¹¿kiewicz, 1975; Poprawa et. al., 2002). The area stud ied
in volves the Silesian, Sub-Silesian and Dukla nappes of Up per
Ju ras sic–Paleogene age. The Silesian nappe con sists of Up per 
Ju ras sic to Mio cene and Sub-Silesian from Lower Cre ta ceous
to Mio cene rocks. Lithologically, the Silesian and Sub-Silesian
nappes are very sim i lar (Fig. 2) whereas, in Sub-Silesian strata,
silty and marly rocks pre dom i nate. The Dukla nappe con sists of
mid-Cre ta ceous shales, Senonian to Eocene turbidites, and the 
Lower Oligocene Menilite For ma tion pass ing up wards into dis -
tal turbidites (Oszczypko, 2004). The Silesian nappe is the sec -
ond larg est nappe af ter the Magura nappe, whereas the
Sub-Silesian nappe is ex posed in tec tonic win dows in the
Silesian nappe, and the fron tal part of the Carpathian fore land
(Leœniak and Waœkowska-Oliwa, 2001). The Dukla nappe is sit -
u ated be low the fron tal Magura nappe and is also ex posed in
tec tonic win dows in it (Fig. 1B).

SAMPLES AND METHODS

SAMPLES

Twenty rep re sen ta tive rock sam ples con tain ing vis i ble OM
(sam pling sites in Fig. 1) were col lected from clastic rocks be -
long ing to the Berrasian, Valanginian, Hauterivian, Barremian,
Albian, Paleocene and Oligocene age (Ta ble 1) in nat u ral out -
crops, quar ries and riv er banks. Flysch de pos its be long ing to

de scribed age were in ves ti gated for sam pling as typ i cal re de -
pos ited CC - bear ing rocks which were pre vi ously palynological
de scribed by Turnau (1970).

Spe cial at ten tion was paid to the pres ence of coal frag -
ments in de tri tal forms, es pe cially re de pos ited CC. Un for tu -
nately most sam ples con tained both var i ous frac tions of CC
and TOM; con se quently, dis tin guish ing dif fer ent ge netic types
of OM <2 mm dur ing sam pling was im pos si ble. There fore, all
or ganic mat ter con tained in the sam ples was analysed.

PETROGRAPHY

Sam ples were pre pared as pol ished blocks ac cord ing to the 
pro ce dures in ISO 7404-2 (2009). Maceral iden ti fi ca tions were
car ried out in re flected white light and flu o res cent blue light us -
ing ICCP ter mi nol ogy (ICCP, 1998, 2001; Pickel et al., 2017).
Ran dom reflectance (Rr, %) was mea sured in oil im mer sion ac -
cord ing to ISO 7404-5 (2002) at 50 points us ing an op ti cal Axio
Imager A2m mi cro scope.

GEOCHEMISTRY

ROCK-EVAL PYROLYSIS

The screen ing py rol y sis was com pleted with a Vinci Tech -
nol o gies Rock-Eval 6 Turbo ap pa ra tus in Bulk Rock method us -
ing the Ba sic cy cle. This anal y sis con sisted of two steps. Firstly, 
a cru ci ble with 30–50 mg of pow dered rock sam ple was loaded
into a pyrolytic oven in which a ni tro gen at mo sphere (flow of
100 ml/min) was heated from 300°C (3 min iso ther mal) to
650°C at 25°C/min. The gen er ated gases were di rected to a
flame ion iza tion de tec tor (FID) for de ter mi na tion of free hy dro -
car bon con tents (re leased at iso ther mal 300°C – S1 peak), re -
sid ual hy dro car bon con tents (re leased at 300–650°C – S2

peak) and tem per a ture of max i mum of S2 peak (Tmax) and to an
in fra-red cell (IR) for de ter mi na tion of CO and CO2 pro duced
dur ing de com po si tion of OM and car bon ates (S3, S3’, S3CO and
S3’CO peaks). Each pyrolyzed sam ple was then moved to an ox i -
da tion oven where it was heated in air (100ml/min) from 300°C
(1 min iso ther mal) to 850°C at 20°C/min (5 min iso ther mal at fi -
nal tem per a ture). The CO and CO2 pro duced (S4, S4CO and S5

peaks) were de ter mined us ing an IR de tec tor. In di ces used for
quan ti ta tive, qual i ta tive and ma tu rity eval u a tion of OM were cal -
cu lated, i.e., pyrolytic (PC, wt.%), re sid ual (RC, wt.%), to tal or -
ganic car bon con tent (TOC, wt.%), pro duc tion in dex
(PI = S1/(S1+S2)), hy dro gen in dex (HI = 100*S2/TOC, mg HC/g
TOC), ox y gen in dex (OI = 100*S3/TOC, mg CO2/g TOC), and
min eral car bon con tent (MINC, wt.%). An a lyt i cal de tails are as
in Lafargue et al. (1998).

SOLVENT EXTRACTION

Prior to ex trac tion, the sam ples were air-dried for 48–72 h at
room tem per a ture (~22°C) and pow dered in a ro tary mor tar. Af -
ter pow der ing, 5–8 g aliquots of each were ex tracted with di -
chloro methane (DCM) in a Dionex 350 Ac cel er ated Sol vent Ex -
trac tor (Thermo Sci en tific) at 70°C in 34 ml stain less steel cells
(p = 10 Mpa; sol vent flow = 70 ml/min). Sol vent was evap o rated
at room tem per a ture and dried ex tracts weighed to cal cu late ex -
trac tion yields (wt.%). The dry res i due was di luted in 1.5 ml of
DCM and ana lysed by GC-MS. All sol vents and re agents were of 
anal y sis grade (Avantor Per for mance Ma te ri als Po land S.A.).
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Fig. 2. Lithostratigraphic pro files of the Silesian, Sub-Silesian and Dukla Nappes 
(af ter Pawlewicz, 2006) with sam ple lo ca tions (for sam ple de scrip tion see Ta ble 1)



GAS CHROMATOGRAPHY-MASS SPECTROMETRY

An Agilent gas chromatograph 6890 with a HP-5 col umn
(60 m ´ 0.25 mm i.d.) coated with a 0.25 µm sta tion ary phase
film and cou pled with an Agilent Tech nol ogy mass spec trom e -
ter 5973 was used. The ex per i men tal con di tions were as fol -
lows: car rier gas – He; tem per a ture – 50°C (iso ther mal for
2 min); heat ing rate – up to 175°C at 10°C/min, to 225°C at
6°C/min and, fi nally, to 300°C at 4°C/min. The fi nal tem per a ture 
(300°C) was held for 20 min utes. The mass spec trom e ter was
op er ated in the elec tron im pact ion iza tion mode at 70 eV and
scanned from 50–650 da. Data were ac quired in a full scan
mode and pro cessed with the Hewlett Packard Chemstation
soft ware. The com pounds were iden ti fied by us ing their mass
spec tra, com par i son of peak re ten tion times with those of stan -
dard com pounds, in ter pre ta tion of MS frag men ta tion pat terns
and lit er a ture data (Philp, 1985; MSD, 2012). Geo chem i cal pa -
ram e ters were cal cu lated us ing peak ar eas ac quired in the
man ual in te gra tion mode.

RESULTS

ORGANIC PETROGRAPHY

Twenty rock sam ples were ana lysed, two of which (E9,
EG4) con tained in suf fi cient OM for petrographic anal y sis. The
petrographic anal y ses re vealed two types of OM, namely, CC
and TOM (Ap pen dix 1). Sam ples E1, E2, E3, E4, E6, E7, E11,
E12, E13, E14, E15, E16 and EG3 con tain both CC and TOM.
Sam ples E5, E8, E10 and EG2 con tain CC only, and EG1,
TOM only (Ap pen dix 1*).

The CC is char ac ter ized by wide range of macerals dis tri bu -
tion. In con trast, maceral forms in TOM hosted in the sed i ments 
are few.

The vitrinite maceral group, rep re sented by collotelinite,
telinite, collodetrinite and gelinite dom i nates in CC (Figs. 3
and 4). From the liptinite maceral group, sporinite, cutinite,
resinite and liptodetrinite macerals oc cur (Figs. 3 and 4). Pre -
dom i nantly, fusinite and semifusinite and, less com monly,
inertodetrinite, macrinite, and micrinite rep re sent the intertinite
maceral group (Figs. 3 and 4). Mas sive chars in some sam ples
with CC are iso tro pic, yel low ish in col our, and have high
reflectance. Some of these show small pores re lated to
devolatilisation (Fig. 4).

The maceral com po si tion of TOM shows no such va ri ety;
only collotelinite, vitrodetrinite, gelinite, inertodetrinite oc cur
and, in E16 only, prob a bly solid mo saic bi tu men (Nowak 2019).
Solid bi tu men fits the sand stone pores and it is char ac ter ized by 
het er o ge neous struc ture (var i ous shades of grey), very weak
flu o res cence and Rr = 1.21%. Py rite, as framboids and
euhedral crys tals, is an as so ci ate of both forms of or ganic mat -
ter (Fig. 4). In CC, py rite oc curs mainly as framboids. It is rare
as sin gle crys tals im preg nat ing coal macerals. In TOM, py rite
com monly im preg nates the mar gins of vitrinite par ti cles or oc -
curs as ac cu mu la tions of framboids (Fig. 4). The typ i cal
land-plant maceral com po si tion of both OM types con firms their 
terrigenous or i gin.

Ther mal ma tu rity ex pressed by vitrinite reflectance Rr rang -
ing from 0.53–1.52% in CC points to an early-ma ture to
overmature stage of or ganic mat ter trans for ma tion (Ap pen dix 1). 

These Rr val ues cor re spond to high-vol a tile and low-vol a tile bi tu -
mi nous coal rank ac cord ing to the ISO/DIS 11760 clas si fi ca tion.
The TOM is im ma ture and early-ma ture (Rr = 0.41–0.67%) in dic -
a tive of subbituminous B to high-vol a tile bi tu mi nous coal.

The vari abil ity in ther mal ma tu rity of the OM is clear in
reflectograms in which vitrinite reflectance data show a vari able
dis tri bu tion, de pend ing on the per cent age of par tic u lar types of
or ganic mat ter in sam ple. If sam ple con tains only or mostly CC,
the reflectogram is monomodal (e.g., E8, E12); both types, the
reflectogram is bi modal (e.g., E4); if con tains mostly dis persed
TOM, the reflectogram shows trimodal Rr  dis tri bu tion (E7) as
shown in Fig ure 5A–D. It is ev i dent that the OM orig i nated from
a va ri ety of sources. If Rr is mea sured only on grains with typ i cal 
CC qual i ties, the dis tri bu tion of val ues ob tained is mo no mial
(see com par i son in Fig. 5E, F).

GEOCHEMISTRY

ROCK-EVAL DATA

The sam ples are highly vari able in OM con tent. The TOC
var ies from 0.05 in EG1 (�) sam ple to 59.8 wt.% in E8 (p)
sam ple, but is typ i cally <1 wt.% (Ap pen dix 2). The con cen tra -
tion of or ganic car bon partly de pends on the or i gin and form of
dis per sion of OM. Sam ple E8 with the high est TOC (al most
60 wt.%) is a piece of coal (CC) sep a rated from sand stone
rock, but other rocks rich in TOC con tain multi-sourced OM
(CC and POM or CC, TOM and POM). In sam ples poor in or -
ganic car bon all types of OM were iden ti fied (Ap pen dix 2). The
strong cor re la tion of OM con cen tra tion with Tmax val ues is vis i -
ble; or ganic ma te rial oc cur ring in high con cen tra tions (TOC
>1wt.%) is im ma ture or ma ture (oil win dow range) with Tmax

val ues vary ing from 422 to 454°C whereas for sam ples poor in
OM (TOC <0.54 wt.%) Tmax val ues are >490°C (Fig. 6A). The
el e vated Tmax tem per a tures are re sult of strong ox i da tion of or -
ganic ma te rial and cor re late with high val ues of ox y gen in dex
(Fig. 6B), but the pos si ble in flu ence of car bon ate de com po si -
tion on OI val ues, es pe cially for min eral car bon-rich sam ples,
is not ex cluded (Ap pen dix 2). The er ro ne ous (over stated) ma -
tu rity as sess ment of weath ered CC were re ported ear lier by
e.g., Copard et al. (2002). The ab nor mally high Tmax tem per a -
tures were also de scribed for weath ered fos sil or ganic mat ter
in out crop pro files by Graz et al. (2011). The OM oc cur ring in
coal piece (sam ple E8), due to small con tact sur face with ox i -
diz ing me dia is re sis tant to ox i da tion pro cesses and there fore
shows low ma tu rity. Small par ti cles of OM in or ganic-poor
sam ples have rel a tively high con tact sur face and there fore
they are ox i dized to a much greater ex tent. Cor rect de ter mi na -
tion of the ge netic type of OM is pos si ble only for no-ox i dized
sam ples; low hy dro gen-in dex val ues of these sam ples in di -
cate the pres ence of gas-prone Type-III kerogen (Fig. 7). Due
to the prob a ble at least par tial weath er ing also of these sam -
ples, the orig i nal val ues of the hy dro gen in dex were higher
(Copard et al., 2006) and there fore pres ence of the hy dro -
gen-rich kerogen Type-II or -I is not ex cluded. No clear re la -
tion ship be tween the source of OM and the hy dro gen in dex
val ues is ob served (Ap pen dix 2 and Fig. 7). Ex am ples of sam -
ples con tain ing weath ered or ganic ma te rial are pre sented in
Fig ure 8A–C. The multilobed S2 peaks are re sult of dif fer ent
range of OM ox i da tion (Copard et al., 2006).
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* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1523
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Fig. 3. Mi cro pho to graphs of or ganic mat ter

A – vari a tion in rank and petrographic com po si tion of CC; higher rank of collotelinite (Ct) in up per part of photo, lower rank of collodetrinite
(Cd) with sporinite (Sp) in lower part of photo, sam ple E10, oil im mer sion, re flected light; B – semifusinite (Sf) struc ture with empty win dow
cells, CC – sam ple E6, oil im mer sion, re flected light; C – collodetrinite (Cd) and cutinite (Cu), CC – sam ple EG2, oil im mer sion, re flected light; 
D – cutinite (Cu) par ti cles vis i ble in fluorecscent light, CC – sam ple EG2, same view as in C; E – trimacerite with collotelinite (Ct),
corpogelinite (Cg), fusinite (Fu), inertodetrinite (Id) and sporinite (Sp), CC – sam ple E8, oil im mer sion, re flected light; F – macerals of the
liptinite group, sporinite (Sp) and liptodetrinite (Ld), CC – sam ple E8, flu o res cent light, same view as in E; G – trimacerite with collodetrinite
(Cd), semifusinite (Sf), fusinite (Fu) and macrinite (Ma), CC – sam ple E12, oil im mer sion, re flected light; H – resinite (Re) vis i ble in flu o res -
cent light, CC – sam ple E12, same view as in G
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Fig. 4. Mi cro pho to graphs of or ganic mat ter

A – cracked par ti cle of fusinite (Fu), CC – sam ple EG2, oil im mer sion, re flected light; B – dimacerite with collotelinte (Ct), corpogelinite (Cg),
semifusinite (Sf) and fusinite (Fu), CC – sam ple E8, oil im mer sion, re flected light; C – micrinite (Mi) macerals oc cur ring in telinite cells (Tl)
struc ture with tran si tion into collodetrinite (Cd), CC – sam ple E8, oil im mer sion, re flected light; D – mas sive chars (Ch) in CC, sam ple E8, oil
im mer sion, re flected light; E – framboidal and euhedral crys tals of py rite (S) in min eral set ting, sam ple E11, oil im mer sion, re flected light; F –
cracked collotelinite (Ct), CC – sam ple E10, oil im mer sion, re flected light; G – vitrinite (Vt) par ti cle, sam ple E10, oil im mer sion, re flected light;
H – solid bi tu men, sam ple E16, oil im mer sion, re flected light
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Fig. 5. Ran dom vitrinite reflectograms

A, B – reflectograms of se lected sam ples (E8 – CC, E12 – mostly CC) with monomodal dis tri bu tion; C – reflectogram of sam ple (E4 – CC
+TOM) with bi modal dis tri bu tion; D – reflectogram of sam ple E7 (mostly TOM) with trimodal dis tri bu tion; E, F – com par i son of random vitrinite 
reflectograms in volv ing all vitrinite-par ti cle mea sure ments in CC and TOM (left side) and mea sure ments on vitrinite par ti cles in CC only (right 
side) in the same sam ple
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Fig. 6. Cor re la tion of Tmax tem per a ture (A) and ox y gen in dex (B) with to tal 
or ganic car bon con tent (TOC)

CC – coal clasts; TOM – terrigenous or ganic mat ter; POM – plank tonic
or ganic mat ter

Fig. 7. Hy dro gen in dex ver sus Tmax tem per a tur

Mat u ra tion paths for kerogens af ter Espitalié et al. (1985)



BIOMARKER AND AROMATIC HYDROCARBONS DISTRIBUTION

Ex tract yields range from 0.003 (E12; ¿) to 0.735 (E8; p);
the av er age is 0.018 wt.%. The groups of aliphatic hy dro car -
bons and ar o matic com pounds iden ti fied in the ex tracts are
n-al kanes (m/z = 71), acy clic isoprenoids (m/z = 71), steranes
(m/z = 217) and tri-, and pentacyclic triterpanes (m/z = 191). Ar -
o matic hy dro car bons to gether with their aliphatic de riv a tives in -
clude com pounds from naph tha lene (m/z = 128) to 5-ring
PAHs.

n-Al kanes com prise com pounds in the range n-C12–n-C36.
The most typ i cal range is n-C16–n-C35. Gen er ally, three types of 
dis tri bu tions can be dis tin guished (Fig. 9):

1. Monomodal dis tri bu tion with a max i mum at n-C19–n-C20

with a smooth dis tri bu tion out line (no odd-over even pre dom i -
nance); sam ples with two or three dif fer ent OM sources: EG2
(£) , EG4 (�) , E11 (¿), E15 (¿), and pos si bly also E7 (¿) fall
in this group. This dis tri bu tion is like that shown by crude oils of
plank tonic or i gin de riv ing from ma ture kerogen Type-I or II.
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Fig. 8. Ex am ples of pyrograms re sult ing from Rock-Eval anal y sis 
of sam ple E5 (p) (A), sam ple E3 (�) (B), sam ple EG4 (�) (C) 

and sam ple E9 (¿) (D)

S1 – free hy dro car bons re leased dur ing iso ther mal heat ing at 300oC;
 S2 – re sid ual hy dro car bons gen er ated dur ing ther mal de com po si tion
 of kerogen from 300–650oC, HI – hy dro gen in dex, HC – hy dro car bon



These sam ples usu ally show al most equal con tents of
long-chain and short-chain n-al kanes (S2/S1 in Ap pen dix 3).

2. Monomodal with odd-over-even car bon atom pre dom i -
nance in the dis tri bu tion ((sam ples pre dom i nantly with ter res -
trial or i gin (CC and TOM): E3; �, E5; p, E8; p, E16; ¿, and
EG1; q. The max i mum is at n-C27–n-C29 and the dis tri bu tion
usu ally re flects par tial re moval of lighter com pounds, pos si bly
due to wa ter-wash ing/weath er ing and/or biodegradation (E16;
¿, EG1; �). This dis tri bu tion is in dic a tive of kerogen Type-III of
ter res trial or i gin, with ther mal ma tu rity cor re spond ing to Ro of
~0.7–0.9%. Most of these sam ples show a marked pre dom i -
nance of long-chain over short-chain n-al kanes as shown by,
e.g., S2/S1 val ues of 10.22 and 15.47 from E8 (p) and E16
(¿), re spec tively (Ap pen dix 3), and re flect ing a high in put from
cu tic u lar waxes.

3. Bi modal with two dis tri bu tion max i mums at n-C19–n-C20

and n-C27–n-C29, with a dis tinc tive odd-over-even car bon atom
pre dom i nance. This dis tri bu tion type, the most com mon in the
sam ple set, was found in the EG3 (¿), E1 (¿), E2 (¿), E4 (¿),
E6 (¿), E9 (¿), E10 (£) and E12–14 (¿) ex tracts. This dis tri -
bu tion is, most prob a bly, due to over lap ping of dis tri bu tions (1)
and (2), i.e., the mix ing of OM mostly of all three (CC, TOM and
POM) dif fer ent sources in one sam ple (Fig. 10).

The first of the sources has the char ac ter is tics of ma ture,
plank tonic crude oil de rived from kerogen Type-I or II (POM).
The char ac ter is tics of the sec ond match those of bi tu mi nous
coals and kerogen Type-III (CC and TOM); they re flect dis -
persed coal ma te rial sim i lar to Car bon if er ous, Up per Silesian
bi tu mi nous coals re de pos ited in the host ing sed i ments (Kotarba 
and Clay ton, 2003; Fabiañska et al., 2013). As E8 (p) is a pure
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Fig. 9. n-Alkane dis tri bu tion types in EG2 (£) (1), E3 (�) (2) and E6 (¿) (3)

https://gq.pgi.gov.pl/article/downloadSuppFile/26327/3720


re de pos ited CC show ing the char ac ter is tics of OM de rived from 
ter res trial plants (kerogen Type-III) only, it is used here as the
ref er ence sam ple to com pare the ex tent of coal-ma te rial in put.

The de gree of CC and TOM in put is well seen in the
Pr/n-C17 ver sus Ph/n-C18 di a gram (Fig. 11) where EG3 (¿) , E5
(p), E8 (p), E10 (£) and E11 (¿) plot in the field of coal and
kerogen Type-III, and EG1 (�), EG2 (£), EG4 (�), E1(¿), E7
(¿), E15 (¿) and E16 (¿) in that of kerogen Type-II; the lat ter
were de pos ited in a re duc ing sed i men tary en vi ron ment. The
OM pres ent in E15 (¿), E16(¿), and EG4 (¿) sam ples shows
fea tures of ex tremely high ther mal ma tu rity and/or ex treme ox i -
da tion due to trans port though all OM in this sam ple sub-set (I)
is more ma ture than that in those of ter res trial or i gin. Sam ples
show ing higher in puts of CC and TOM plot in the in ter me di ary
field of kerogen Type-II/III and show the in ter me di ary
coalification stage on Fig ure 11. Pr/Ph val ues vary widely from
0.10 (EG1;  �) to 5.54 (E8; p). Pr/Ph val ues of ~2–5 are com -
mon in gas-prone kerogen Type-III and coals (Didyk et al.,
1978). It seems that in sam ples EG3 (¿), E6 (¿), E8 (p),
E10 (£), E11 (¿) and pos si bly E14 (¿) ter res trial ma te rial (CC
and TOM) dom i nates re sult ing in in crease of Pr/Ph and Car bon
Pref er ence In dex val ues (CPI; Ap pen dix 3).

Pentacyclic triterpanes (m/z = 191) show two dis tri bu tion
types (Fig. 12):

1. The lon ger type reach ing up to pentakishomohopanes
(C35) oc curs in sam ples E1 (¿), E7 (¿), E9 (¿), E10 (£), E15
(¿), EG2 (£), EG3 (¿) and EG4 (�). In some cases, el e vated
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Fig. 10. Over lap ping of n-alkane dis tri bu tion types

Fig. 11. Pr/n-C17 ver sus Ph/n-C18 plot 
(ge netic fields af ter Shanmugam, 1985)

https://gq.pgi.gov.pl/article/downloadSuppFile/26327/3720


con cen tra tions of C35 hopanes are in dic a tive of an anoxic- and,
pos si bly, hypersaline sed i men tary en vi ron ment (e.g., sam ples
E7; ¿, E9; ¿, and E10; £; Pe ters et al., 2005).

2. The shorter type com prises com pounds up to
bishomohopanes (C32) or trishomohopanes (C33), com monly
with very low com pound con cen tra tions. It oc curs in sam ples
E2 (¿), E3 (�), E4 (¿), E5 (p), E6 (¿), E8 (p), E11 (¿), E12
(¿), E13 (¿), E14 (¿), E16 (¿) and EG1 (�). This dis tri bu tion
is char ac ter is tic for CC and/or TOM pre dom i nance in sam ple
what is com mon in bi tu mi nous coals and kerogen Type-III (Pe -
ters et al., 2005; Fabiañska et al., 2013).

Com par i son of the pentacyclic triterpanes ra tios,
C31abS/(S+R) and C32abS/(S+R), re veals dis crep an cies in
their val ues (Fig. 13). In the pro cess of OM ther mal mat u ra tion,
val ues of these ra tios should re main closely sim i lar as they in -
crease with in creas ing ma tu rity (Pe ters et al., 2005). How ever,
where there is in put of OM from ex ter nal sources (CC and
TOM) show ing dif fer ent stages of mat u ra tion, val ues of the two
ra tios can dif fer not only be cause of in puts from dif fer ent
sources but also be cause the rel a tive con cen tra tions of C31ab
and C32ab will dif fer, de pend ing on the type of OM.

Steranes in the range from cholestanes (C27) to
stigmastanes (C29) oc cur only in some ex tracts; they are ab sent 
in sam ples EG3 (¿), E5 (p), E6 (¿), E8 (p), E11 (¿), E13 (¿) 
and E14 (¿). Gen er ally, sam ples with high in puts of ma te rial
from CC and TOM (kerogen Type-III) do not con tain steranes.
Sim i larly, in some Up per Silesia bi tu mi nous coals, steranes are
ab sent or in con cen tra tions too low for de fin i tive iden ti fi ca tion
(Fabiañska et al., 2013).

In the Pr/n-C17 ver sus Ph/n-C18 plot (Fig. 11), sam ples lack -
ing steranes (pre dom i nantly sam ples with CC and TOM) plot in
the field of coals and kerogen Type-III whereas those with

steranes plot in the kerogen Type-II or kerogen Type-II/III fields
(sam ples con tain ing mixed types of OM). As sum ing all steranes 
come from a plank tonic source, the C27-C28-C29 sterane ter nary
plot (Fig. 14) sug gests that kerogen depositional en vi ron ment
was a con ti nen tal shelf (Huang and Meinschein, 1979). The
Pr/Ph ver sus C27/C29 sterane plot points to an anoxic sed i men -
tary en vi ron ment and pre dom i nantly al gal or i gin for the OM, ex -
cept for E1 (¿), EG1 (�), EG2 (£) and E7 (¿) which plot in the
ter res trial field (Fig. 15). It is pos si ble that sterane dis tri bu tions
in the lat ter sam ples have been shifted to stigmastanes (C29)
due to biodegradation which first af fects cholestanes as lighter
com pounds (Palmer, 1993; Wenger et al., 2002; Pe ters et al.,
2005). Sam ples EG1 (�) and EG2 (£) show signs of this in
their n-alkane dis tri bu tion, e.g., in the ab sence of lighter n-al -
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Fig. 12. Dis tri bu tion types of pentacyclic triterpanes 
(m/z = 191), sam ples: A – E1 (¿); B – EG4 (�); C – E8 (p)

Fig. 13. C31abS/(S+R) ver sus C32abS/(S+R)

Fig. 14. C27-C28-C29 sterane ter nary di a gram 
(ge netic fields af ter Huang and Meinschein, 1979)



kanes and a char ac ter is tic “cut out” out line in the n-C17–n-C23

range, i.e., in the range of Pr oc cur rence in the dis tri bu tion
(Fig. 9).

The ex tracts con tain rel a tively high con cen tra tions of ar o -
matic com pounds in clud ing unsubstituted polycyclic ar o matic
hy dro car bons (PAHs) and their alkyl de riv a tives, to gether with
par tially-aromatized com pounds and heterocyclic ar o matic
com pounds, mostly of ox y gen (Figs. 16 and 17). The alkyl ar o -
matic hy dro car bons were used to cal cu late sev eral ma tu rity ra -
tios (Ap pen dix 4).

Alkyl naph tha lene dis tri bu tions com prise com pounds from
methyl (C1) to C5 de riv a tives, though only C1 to C3 were in con -
cen tra tions suf fi ciently high to en able cal cu la tion of pa ram e ters
of ther mal ma tu rity (Ap pen dix 4 and Fig. 16A). Sam ples with
high in puts of CC com monly have low con cen tra tions of C1–C2

alkylnaphthalenes, pos si bly due to wa ter wash ing/weath er ing
dur ing sed i men tary trans port. The pro cess most strongly af -
fects naph tha lene and methyl- and dimethyl naphthalenes as
their sol u bil ity in wa ter is greater than that of more sub sti tuted
C3> alkylnaphthalenes. Even E8, a CC ~8 cm long, shows this
ef fect as naph tha lene was re moved and methylnaphthalenes
re duced. The E9 (¿), E12 (¿), and E13 (¿) sam ples do not
con tain C2–C3 alkylnaphthalenes at all nor do E2 (¿), E4 (¿),
and E6 (¿) con tain dimethylnaphthalenes, whereas E16 (¿)
con tains nei ther naph tha lene nor any alkylnaphthalenes. Such
an un usual pat tern may re flect the mix ing of all three types of
OM from ei ther strongly wa ter-washed sources with out C1–C3

alkylnaphthalenes or a source not af fected by wa ter wash -
ing/weath er ing in which naph tha lene and methylnaphthalene
show the high est con cen tra tions (Fig. 16B).

It is also pos si ble that wa ter-wash ing caused the high vari -
abil ity in MNR (Methylnaphthalene ra tio) and DNR
(Dimethylnaphthalene ra tio) val ues (Radke et al., 1986; Radke
1987) from 0.60 to 2.23 and from 0.83 to 5.22, re spec tively as
the sol u bil ity of methyl- and dimethylnaphthalenes var ies de -
pend ing on the iso mer (ChemIDPlus, https://chem.nlm.nih. 
gov/chemidplus/). A fur ther sig nif i cant in flu enc ing fac tor is ma -
tu rity dif fer ence. A sim i lar ef fect is also ap par ent in the case of
MPI-1 and MPI-3 val ues (Methylphenanthrene In di ces) that
range from 0.23–1.82 and 0.40–1.62, re spec tively (Ap pen -
dix 4). As heavier methylphenanthrenes whose dis tri bu tion ex -
am ple is shown in Fig ure 17, are less wa ter sol u ble than
methylnaphthalenes, their dis tri bu tions are less af fected by wa -
ter wash ing. Thus, the key in flu ences on MPI-1 and MPI-3 vari -
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Fig. 15. Pr/Ph ra tio ver sus SC29/SC27 sterane ra tio

Fig. 16.  Dis tri bu tions of alkylnaphthalenes 
(m/z = 128 + 142 + 156 + 170 + 184)

A – sam ple E8; B – E1; C – E10

Fig. 17. Dis tri bu tion of alkylphenanthrenes (sam ple E7)

https://gq.pgi.gov.pl/article/downloadSuppFile/26327/3721
https://gq.pgi.gov.pl/article/downloadSuppFile/26327/3721
https://gq.pgi.gov.pl/article/downloadSuppFile/26327/3721


abil ity would seem to be ma tu rity and in put from dif fer ent
sources. Alkylphenanthrenes are less af fected by wa ter-wash -
ing/weath er ing; only in sam ple E16 (¿) was re vealed some re -
moval of these com pounds.

DISCUSSION

ORGANIC-MATTER SOURCES

Re sults of the petrographic- and or ganic geo chem i cal anal -
y ses in di cate the pres ence of OM from three dif fer ent types,
i.e., POM, TOM and CC. The var i ous types of OM dif fer in or i gin 
what in di cates their mor phol ogy, struc ture, petrographic com -
po si tion and ma tu rity. More over, cor re la tion of the HI and Tmax

val ues (Fig. 7), sug gest pres ence in ana lysed sam ples the
gas-prone Type-III kerogen de rived from vas cu lar plants.

In the Pr/n-C17 vs. Ph/n-C18 plot (Fig. 11), most of the OM
plot ting within the tran si tional depositional en vi ron ment rep re -
sents a mix ture of Type-II and Type-III kerogens. Sam ples with
the high est TOM in put, and E8 com pris ing a CC, plot within the
kerogen Type-III field. Rel a tive con tents of C27, C28, and C29

steranes, de ter mined only for sam ples with out sig nif i cant CC
in put, point to a plank tonic-bac te rial or i gin with or with out some
in put of TOM (Fig. 14). Such types of OM are de pos ited in shelf- 
or deltaic en vi ron ments prox i mal to the source of the TOM; de -
struc tion of the trans ported OM did not oc cur. Cor re la tion of
Pr/Ph with SC29/SC27 steranes (Fig. 15) points to a pre dom i -
nantly sam ples con tain ing POM de pos ited in anoxic set tings.
How ever, as most of the sam ples with OM dom i nated by CC do
not con tain steranes, only part of the sam ple set is shown here,
with the ex cep tions of E10 (com pris ing 100% CC; Ap pen dix 1)
and EG2 (£) de pos ited in oxic- and anoxic con di tions, re spec -
tively. This di ver sity in OM types thus re flects a va ri ety of OM
sources and sed i men tary set tings.

Pre vi ously stud ied microfossils in the re de pos ited humic
CC show that the frag ments were eroded from the Up per Car -
bon if er ous de pos its exposured in mar ginal part of the
Carpathian ba sin (Turnau, 1970; Kotlarczyk, 1979; Florian and
¯o³dani, 1999; ̄ o³dani, 1999; Wójcik-Tabol et al., 2019). Prob a -
bly, these coal de pos its that were later sed i ment sources ex -
tended far to the south-east of the pres ent Up per Silesian Coal
Ba sin; it is pos si ble that there ex isted a sin gle coal ba sin en -
com pass ing these and the Up per Silesian and Lublin Coal bas -
ins (Turnau, 1970).

TOM is wide spread in vary ing amounts in most Carpathian
sed i ment and it rep re sents OM co eval with the Carpathian
host ing sed i ments. TOM is char ac ter ized by a rich in vitrinite
and inertinite macerals com po si tion and a lack of any de tri tal
struc ture in di cat ing car bon iza tion of vas cu lar plants dur ing
diagenesis and catagenesis of the Carpathian sed i ments
(Zieliñska, 2017). Ad di tion ally, the pres ence of inertodetrinite
in di cates strongly al tered or de graded plant ma te rial de rived to
the sed i men tary ba sin. Sources were mostly land ar eas lo cated 
in mar ginal parts and within the Outer Carpathian ba sin (e.g.,
Poprawa et al., 2002; Oszczypko, 2006). Apart from clastic ma -
te rial, these sup plied ter res trial OM with dif fer ent de grees of de -
com po si tion and size (Zieliñska, 2010; B¹k et al., 2015).

Hy dro gen-rich POM in the Carpathians rock with Type II
kerogen is mixed with vary ing amounts of land-plant de rived
ma te rial, and in di cates vary ing ther mal mat u ra tion. There fore,
POM was di vided into two types: POM1 and POM2. POM1 ma -
tu rity level changes from the im ma ture to the oil win dow phase
and it rep re sents in situ OM in the Carpathian rocks (e.g.,
Kotarba et al., 2007; Ziemianin, 2017, 2018). Hy dro gen-rich
POM2 oc curs as or ganic mat ter with ex tremely high ma tu rity

and/or weath er ing in the old est Carpathian strata. We deem this 
OM has allochthonous or i gin be cause of its uniquely high ma tu -
rity among all OM in the sam ples stud ied. There are two hy poth -
e ses of such or i gin.

1. Some of this OM may de rived from the Lower Pa leo zoic
strata. Un der ly ing the Carpathian orogen, Or do vi cian and Si lu -
rian for ma tions host po ten tial source rock with Type-II kerogen
and alginite pre dom i nance (Kotarba and Peryt, 2011; Kotarba
et al., 2011; Wiêc³aw et al., 2011; Sowi¿d¿a³ et al., 2015). The
larg est pre dicted hy dro car bons ac cu mu la tions are near ma jor
faults con sid ered mi gra tion path ways for oil and gas from the
Carpathian base ment (Sowi¿d¿a³ et al., 2015).

Rock-Eval data in di cate strong weath er ing or bac te rial deg -
ra da tion of the OM in E3 (�), E5 (p), E9 (¿), E12 (¿), E13
(¿), E15 (¿) and EG4 (�) sam ples ev i denced on pyrograms of 
these sam ples by a multilobed peak S2 (Fig. 8) dur ing py rol y sis
in the tem per a ture range 300–650°C (Copard et al., 2006).
These sam ples, con tain ing also re de pos ited hy dro gen-rich or -
ganic mat ter (POM2), rep re sent sam ples form the strata of Ju -
ras sic/Cre ta ceous age. At the end of the Ju ras sic, palaeorifts in
the south ern part of the Eu ro pean shelf were floored by thin
con ti nen tal crust (Birkenmajer, 1988; Sandulescu, 1988;
Castelluccio et al., 2015). This rifted Eu ro pean mar gin was in -
cor po rated into the Outer Carpathian ba sin and rift ing pro cess
was ac com pa nied by a vol ca nic ac tiv ity per sist ing to the end of
the Hauterivian (Luciñska-Anczkiewicz et al., 2002; Grabowski
et al., 2004). Dur ing the ini tial stage of its de vel op ment, the
Outer Carpathian sed i men tary ba sin was filled with cal car e ous
flysch fol lowed by siliciclastic sed i ments and pe lagic shales.
Early Cre ta ceous–Cenomanian de po si tion oc cur ring dur ing rel -
a tively low sea lev els in the ba sin was char ac ter ized by a low-
and de creas ing rate of sed i men ta tion (Poprawa et al., 2002).
Late Ju ras sic–Hauterivian de po si tion was con trolled by fault ing
and syn-rift sub si dence, and later by post-rift Barremian–Ce -
nomanian ther mal sub si dence cul mi nat ing with Albian–Ceno -
manian ex pan sion of deep-wa ter fa cies (Nemèok et al., 2001;
Poprawa et al., 2002; Oszczypko, 2004; Andreucci et al., 2013). 
It is pos si ble that dur ing this time, hy dro car bons from the
Carpathian base ment mi grated along faults into freshly-de pos -
ited sed i ments in the Outer Carpathian ba sin, the old est strata
in the Silesian nappe pro file.

2. Al tered POM2 re de pos ited within the Carpathian strata
and it un der went of ther mal mat u ra tion/weath er ing, what is in di -
cated by the res i due of ini tial POM in some sam ples and solid
bi tu men oc cur rences. The re-de po si tion of al tered POM2 could
be re lated with the Carpathians post-com pres sion ex ten sion
phase. In re cent years, an al ter na tive model for the Carpathian
orogen pro posed by Jankowski and Probulski (2011) has en vis -
aged a post-com pres sion ex ten sion stage in the evo lu tion of the 
Outer Carpathians dur ing which re ac ti va tion of thrust struc tures 
and ma jor block fault ing ac com pa nied base ment col lapse. Re -
ac ti vated dis lo ca tion zones in the Carpathian orogen could well
have been mi gra tion path ways for hy dro ther mal flu ids and hy -
dro car bons dis pers ing widely into sand stone-hosted traps at
var i ous strati graphic lev els. Ini tial plank tonic mat ter was al tered
by ther mal fac tors and now a days it rep re sents a res i due of hy -
dro car bons (Waliczek et al., 2019).

THERMAL MATURITY AND HYDROCARBON POTENTIAL

Vitrinite reflectance val ues in di cate that the de gree of
coalification de pends on OM source. CC show an early-ma ture
(E6; ¿) to overmature stage (E11; ¿, E13; ¿, EG2; £, EG3;
¿) of hy dro car bon gen er a tion cor re spond ing to high-vol a tile
and low-vol a tile bi tu mi nous coal rank. Al though many coal
seams gen er ate sig nif i cant amounts of liq uid hy dro car bons like
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nat u rally-oc cur ring oils, poor ex pul sion ef fi ciency lim its their
source rock po ten tial. Though as sim i la tion of liq uid prod ucts by
the vitrinitic ma trix of most coals se verely lim its amounts avail -
able for mi gra tion, sig nif i cant ex pul sion may oc cur from cer tain
liptinite-rich coals or coals in unique depositional set tings
(Teeman and Hwang, 1991; Hwang et al., 1998). Rr val ues from 
TOM re veal im ma ture (e.g., E6; ¿, E7; ¿) and early-ma ture
stages (e.g., E2; ¿, E11; ¿) of hy dro car bon po ten tial in dic a tive
of subbituminous B to high-vol a tile bi tu mi nous coal.

Tmax val ues re veal a di ver sity of ma tu rity de pend ent on the
con cen tra tion of OM. Ma tu rity clas si fi ca tion based on Tmax val -
ues (Pe ters and Moldowan, 1993) shows the OM to in di cate im -
ma ture to ma ture cor re spond ing with mid dle stage of oil win -
dow. The ex tremely high Tmax val ues (>490°C) are re sult of OM
weath er ing (Copard et al., 2002). The low hy dro gen-in dex val -
ues of most sam ples in di cate the pres ence of gas-prone
Type-III kerogen with low hy dro car bon po ten tial.

DEPOSITIONAL ENVIRONMENT

Geo chem i cal fea tures point to anoxic deltaic or close-shore
sed i men tary en vi ron ments in the case of sam ples with
land-plant ma te rial (CC and TOM; Figs. 13 and 14). The CC
likely orig i nated in coal swamps as did Up per Silesian bi tu mi -
nous coal. The in com plete ox i da tion of the CC, and the re ten -
tion of most of their geo chem i cal char ac ter is tics, sug gest a
prox i mal source. Their trans port is seen in the wa ter-wash -
ing/weath er ing of some more sol u ble com pounds, e.g.,
short-chain n-al kanes and methylnaphthalenes.

In the evo lu tion of the Outer Carpathian ba sin, it seems that
the CC oc cur rences are mostly re lated to the post-rift ther mal
stage and mi nor up lift of the Outer Carpathians. Dur ing the
post-rift stage, the ba sin wid ened, the rate of sub si dence de -
creased, syn-rift faults be came in ac tive and ther mal con trac tion 
and sed i ment load ing dom i nantly con trolled sub si dence (Hub -
bard, 1988; Gabrielsen, 2010). Dur ing Late Cre ta ceous, and
pos si bly Paleocene, struc tural in ver sion, co pi ous clastic ma te -
rial from cor dil leras; deep-sea sed i ments were de pos ited and
ero sion of the source ar eas ex posed coal seams at coastal
mar gins.

CONCLUSIONS

The Carpathian rocks con tain dif fer ent or ganic mat ter prov -
e nances: autochthonous and allochthonous ones. This two
prov e nances in di cate three dif fer ent sources of or ganic mat ter,
namely: CC, TOM and POM.

Each type of OM in di cates var i ous fea tures de pend ing on
the anal y sis adopted. Dur ing petrographic anal y sis, in CC a
wide range of macerals has been iden ti fied, while in TOM only a 
few maceral forms oc curred. All com prise woody or ganic mat ter 
what was also con firmed by the pres ence of the gas-prone
Type-III kerogen by the Rock-Eval and GC-MS anal y ses. More -
over, GC-MC anal y sis de ter mined the rocks con tain ing POM2

with the pres ence of overmature traces of crude oil de riv ing
from plank tonic kerogen Type-I or II which could be an
allochthonous source. The pres ence of POM2 res i dues in the
old est Carpathian de pos its is seems to be re lated to: (i) al tered
plank tonic mat ter redeposition within the Carpathian strata
along re ac ti vated dis lo ca tion zones dur ing a post-com pres sion
ex ten sion stage in the evo lu tion of the Outer Carpathians or (ii)
al tered plank tonic mat ter re-eposition from the Lower Pa leo zoic 
Carpathian base ment dur ing the post-rift Barremian–Ceno -
manian ther mal sub si dence.

De spite of aquatic trans port of CC pri mary or ganic geo -
chem i cal prop er ties of this re de pos ited ma te rial are well pre -
served al low ing to con clude about its fea tures prior rede po si -
tion such as ther mal ma tu rity and biogenic or i gin. This in di cates 
rel a tively short-dis tance trans port, low ox i da tion (an oxia) and
rapid de po si tion with sub se quent cov er ing by fine-grained sed i -
ments which did not al low for or ganic mat ter min er al iza tion to
oc cur. An im por tant con sid er ation is the fact that re de pos ited
or ganic mat ter oc curs at sites so dif fer ing in age and li thol ogy.
This may tes tify that redeposition should be con sid ered a sig nif -
i cant fac tor in the Outer Carpathians when in ter pret ing geo -
chem i cal re sults. More over, rede po si tion of or ganic mat ter re -
leased as a re sult of ero sion may play a sig nif i cant role in the
global car bon cy cle, what is not taken into ac count in lit er a ture.

The ad di tional prob lem in re sults in ter pre ta tion is the type of 
or ganic mat ter in ves ti gated by par tic u lar meth ods in re la tion to
sec ond ary pro cess (biodegradation, weath er ing) oc cur ring in
wa ter trans port. GC-MS can iden tify only com pounds sol u ble in
or ganic sol vents (in this case DCM) whereas dur ing Rock-Eval
anal y sis is pyrolysing the whole or ganic ma te rial,
macromolecular kerogen and bi tu men alike. Ox i da tion,
biodegradation and leach ing that oc cur dur ing the trans port of
or ganic mat ter eroded from older rocks will af fect at the first
stage mostly bi tu mi nous frac tion of or ganic mat ter since it is
more re ac tive than a macromolecular frac tion. These pro -
cesses will lead to for ma tion of re frac tory ma te rial (kerogen IV),
non-sol u ble in or ganic sol vents, thus reg is tered only un der a
mi cro scope and by Rock-Eval but not by GC-MS. How ever, mi -
grat ing bi tu men, as we sus pect is pres ent in some sam ples, is
well reg is tered on GC-MS but may be not seen un der a mi cro -
scope. More over, ex treme ox i da tion of macromolecular frac tion 
will change its chem i cal fea tures giv ing ma te rial with higher Tmax

val ues than that which was not ox i dized (Copard et al., 2002).
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