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Nat u ral gas-source rock cor re la tions in the Pol ish Outer Carpathians and Paleozoic–Mesozoic base ment in the
Kraków–Brzesko–Nowy S¹cz area (south ern Po land) have been es tab lished. In the Dukla and Sub-Silesian units, mixed
kerogen Type-II/III or III/II oc curs. The or ganic mat ter is im ma ture or low-ma ture. The Oligocene Menilite beds of the Silesian
Unit are rich in TOC and con tain gas-prone Type III kerogen of low ma tu rity. In the Paleozoic–Mesozoic base ment, the TOC
con tent and re sid ual hy dro car bon po ten tial vary in the Mid dle and Up per De vo nian strata, Mis sis sip pian car bon ate and
clastic fa cies and Mid dle Ju ras sic strata. The Pa leo zoic strata are ca pa ble of thermogenic hy dro car bon gen er a tion, while or -
ganic mat ter in the Mid dle Ju ras sic rocks is gen er ally im ma ture. Gas eous hy dro car bons ac cu mu lated both in the Silesian
and Dukla units of the Pol ish Outer Carpathians and in the Me so zoic base ment are ge net i cally re lated to thermogenic and
mi cro bial pro cesses. The Outer Carpathian nat u ral gas was gen er ated mainly from the Type-II/III kerogen of the Oligocene
Menilite beds. The thermogenic gases from the Me so zoic base ment were gen er ated from De vo nian and Mis sis sip pian (car -
bon ate) Type-II and mixed II/III kerogens and prob a bly from Si lu rian/Or do vi cian Type-II kerogen and Mid dle Ju ras sic
Type-III/II kerogen oc cur ring at more than 7 km depth. Mi cro bial meth ane mi grated into the Outer Carpathian flysch suc ces -
sion from the Mio cene strata of the Carpathian Foredeep.

Key words: Pol ish Outer Carpathians, Pa leo zoic–Mesozoic base ment, source rock po ten tial, nat u ral gas, biomarkers, sta ble 
car bon, hy dro gen and ni tro gen iso topes.

INTRODUCTION

The Pol ish Outer Carpathians, Carpathian Foredeep and
their Pa leo zoic–Me so zoic base ment con sti tute the Ma³opolska
Pe tro leum Prov ince (Karnkowski, 1997, 2007), which is one of
the old est pe tro leum-pro duc ing re gions in the world, with the
be gin ning of doc u mented ex ploi ta tion of oil in 1853 and of nat u -
ral gas pro duc tion in 1921 (Karnkowski, 1999; Kotarba and
Koltun, 2006). The prov ince is some times di vided into two
sub-prov inces. The north ern one in cludes the Carpathian
Foredeep Mio cene molasse with nu mer ous gas de pos its in
strati graphic and struc tural traps. The south ern sub-prov ince in -
cludes the Outer Carpathians, in which oil de pos its oc cur in nu -
mer ous ho ri zons of po rous sand stones within the flysch suc -
ces sion. Be low the Carpathian Foredeep and Flysch
Carpathians, the hy dro car bon ac cu mu la tions and shows oc cur

in the Pa leo zoic–Me so zoic base ment in Cam brian, De vo nian,
Mis sis sip pian, Penn syl va nian, Tri as sic, Up per Ju ras sic and
Up per Cre ta ceous strata.

The Kraków–Brzesko–Nowy S¹cz study area cov ers over
~600 km2 (Fig. 1). Pe tro leum (oil and gas) ac cu mu la tions have
been en coun tered in sand stone res er voirs in al most all strati -
graphic-fa cies mem bers of the Outer Carpathians and in the
De vo nian, Mis sis sip pian and Up per Ju ras sic car bon ates and
Up per Cre ta ceous sand stones of the Pa leo zoic–Me so zoic
base ment. The nat u ral gas oc curs in the res er voirs both as as -
so ci ated and non-as so ci ated ac cu mu la tions which have dis -
tinct geo chem i cal sig na tures that in di cate a range of ge netic
and post-ac cu mu la tion his to ries.

Pre vi ous work in di cated that as so ci ated and non-as so ci -
ated gases ac cu mu lated within the strata of the Pol ish Outer
Carpathians and their Pa leo zoic–Me so zoic base ment are
mainly low-tem per a ture (“oil win dow”) thermogenic gases and
only lo cally oc cur ei ther as mi cro bial or as high-tem per a ture
(“gas win dow”) thermogenic hy dro car bons (Kotarba, 1987,
1992, 1998a, b; Kotarba and Koltun, 2006; Kotarba et al., 2007, 
2013, 2014). Lo ca tions of the study ar eas dis cussed in the pa -
pers men tioned are shown in Fig ure 2.

The clayey and si li ceous Oligocene Menilite beds are con -
sid ered to be the pri mary pe tro leum source rock of the
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Carpathian de pos its with to tal or ganic car bon (TOC) ex ceed ing 
20 wt.% (ten Ha ven et al., 1993; Bessereau et al., 1996;
Kotarba and Koltun, 2006; Kotarba et al., 2007). The high pe -
tro leum po ten tial of the Menilite beds was shown also by Koltun
(1992), Kruge et al. (1996), Koltun et al. (1998), Köster et al.
(1998) and Kosakowski et al. (2009). More over, pre vi ous or -
ganic geo chem i cal stud ies (Kotarba and Koltun, 2006;
Kosakowski et al. 2009; Kotarba et al., 2013, 2014) re vealed
that pe tro leum source rocks oc cur also in the fol low ing
lithostratographic-fa cies mem bers: black shales of the Lower
Cre ta ceous, Veøovice, Lgota, Gaize, Istebna, Hi ero glyphic and
Lower Krosno beds (Fig. 3). Wiêc³aw et al. (2011) and Kotarba
et al. (2011) pointed to Up per De vo nian and Mis sis sip pian
strata in the Up per Pa leo zoic suc ces sion of the Pol ish
Carpathian base ment as hav ing the high est pe tro leum po ten -

tial, and Kotarba et al. (2003) and Kosakowski et al. (2012a)
also iden ti fied the Mid dle Ju ras sic clays as rocks with the high -
est hy dro car bon po ten tial among the Me so zoic cover. The lo ca -
tion of pre vi ous geo chem i cal stud ies of source rocks in the Pol -
ish Outer Carpathians and the Pa leo zoic-Me so zoic base ment
(Köster et al., 1998; Kotarba and Koltun, 2006; Kotarba et al.,
2007, 2013, 2014; Kosakowski et al., 2012a, b; Wróbel et al.,
2016) is shown on Fig ure 2.

The geo chem i cal char ac ter is tics (TOC con tent, ge netic
type, ma tu rity and pe tro leum po ten tial) of the or ganic mat ter
and the or i gin of nat u ral gases oc cur ring within the suc ces sions
of the west ern part of the Pol ish Outer Carpathians and Pa leo -
zoic–Me so zoic base ment in the Kraków–Brzesko–Nowy S¹cz
area (Fig. 1), as well as the ge netic cor re la tion of nat u ral gas
and source rocks, are dis cussed in this pa per.
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Fig. 1. Geological sketch map of the study area

Ge ol ogy mod i fied af ter Ksi¹¿kiewicz (1977), Oszczypko (2006) and ¯elaŸniewicz et al. (2011) show ing the lo ca tion of tec tonic
units, rock and gas sam pling sites and geo log i cal cross-sec tions (cf. Figs. 4 and 5); bore hole codes (rock sam ples):  BtIG-1 –
Borzêta IG 1; Ga-28 – Grobla-28; Ga-S1 – Grobla-S1, Ga-W1 – Grobla-W1, Lk-2 – £¹kta-2, Mu-2 – Muchówka-2, Ok-2 –
Okulice-2, Pl-2 – P³awowice-2, Pr-3 – Przyszowa-3, Rd-5 – Radlna-5, Rt-1 – Rajbrot-1, Rt-2 – Rajbrot-2, Sl-26 – S³opnice-26,
Sc-11 – Szczurowa-11,  Tn-1 – Tarnawa-1, Wa-5 – Waryœ-5, WiIG-1 – Wiœniowa IG 1; bore hole codes (gas sam ples): Bc-3 –
Brzezowiec-3, De-4 – Do³uszyce-4, De-6 – Do³uszyce-6, Ga-36 – Grobla-36, Ga-50 – Grobla-50, Ga-89 – Grobla-89, Ga-109 –
Grobla-109, Lc-24 – Leszczyna-24, Lk-27 – £¹kta-27, Pr-2 – Przyszowa-2, Rj-2 – Rajsko-2, Rj-3 – Rajsko-3, Ry-5 – Rylowa-5,
Sl-3 – S³opnice-3, Sl-20 – S³opnice-20, Wi-5 – Wierzchos³awice-5; bore hole codes (rock and gas sam ples): Le-2 – Leœniówka-2,
Sl-24 – S³opnice-24; out crop codes (rock sam ples): Kb – Kobielnik, KPP – Krasne Potockie-Poddziele, Ln – Lipnik, Sz –
Szczawa, Tm – Trzemeœnia, Ub – Ubiad



GEOLOGICAL SETTING 
AND PETROLEUM OCCURRENCE

The Pol ish Outer Carpathians are a struc tur ally com plex
area. The Up per Ju ras sic to Lower Mio cene strata are folded
and thrusted north wards in a se ries of nappes over the
autochthonous Mio cene molasse (Carpathian Foredeep) and
Pa leo zoic–Me so zoic base ment (¯elaŸniewicz et al., 2011). A
se ries of im bri cate nappe-thrust sheets ex tends north to north -
east over strata of Early Oligocene to Sarmatian (Late Mid dle
Mio cene) age. Fig ure 1 shows the lo ca tion of ma jor nappes in
the study area that are re ferred to as “units” and named from
south to north as the Magura, Dukla, Silesian, Sub-Silesian and 
Zg³obice units (e.g., Ksi¹¿kiewicz, 1977; Oszczypko, 1997).
They have a dif fer ent tec tonic style and li thol ogy by com par i son 
with the east ern part of the Outer Carpathians.

The Dukla Unit in the study area has a dif fer ent strati graphic
suc ces sion than in the east ern part of the Pol ish Outer
Carpathians. The suc ces sion starts with the Up per Cre ta ceous–
Paleogene Inoceramian beds, through Eocene Hi ero glyphic
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Fig. 2. Location of study areas of the Polish Carpathian Province

Con cern ing: (i) nat u ral gas (blue dashed-dot ted line): A – Kotarba (1987, 1992), B – Kotarba and Jawor (1993), C – Kotarba (2012), (ii)
source rocks (red dashed line): D – Köster et al. (1998), E – Kosakowski et al. (2009), F – Wiêc³aw et al. (2011), G – Kosakowski et al.
(2012a), H – Kosakowski et al. (2012b), I – Wróbel et al. (2016) and (iii) both nat u ral gas and source rocks (green dashed line): J – Kotarba et
al. (2007), K – Kotarba et al. (2011), L – Kotarba et al. (2013), M – Kotarba et al. (2014); ge ol ogy mod i fied af ter ¯elaŸniewicz et al. (2011)

Fig. 3. Simplified lithostratigraphic columns of the
Sub-Silesian, Silesian and Dukla units

North is to the left, mod i fied af ter Koszarski (1985) and Dziadzio et
al. (2006); yel low col our in di cates the main hy dro car bon res er voir;
pink is main cap rock; blue is Globigerina marls; grey is Menilite
beds dom i nated by shale fa cies; SH. – shales; SS. – sand stones; L.
– Lower; U. – Up per; Jura. – Ju ras sic; Paleoc. – Paleocene; Oligoc.
– Oligocene

https://gq.pgi.gov.pl/article/view/7758
https://gq.pgi.gov.pl/article/view/7758


sand stones and shales (Rdzawka beds) and Eocene–Oligocene 
Globigerina marls, which are over lain by the Oligocene Menilite
beds, Cergowa sand stones, and Krosno beds (Œl¹czka, 1971,
1996; Koszarski, 1985; Dziadzio et al., 2001; Fig. 3). The Dukla
Unit in the west ern part of the Outer Carpathians is ex posed in
the form of tec tonic win dows only. The Menilite beds in tec tonic
win dows of the Dukla Unit are lo cally named the Sub-Grybów
and Grybów beds. The zones of tec tonic win dows were sub -
jected to mul ti stage de vel op ment re lated to the du plex folds

formed un der the Magura Unit (Figs. 4 and 5). The Oligocene
units en coun tered in the Skrzydlna area are tra di tion ally con sid -
ered to rep re sent the Menilite and Krosno beds of the
conflictingly named tec tonic unit which out crops in the “Mszana
Dolna Tec tonic Win dow” at the front of the “Magura Nappe”. This
tec tonic unit is of ten re ferred to var i ously as the “Silesian”,
“Dukla”, “Sub-Magura”, “Grybów” or “Obidowa–S³opnice” unit
(e.g., Karnkowski, 1999; Starzec et al., 2016; Waœkowska et al.,
2016), here in ter preted as the Dukla Unit.

798 Maciej J. Kotarba, Dariusz Wiêc³aw, El¿bieta Bilkiewicz, Piotr Dziadzio and Adam Kowalski

Fig. 4. Przyszowa–£¹kta (A) and Do³uszyce (B) schematic geological cross-sections, distributions of stable carbon isotope
composition of methane, ethane and propane (C), and hydrocarbon index (CHC) and stable hydrogen isotope composition

 of methane (D)

For location see Figure 1; Silesian Unit: Istebna – Upper Cretaceous–Paleocene Istebna beds; Dukla Unit: Inoceramian – Upper
Cretaceous Inoceramian beds; Silesian and Dukla units: Krosno – Oligocene–Lower Miocene Krosno beds; Basement: U. – Upper
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Strongly dis turbed tec tonic con di tions can be also ob served 
in the Sub-Silesian Unit. The suc ces sions of this unit of Early
Cre ta ceous to Early Mio cene age (Fig. 3) are strongly de -
formed and thrusted on the Skole Unit and autochthonous Mio -
cene strata of the Carpathian Foredeep.

The Silesian Unit is the best ana lysed and rec og nized unit
(e.g., Œl¹czka and Kaminski, 1998; Dziadzio et al., 2006). The
for ma tions mak ing up the Silesian Unit are known from all parts
of the West ern Carpathians. The old est rocks of the Silesian suc -
ces sion have been found in the west ern and in the east ern parts,
start ing with the Up per Ju ras sic Cieszyn beds (Fig. 3). The
Cieszyn beds are over lain by the Veøovice beds with the
Grodziszcze sand stones and a suc ces sion of Lgota and Gaize
beds. The Godula beds are a youn ger suc ces sion (Fig. 3).
These strata are over lain by the Up per Cre ta ceous–Paleocene
Istebna beds and a suc ces sion of Var ie gated shales with a few
in ter ca la tions of the Up per Paleocene–Mid dle Eocene
Ciê¿kowice sand stones. Above this suc ces sion, the Up per
Eocene Hi ero glyphic beds oc cur over the whole Carpathian
area. They suc ces sively ap pear and are fol lowed by the
Globigerina marls, which can be ob served in all tec tonic units of
the Carpathians, as well as the Lower Oligocene Menilite beds
with lo cal sand stone in ter ca la tions. The Oligocene–Lower Mio -
cene Krosno beds (Fig. 3) oc cur in the up per most part of the suc -
ces sion and ter mi nate the sed i men ta tion in the Carpathian area.

The Pre cam brian–Pa leo zoic base ment of the Pol ish part of
the Outer Carpathians and Carpathian Foredeep be tween
Kraków and Brzesko (Fig. 1) is di vided into the Ma³opolska and
Up per Silesian blocks (Bu³a and Habryn, 2011 and ref er ences
therein). The Ma³opolska Block and the east ern part of the Up -
per Silesian Block suc ces sions in clude the Pre cam brian, De vo -
nian and Mis sis sip pian, while the Cam brian, Si lu rian and Penn -
syl va nian oc cur in the neigh bour hood (Moryc, 2006a, b, 2014;
Bu³a and Habryn, 2011 and ref er ences therein). The Pre cam -
brian–Pa leo zoic base ment is over lain by the epi-Variscan
Perm ian–Me so zoic suc ces sion of the Cra cow–Silesia
Monocline (Moryc, 2006a; ¯elaŸniewicz et al., 2011). The Me -
so zoic base ment in the study area (Fig. 1) con sists of three suc -
ces sions rep re sented by (1) a small in ter ca la tions of the Perm -
ian and/or Tri as sic clastics and an hyd rites (Kiersnowski, 2001;
Moryc, 2014), (2) Mid dle and Up per Ju ras sic–Lower Cre ta -
ceous clastics and car bon ates (Moryc, 2006b), and (3) Up per
Cre ta ceous glauconitic sand stones, marls, lime stones and
gaizes (Karnkowski, 1999; Moryc, 2006b). It is cov ered by
autochthonous Mio cene of the Carpathian Foredeep.

Oil and gas ac cu mu la tions in the study area oc cur in the Up -
per Cre ta ceous and Paleocene (Inoceramian and Istebna
beds) and Oligocene (Cergowa sand stones and Krosno beds)
strata of the Outer Carpathians (e.g., the Skrzydlna and
S³opnice fields, both aban doned), as well as in the Up per Ju ras -
sic car bon ates and Up per Cre ta ceous sand stones
(Brzezowiec, Grobla–P³awowice, £¹kta and Rylowa fields) of
the Me so zoic base ment. There are also gas fields in the
autochthonous Mio cene strata of the Carpathian Foredeep
(Kotarba, 2011). The Limanowa–S³opnice oil and gas field is
the most im por tant ac cu mu la tion in the study area. Gas-sat u -
rated ho ri zons oc cur in the Cergowa sand stones and in the
lower part of the Krosno beds within the Dukla Unit, which are
overthrusted by the Magura Unit. Hy dro car bon ac cu mu la tion is
pres ent within the thrust-re lated re cum bent S³opnice Fold.
Also, a small nat u ral gas ac cu mu la tion oc curs in the Krosno
and Istebna beds in the Do³uszyce field. In the north ern neigh -
bour hood, the £¹kta gas ac cu mu la tion field oc curs in Up per Ju -
ras sic car bon ates, Up per Cre ta ceous (Cenomanian) sand -
stones and Badenian sand stones (autochthonous Mio cene).

MATERIAL AND SAMPLING PROCEDURE

ROCK SAMPLES

The Outer Carpathians. A to tal of 60 rock sam ples were
col lected from the Outer Carpathian flysch suc ces sion.
Thirty-two sam ples came from the Dukla Unit, in which 16 were
col lected from the Leœniówka-2, Przyszowa-3 and S³opnice-26
bore holes, and 16 other sam ples were de rived from the
Kobielnik, Krasne Potockie-Poddziele and Ubiad ex po sures
(Fig. 1). Four teen sam ples were taken from the Silesian Unit: 12 
core sam ples came from the Borzêta IG 1 bore hole and 2 from
the Lipnik ex po sure. Four teen other sam ples were col lected
from the Sub-Silesian Unit, in which: 9 sam ples were de rived
from cores from the Wiœniowa IG 1 bore hole and an other 5
sam ples were taken from ex po sures in Lipnik and Trzemeœnia
(Fig. 1). Once the outer (up to 35 cm) fis sile shale lay ers were
re moved, fresh slab by to blocky 2 kg sam ples with no saprolite
rinds were col lected at ex po sures ac cord ing to sam pling cri te ria 
de scribed by Lewan (1980).

More over, for ge netic in ter pre ta tion we also used the pre vi -
ous re sults of Rock-Eval-II py rol y sis anal y ses of 81 sam ples
from the Leœniówka-2, S³opnice-24 and -26, Muchówka-2 and
Rajbrot-1 bore holes (Kotarba and Koltun, 2006) and 4 sam ples
from the Szczawa ex po sure (Wiêc³aw, 2002). In to tal, we used
the re sults of 141 Rock-Eval py rol y sis mea sure ments for geo -
chem i cal char ac ter is tics of the flysch strata. The de tailed quan -
ti ties of sam ples col lected from in di vid ual lithostratigraphic units 
are given in Ta ble 1 (the Dukla Unit) and Ta ble 2 (the
Sub-Silesian and Silesian units).

The Pa leo zoic–Me so zoic base ment. In to tal, 88 core
sam ples were col lected from the Pa leo zoic–Me so zoic base -
ment. The geo chem i cal char ac ter is tics of the Pa leo zoic suc -
ces sion were de scribed based on in ves ti ga tions of 79 sam ples
of Lower De vo nian and Mis sis sip pian age. The De vo nian sam -
ples came from the Grobla-28, Okulice-2, Rad³ów-5, Rajbrot-1,
Rajsko-3, Szczurowa-11 and Waryœ-5 bore holes. The Mis sis -
sip pian strata were sam pled from the £¹kta-2, Rajbrot-1 and
Strzelce Wielkie-1 bore holes (Fig. 1). Nine sam ples were col -
lected from the Mid dle Ju ras sic strata of the Me so zoic base -
ment in the Borzêta IG 1 and Tarnawa-1 bore holes (Fig. 1).

For ge netic in ter pre ta tion we also used the pre vi ous re sults
of Rock-Eval-II py rol y sis anal y ses of 30 De vo nian sam ples
from the Grobla-28, Rajbrot-1 and -2, Rajsko-3 and Waryœ-5
bore holes (Wiêc³aw et al., 2011; Wróbel et al., 2016), 59 Mis sis -
sip pian sam ples from the £¹kta-2, Rajbrot-1, -2 and Strzelce
Wielkie-1 bore holes (Matyasik et al., 2001; Kotarba et al.,
2004a, b), 17 Mid dle Ju ras sic sam ples from the Tarnawa-1 and
Strzelce Wielkie-1 (Kotarba et al., 2003) and 25 Up per Ju ras sic
sam ples from Up per Ju ras sic strata col lected from the
Grobla-S1, Grobla-W1, P³awowice-2 and Rajbrot-1 bore holes
(Kosakowski et al., 2012a). In to tal, we used the re sults of 219
Rock-Eval py rol y sis mea sure ments for geo chem i cal char ac ter -
is tics of the Pa leo zoic–Me so zoic base ment. The de tailed quan -
ti ties of the sam ples col lected from in di vid ual strati graphic units
are given in Ta ble 3.

One nat u ral gas sam ple was col lected from the flysch suc -
ces sion of the Outer Carpathians. The sam ple is de rived from
the Leœniówka-2 (Le-2) bore hole, from the sand stone res er voir
de vel oped in the Up per Cre ta ceous–Paleocene Ropa beds in
the Dukla Unit. More over, three nat u ral gas sam ples were col -
lected from the Grobla-50 (Ga-50), Rajsko-2 (Rj-2) and
Rylowa-5 (Ry-5) bore holes, from sand stone res er voirs de vel -
oped in the Up per Cre ta ceous in the Me so zoic base ment.
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All nat u ral gas sam ples were taken from the pro duc ing wells.
Free gases (Le-2, Rj-2 and Ry-5) were col lected di rectly at the
well head, and gas dis solved in oil (Ga-50) from the sep a ra tor.
The gen eral in for ma tion on the lo ca tion of sam pling sites is
given in Ap pen dix 1* and Fig ure 1.

The re sults of the pre vi ous in ves ti ga tions on mo lec u lar and
iso to pic com po si tions of the nat u ral gas were also used for ge -
netic in ter pre ta tion (Kotarba, 1987, 1992, 2012; Kotarba and
Jawor, 1993; Kotarba and Nagao, 2008; Kotarba et al., 2009).
These in cluded six nat u ral gas sam ples col lected from the Up -
per Cre ta ceous–Mio cene flysch of the Outer Carpathians, in
which two gas sam ples were col lected from the Do³uszyce-4
(De-4) and Do³uszyce-6 (De-6) bore holes in the Silesian Unit,
and four gas sam ples de rived from the Przyszowa-2 (Pr-2),
S³opnice-3 (Sl-3), S³opnice-20 (Sl-20) and S³opnice-24 (Sl-24)
bore holes in Dukla Unit (Fig. 1). Seven other nat u ral gas sam -
ples were col lected from the Me so zoic base ment, in which four
sam ples came from the Brzezowiec-3 (Bc-3), Grobla-89

(Ga-89), Grobla-109 (Ga-109) and Leszczyna-24 (Lc-24) bore -
holes from the Up per Cre ta ceous sand stones, and three sam -
ples were taken from the Grobla-36 (Ga-36), £¹kta-27 (Lk-27)
and Wierzchos³awice-5 (Wi-5) bore holes from the Up per Ju ras -
sic car bon ate res er voirs (Fig. 1).

ANALYTICAL PROCEDURE

Rock sam ples. Screen ing py rol y sis anal y ses of rock sam -
ples were car ried out with Rock-Eval Model II ap pa ra tus (only
se lected sam ples us ing Rock-Eval 6 Turbo) equipped with an
or ganic car bon mod ule. Aliquots of the pul ver ised sam ples
were ex tracted with di chloro methane:meth a nol (93:7 v/v) us ing
SOXTEC™ ap pa ra tus. The asphaltene frac tion was pre cip i -
tated from bi tu men with n-hex ane. Then, the re main ing
maltenes were sep a rated into compositional frac tions of sat u -
rated hy dro car bons, ar o matic hy dro car bons and res ins by col -
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 Tmax – tem per a ture of max i mum of S2 peak; S2 – re sid ual pe tro leum po ten tial, ss. – sand stones; sh. – shales;
geochemical pa ram e ters and in di ces are given as nu mer a tors of min i mum and max i mum val ues, in de nom i na tor 
me dian val ues, and parenthesized (nu mer a tor of num ber of sam ples from bore holes, ital i cized – from out crops,
num ber of sam pled bore holes in de nom i na tor and ital i cized num ber of sam pled out crops); kerogen type in pa -
ren the sis sec ond ary oc cur rence
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umn chro ma tog ra phy, us ing alu mina/sil ica gel (2:1 v/v) col -
umns (0.8 ´ 25 cm). The frac tions were eluted with n-hex ane,
to lu ene, and to lu ene:meth a nol (1:1 v/v), re spec tively.

Af ter re mov ing car bon ates with hy dro chlo ric acid and ex -
trac tion of bi tu men, rock sam ples se lected for sta ble car bon
iso tope anal y sis of kerogen were combusted in an on-line sys -
tem. The ex tracted bi tu men and their frac tions (sat u rated hy -
dro car bons, ar o matic hy dro car bons, res ins and asphaltenes)
were pre pared by the same pro ce dure for sta ble car bon iso tope 
anal y ses. Sta ble car bon iso tope anal y ses were per formed us -
ing the Finnigan Delta Plus mass spec trom e ter. The sta ble car -
bon iso tope data are shown in the d-no ta tion rel a tive to VPDB
stan dard, with an an a lyt i cal pre ci sion es ti mated to be ±0.2‰.
The iso la tion of kerogen and its el e men tal anal y sis pro ce dure
was de scribed by Wiêc³aw et al. (2012a).

Gas chro mato graphic sep a ra tions of the C11+ sat u rated hy -
dro car bons (in clud ing n-al kanes and isoprenoids) were per -
formed on a Hewlett Packard 5890 Se ries II GC equipped with
flame ion iza tion (FID) and a 50 m ́  0.1 mm ́  0.5 mm DB-1 cap -
il lary col umn coated with methyl sil i con gum phase, tem per a -
ture-pro grammed from 30°C held for 5 min., then in creased to
320°C at the rate 3°C/min. and at fi nal tem per a ture held for
20 min. Ni tro gen was used as a car rier gas.

The sat u rated and ar o matic hy dro car bon frac tions iso lated
from the bi tu men were ana lysed by the GC-MS for biomarker
de ter mi na tion. The anal y sis was car ried out with the Agilent
7890A gas chromatograph equipped with the Agilent 7683B au -

to matic sam pler, an on-col umn in jec tion cham ber and a fused
sil ica cap il lary col umn (60 m ´ 0.25 mm i.d.) coated with 95%
methyl-/5% phenylsiloxane phase (DB-5MS, 0.25 mm film thick -
ness). He lium was used as a car rier gas. The GC oven was pro -
grammed: 80°C held for 1 min., next in creased to 120°C at the
rate of 20°C/min., then in creased fur ther to 300°C at a rate of
3°C/min. and at fi nal tem per a ture held for 35 min. The gas
chromatograph was cou pled with a 5975C mass se lec tive de -
tec tor (MSD). The MS was op er ated with an ion source tem per -
a ture of 230°C, ion is ation en ergy of 70 eV and a cy cle time of
1 sec ond in the mass range from 45 to 500 Daltons. In the se -
lected ion mode (SIM) the dwell time of the op er ated MSD was
set to 30 mil li sec onds for each ion.

The ar o matic hy dro car bon frac tions of oils were ana lysed
by GC for phenanthrene, dibenzothiophene and their methyl
de riv a tive rel a tive con cen tra tions with the use of an Agilent
7890A gas chromatograph equipped with fused sil ica cap il lary
col umn (60 m ´ 0.32 mm i.d.) coated with 95% methyl/5%
phenylsilicone phase (DB-5MS, 0.25 mm film thick ness). He -
lium was used as a car rier gas. The GC oven was pro grammed
from 40 to 300°C at a rate of 3°C/min. The gas chromatograph
was cou pled with a 5975C in ert mass se lec tive de tec tor (MSD).
The MS was op er ated with an ion source tem per a ture of 200°C, 
ion is ation en ergy of 70 eV and a cy cle time of 1 s in the mass
range from 40 to 600 Daltons.

Mea sure ments of the mean ran dom reflectance of vitrinite
(Rr) were car ried out with a Zeiss-Opton microphotometer at
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546 nm wave length, in oil. Sam ple prep a ra tion and point counts 
were car ried out in ac cor dance with the In ter na tional Com mit -
tee for Coal and Or ganic Pe trol ogy (ICCP) pro ce dure (Tay lor et
al., 1998).

Nat u ral gas sam ples. Mo lec u lar com po si tions of nat u ral
gases (CH4, C2H6, C3H8, iC4H10, nC4H10, C5H12, C6H14, CO2, O2, 
H2, N2, He, Ar) were ana lysed in a set of col umns on two Agilent
7890A gas chromatographs equipped with a gas sam pling
valve plumbed with a dual sam ple loop. The first sam ple loop is
con nected with flame ion iza tion (FID) con nected with a 50 m ´
0.53 mm i.d. alu mina col umn and the sec ond loop is con nected
with ther mal con duc tiv ity (TCD) de tec tors con nected with an
1/8” packed col umn with HayeSep Q 80/100 mesh and 1/8”
packed col umn with mo lec u lar sieve 13X for the sep a ra tion of
H2,CO2, O2, N2, CH4 and CO. All com pounds in the C1–C6 range 
are then sep a rated by the alu mina col umn. Argonium is used as 
a car rier gas. The GC oven is pro grammed: 60°C held for 1 min, 
then in crease to 90°C at the rate of 10°C/min, next in crease to
190°C at a rate of 20°C/min and fi nally held for 7 min.

Sta ble iso tope anal y ses were per formed us ing the
Finnigan Delta Plus mass spec trom e ter. The sta ble car bon
iso tope data are ex pressed in the d no ta tion (d13C, ‰) rel a tive
to VPDB on a scale such that NBS-22 (oil) is –30.03‰. An a lyt -
i cal pre ci sion is es ti mated to be ±0.2‰. The sta ble hy dro gen
iso tope data are re ported in the d no ta tion (d 2H, ‰) rel a tive to
the in ter na tional stan dard, Vi enna Stan dard Mean Ocean Wa -
ter (VSMOW = 0.0‰) and nor mal ized to stan dard light arc tic
pre cip i ta tion SLAP (2-point cal i bra tions) as rec om mended by
Coplen (2011). An a lyt i cal pre ci sion is es ti mated to be ±3‰.
The re sults of sta ble ni tro gen iso tope anal y ses are shown in
the d-no ta tion (d15N, ‰) rel a tive to the air ni tro gen stan dard.

An a lyt i cal pre ci sion is es ti mated to be ±0.4‰. Mo lec u lar ni tro -
gen was sep a rated chromatographically for sta ble ni tro gen
iso tope anal y sis and then trans mit ted to the mass spec trom e -
ter via the on-line sys tem.

RESULTS 

SOURCE ROCKS

The Outer Carpathians – Dukla Unit. In the Dukla Unit, the
Up per Cre ta ceous Inoceramian, Eocene Hi ero glyphic sand -
stones and shales (Rdzawka beds), and Oligocene Menilite and
Krosno beds were sam pled and geochemically de scribed.
Rock-Eval re sults of cur rently ana lysed sam ples as well as those 
from ar chi val in ves ti ga tions (Wiêc³aw, 2002; Kotarba and Koltun, 
2006) are shown in Ta ble 1. Only five and eight sam ples from the 
Leœniówka-2 bore hole were col lected from the first two
lithostratigraphic units, re spec tively. These sam ples have to tal
or ganic car bon (TOC) con tent and re sid ual hy dro car bon po ten -
tial (S2) usu ally <1 wt.% and 1 mg HC/g rock, re spec tively (Ta -
ble 1). Only in the Hi ero glyphic shales (Rdzawka beds) the TOC
val ues up to 1.73 wt.% and S2 up to 1.83 mg HC/g rock were re -
corded in some lay ers (Ta ble 1). The Menilite and Krosno beds
are better sam pled than are the units pre vi ously dis cussed. The
Menilite beds have the high est or ganic car bon con tent in the
Dukla Unit, up to 8.2 wt.% (Ta ble 1). Ex cept for this sam ple, six
sam ples have TOC con tent ex ceed ing 5 wt.% (Fig. 6). The re sid -
ual hy dro car bon po ten tial is gen er ally <5 mg HC/g rock, ex ceed -
ing this value only for eight sam ples (Fig. 6) col lected from the
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Kobielnik ex po sure in the Skrzydlna tec tonic win dow (Kb, Fig. 1). 
The high est or ganic car bon con tent and re sid ual hy dro car bon
po ten tial (31 mg HC/g rock) were re corded for sam ple Kb/287.
The TOC and S2 con tent in the youn gest lithostra tigraphic unit,
the Krosno beds, do not ex ceed 1.0 wt.% and 2.5 mg HC/g rock,
re spec tively (Ta ble 1 and Fig. 6). The val ues of other Rock-Eval
pa ram e ters and in di ces (Tmax tem per a ture, pro duc tion in dex, hy -
dro gen in dex and ox y gen in dex) are listed in Ta ble 1; the dis tri -
bu tion of Tmax tem per a ture and hy dro gen in dex val ues are shown 
in Fig ure 6.

The Rock-Eval data, bi tu men con tent and its frac tion com -
po si tion, sta ble car bon iso tope com po si tion of bi tu men, its frac -
tions and kerogen as well as val ues of in di ces cal cu lated based
on dis tri bu tions of n-al kanes and isoprenoids of se lected sam -
ples from the Menilite and Krosno beds are in cluded in Ap pen -
dix 2. The biomarker in di ces and el e men tal com po si tion of
kerogen and se lected in di ces of phenanthrene and
dibenzothiophene and their methyl de riv a tives and triaromatic
ste roids of 3 sam ples ana lysed from the Menilite beds are pre -
sented in Ta bles 4 and 5, re spec tively. The vitrinite reflectance
val ues of 5 sam ples from the Inoceramian, Rdzawka and
Menilite beds are listed in Ta ble 6. Val ues of these pa ram e ters
and in di ces in di cate some dif fer ences be tween sam ples col -
lected from the Skrzydlna tec tonic win dow (the ex po sure in
Kobielnik) and the re main ing part of the Dukla unit (be neath the
Magura unit overthrust).

The Outer Carpathians – Silesian Unit. The Lower Cre ta -
ceous Lgota, Up per Cre ta ceous Godula, Up per Cre ta -
ceous–Paleocene Istebna and Oligocene Menilite beds were
char ac ter ized geochemically (Ta ble 2). In the Lgota beds, sam -
pled in the Muchówka-2 and Rajbrot-1 bore holes, the TOC and
S2 con tents are up to 1.22 wt.% and 1.04 mg HC/g rock, re spec -
tively (Ta ble 2). The TOC con tent in the Godula beds does not
ex ceed 0.5 wt.% (Ta ble 2). In the Istebna beds, sam pled only in
the Borzêta IG 1 bore hole (Fig. 1) the TOC con tent usu ally
ranges from 1 to 2 wt.% (Ta ble 2), how ever, the re sid ual hy dro -
car bons con tent does not ex ceed 1 mg HC/g rock (Ta ble 2 and
Fig. 6). Only two sam ples from the ex po sure at Lipnik (Fig. 1)
were col lected from the Menilite beds (Ta ble 2). The high est or -
ganic car bon con tent (7.2 wt.%) and re sid ual hy dro car bon po -
ten tial (7.8 mg HC/g rock) were re corded for sam ple Ln/142
(Ap pen dix 2). Ranges and me di ans of the main Rock-Eval pa -
ram e ters and in di ces of all lithostratigraphic units in ves ti gated
are shown in Ta ble 2. Bi tu men ex tracted from 3 sam ples (two
from the Inoceramian and one from the Menilite beds) were
ana lysed for n-alkane and isoprenoid dis tri bu tion and for two of
them (one from the Inoceramian and one from the Menilite
beds) sta ble car bon iso tope anal y sis of bi tu men, their frac tions
and kerogen were con ducted (Ap pen dix 2). Biomarker and ar o -
matic hy dro car bon anal y ses and el e men tal com po si tion of
kerogen were con ducted for one sam ple from the Menilite beds
(Ln/142, Ta bles 4 and 5).
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Fig. 6. Histograms of total organic carbon, residual petroleum potential, hydrogen index and Tmax temperature for selected
Outer Carpathian formations

* Grodziszcze sandstones
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The Outer Carpathians – Sub-Silesian Unit. The Lower
Cre ta ceous Up per Cieszyn and Grodziszcze beds were
geochemically char ac ter ized. The TOC con tent in both lithological
units changes from 0.79 to 1.63 and from 0.19 to 1.38 wt.%, re -
spec tively (Ta ble 2). The TOC con tent in the Up per Cieszyn beds
usu ally ex ceeds 1 wt.% (Fig. 6). The re sid ual hy dro car bon po ten -
tial of both units does not ex ceed 2.5 mg HC/g rock (Ta ble 2 and
Fig. 6). The ranges, me di ans of the re main ing Rock-Eval pa ram e -
ters and in di ces are listed in Ta ble 2. n-alkane and isoprenoid dis -
tri bu tion was ana lysed for 5 sam ples (3 from the Up per Cieszyn
and 2 from claystone in ter ca la tions within the Grodziszcze sand -
stones) and for 4 of them (2 from the Up per Cieszyn and 2 from
the Grodziszcze beds) sta ble car bon iso tope anal y sis of bi tu men,
their frac tions and kerogen were con ducted (Ap pen dix 2).
Biomarker and ar o matic hy dro car bon anal y ses were con ducted
for 2 sam ples (one sam ple from each unit; Ta bles 4 and 5).

The Pa leo zoic–Me so zoic base ment. The De vo nian and
Mis sis sip pian strata from the Pa leo zoic base ment were
geochemically char ac ter ized (Ta ble 3). The TOC con tent in the
Lower De vo nian strata in the study area does not ex ceed
0.5 wt.% (Ta ble 3). The or ganic car bon con tent in the Mid dle
and Up per De vo nian strata usu ally is <0.5 wt.%, but in some
places it may reach even 2.6 wt.% (Ta ble 3 and Ap pen dix 2). In
seven sam ples the TOC con tent was re corded >1 wt.% (Fig. 7). 
The re sid ual hy dro car bon po ten tial ranges from 0.00 to
7.4 mg HC/g rock (Ta ble 3, Ap pen dix 2 and Fig. 7). The ranges
of other Rock-Eval pa ram e ters and in di ces are shown in Ta ble
3 and Fig ure 7. The re sults of n-alkane and isoprenoid dis tri bu -
tion anal y ses (4 sam ples) as well as sta ble car bon iso tope com -
po si tion (5 sam ples) are shown in Ap pen dix 2. Ta ble 4 in cludes
the biomarker in di ces of 3 ana lysed sam ples. In one of these
(Ga-28/2162.2) a low con tent of hy dro car bons was re corded,
there fore the ra tios were not cal cu lated. The el e men tal com po -
si tion of kerogen as well as se lected in di ces of phenanthrene
and dibenzothiophene, their methyl de riv a tives and triaromatic
ste roids were de ter mined for 3 sam ples (Ta bles 4 and 5). The
vitrinite (or vitrinite-like alginite) reflectance was de ter mined for
2 sam ples (Ta ble 6).

The Mis sis sip pian car bon ates were de scribed based on the
re sults of geo chem i cal anal y ses of 51 core sam ples from the
£¹kta-2, Strzelce Wielkie-1, Rajbrot-1 and Rajbrot-2 bore holes
(Fig. 1). The TOC con tent was vari able and ranged from 0.01 to
5 wt.% (Ta ble 3), but low val ues (<1 wt.%) dom i nated (Fig. 7).
The re sid ual hy dro car bon po ten tial was com pa ra ble to the TOC 
– scat ter, rang ing from 0.13 to 13.7 mg HC/g rock with most val -

ues be low 2.5 mg HC/g rock (Ta ble 3 and Fig. 7). Re sults of the
ad di tional anal y ses of these sam ples were pub lished ear lier by
Kotarba et al. (2004a) and Wróbel et al. (2016).

The Mis sis sip pian clastic rocks were char ac ter ized based
on 19 sam ples col lected from the Strzelce Wielkie-1 bore hole
(Fig. 1); 11 of these had been eval u ated ear lier by Kotarba et al. 
(2004b) and 2 sam ples came from Matyasik et al. (2001).
These sam ples show that the av. TOC was ~1.05 wt.% (Ta -
ble 3), and the re sid ual hy dro car bon po ten tial only once ex -
ceeded 2.5 mg HC/g rock (Ta ble 3 and Fig. 7). The n-alkane
and isoprenoid dis tri bu tion was de ter mined for 3 sam ples and
sta ble car bon iso tope com po si tion for 2 sam ples (Ap pen dix 2).
The biomarker, ar o matic hy dro car bons and kerogen el e men tal
anal y ses were con ducted for 2 sam ples each (Ta bles 4 and 5).

From the Me so zoic base ment, only the Mid dle and Up per
Ju ras sic strata were char ac ter ized. In the Mid dle Ju ras sic strata 
the TOC val ues var ied from 0 to 15.7 wt.% (Ta ble 3). In 8 sam -
ples the TOC value ex ceeded 10 wt.% (Fig. 7). All the or -
ganic-rich sam ples were col lected from the Tarnawa-1 bore -
hole (Fig. 1), mainly from lenses of lig nite. These sam ples also
had re sid ual hy dro car bon po ten tial of up to 43.1 mg HC/g rock
(Ta ble 3). In the other bore holes sam pled (Borzêta IG 1,
Rajbrot-1 and Strzelce Wielkie-1), the TOC val ues in the strata
in ves ti gated were <0.5 wt.%. The Rock-Eval py rol y sis data,
n-alkane and isoprenoid dis tri bu tion and sta ble car bon iso tope
com po si tion of 2 sam ples se lected from the Tarnawa-1 bore -
hole are given in Ap pen dix 2. For the same 2 sam ples kerogen
el e men tal com po si tion, biomarker and ar o matic hy dro car bon
dis tri bu tion were con ducted (Ta bles 4 and 5). No ad di tional
anal y ses were con ducted on the Up per Ju ras sic rocks in the
pres ent study.

NATURAL GAS

Nat u ral gas ac cu mu lated in the Up per Cre ta ceous to Lower
Mio cene sand stone res er voirs of the Dukla and Silesian units of 
the Outer Carpathians in the study area var ies in mo lec u lar and
iso to pic com po si tions. Mo lec u lar com po si tion, gas in di ces and
sta ble iso tope ra tios vary within the fol low ing ranges (Ta bles 7
and 8; Kotarba, 1987, 1992; Kotarba et al., 2009): CH4 from
86.3 to 98.9 vol%, C2H6 from 0.19 to 7.34 vol%, C3H8 from 0.05
to 3.35 vol%, iC4H10 from 0.004 to 0.69 vol%, nC4H10 from 0.007 
to 0.91 vol%, CO2 from 0.09 to 0.24 vol%, N2 from 0.54 to
4.50 vol%, He from 0.003 to 0.014 vol%, H2 from 0.007 to 0.02,
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Bore hole/
out crop Code Depth [m b.g.l.]*

sam ple no. Stra tig ra phy/lithostratigraphy Rr               
[%]

Stdv          
[%] n

Dukla Unit

Leœniówka-2 Le-2 5004.0 Inoceramian beds (U. Cr.) 1.00 0.076   72

Leœniówka-2 Le-2 3792.0 Hi ero glyphic ss. & sh. (E.) (Rdzawka beds) 0.74 0.057 118

Leœniówka-2 Le-2 2445.0 Menilite beds (Ol.) 0.75 0.076 104

Szczawa Sz 152 Menilite beds (Ol.) 1.29 0.270     4

Szczawa Sz 153 Menilite beds (Ol.) 1.55 0.143     6

Pa leo zoic–Me so zoic base ment

Rajsko-3 Rj-3 1983.4 M. & U. De vo nian 0.92$ 0.116   55

Rajsko-3 Rj-3 2453.5 M. & U. De vo nian 1.00 0.136   65

T a  b l e  6

Vitrinite reflectance of or ganic mat ter 

 Rr – mean ran dom vitrinite reflectance; Stdv – stan dard de vi a tion; n – num ber of mea sure ments; $ – vitrinite-like alginite; ss. – sand stones;
sh. – shales; E – Eocene; other ex pla na tions as in Ta ble 4

https://gq.pgi.gov.pl/article/downloadSuppFile/25659/3156
https://gq.pgi.gov.pl/article/downloadSuppFile/25659/3156
https://gq.pgi.gov.pl/article/downloadSuppFile/25659/3156
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Bore hole Sam ple 
code

 Com po nent (vol%)

CH4 C2H6 C3H8 iC4H10 nC4H10 iC5H12 nC5H12 C6H14 N2 CO2 Ar He H2 H2S

Outer Carpathians – Dukla Unit

Leœniówka-2 Lk-2 86.3 7.34 3.35 0.41 0.73 0.37* 0.07 1.40 0.09 0.01 0.01 0.02 0.00

Me so zoic base ment

Grobla-50 Ga-50 79.3 1.31 0.58 0.28 0.39 0.11 0.11 0.07 17.6 0.17 n.a. 0.03 0.04 0.04

Rajsko-2 Rj-2 74.9 0.68 0.27 0.12 0.20 0.08 0.10 0.17 22.6 0.39 n.a. 0.10 0.16 0.28

Rylowa-5 Ry-5 76.9 0.63 0.23 0.10 0.16 0.06 0.07 0.11 20.6 0.51 n.a. 0.10 0.00 0.59

* iC5H10 + nC5H10; n.a. – not ana lysed 
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Mo lec u lar com po si tion of nat u ral gas

Fig. 7. Histograms of total organic carbon, residual petroleum potential, hydrogen index and Tmax temperature for selected
strata of Paleozoic–Mesozoic basement

Bore hole Sam ple 
code 

    Mo lec u lar in di ces    Sta ble iso topes [‰]

CHC CDMI iC4/nC4
d13C
(CH4)

d2H
(CH4)

d13C
(C2H6)

d13C
(C3H8)

d13C
(iC4H10)

d13C
(nC4H10)

d13C
(iC5H12)

d13C
(nC5H12)

d13C
(CO2)

d15N
(N2)

Outer Carpathians – Dukla Unit

Leœniówka-2 Lk-2   8.1 0.10 0.56 –37.5 –156 –26.8 –25.2 n.a. n.a. n.a. n.a. n.a. n.a.

Me so zoic base ment

Grobla-50 Ga-50 42.0 0.21 0.72 –42.9 –153 –27.8 –28.0 –27.4 –26.8 –26.8 –27.4 –19.3 0.8

Rajsko-2 Rj-2 78.8 0.52 0.60 –37.4 –148 –28.4 –27.2 –26.9 –26.6 –26.4 –27.1 –27.9 1.8

Rylowa-5 Ry-5 89.4 0.66 0.63 –37.4 –151 –28.5 –27.4 –27.8 –27.3 –27.0 –26.9 –25.0 1.3

CHC = CH4/(C2H6+C3H8); CDMI = (CO2/[CO2+CH4]100 (%); n.a. – not ana lysed
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Mo lec u lar in di ces and iso to pic com po si tion of nat u ral gas



hy dro car bon in dex [CHC = CH4/(C2H6 + C3H8)] from 8.1 to 410,
car bon di ox ide/meth ane in dex {CDMI = (CO2/[CO2 + CH4])
100 (%)} from 0.10 to 0.27%, iC4H10/nC4H10 from 0.17 to 0.91,
d13C(CH4) from –64.6 to –34.2‰, d2H(CH4) from –183 to
–151‰, d13C(C2H6) from –31.4 to –26.8‰, d13C(C3H8) from
–25.6 to –24.9‰. The gas is wet and con tains pentanes (C5)
from 0.004 to 0.73 vol% and hex anes (C6) from 0.002 to
0.76 vol%.

Nat u ral gas ac cu mu lated in the Me so zoic base ment both in
the Up per Ju ras sic car bon ate and Up per Cre ta ceous sand -
stone res er voirs of the Me so zoic base ment in the study area
also var ies in mo lec u lar and iso to pic com po si tions. Nat u ral gas
is wet and con tains hex anes (C6) from 0 to 0.49 vol%. Mo lec u lar 
com po si tion, gas in di ces and sta ble iso tope ra tios vary within
the fol low ing ranges (Ta bles 7 and 8; Kotarba, 2012; Kotarba
and Jawor, 1993; Kotarba and Nagao, 2008): CH4 from 68.7 to
98.6 vol%, C2H6 from 0.16 to 9.32 vol%, C3H8 from 0.06 to
9.09 vol%, iC4H10 from 0.05 to 2.64 vol%, nC4H10 from 0.02 to
3.62 vol%, iC5H12 from 0.01 to 0.88 vol%, nC5H12 from 0.00 to
0.93 vol%, CO2 from 0.00 to 4.29 vol%, N2 from 1.10 to
22.6 vol%, He from 0.00 to 0.12 vol%, H2 from 0.00 to
0.81 vol%, H2S from 0.00 to 0.59 vol%, hy dro car bon in dex
(CHC) from 3.7 to 448, car bon di ox ide/meth ane in dex (CDMI)
from 0.00 to 5.85%, iC4H10/nC4H10 from 0.60 to 2.5, d13C(CH4)
from –67.3 

 to –36.4‰, d2H(CH4) from –191 to –142‰,
d13C(C2H6) from –53.0 to –26.6‰, d13C(C3H8) from –29.8 to
–24.5‰, d13C(iC4H10) from –27.8 to –26.9‰, d13C(nC4H10) from 
–27.3 to –25.3‰, d13C(CO2) from –27.9 to –10.4‰ and
d15N(N2) 0.8 and 1.8‰. 00 to 0.47 vol%.

INTERPRETATION AND DISCUSSION

SOURCE ROCKS

The Outer Carpathians – Dukla Unit. The de tailed hy dro -
car bon po ten tial of the Up per Cre ta ceous Inoceramian and
Eocene Hi ero glyphic shales (Rdzawka beds), is dif fi cult to es -
tab lish due to the un rep re sen ta tive pop u la tion of sam ples.
How ever, judg ing from this small pop u la tion, these sam ples
pre sum ably have poor hy dro car bon po ten tial (Ta ble 1). Only in
the Hi ero glyphic shales, source rocks of mod er ate po ten tial for
hy dro car bon gen er a tion oc cur in some lay ers (Ta ble 1). The
Menilite beds have the high est or ganic car bon con tent in the
Dukla Unit (Ta ble 1; Figs. 6 and 8A). How ever, al though high
TOC con tent was mea sured in these beds, the re sid ual hy dro -
car bon po ten tial was gen er ally low. Only in the Skrzydlna tec -
tonic win dow (Kobielnik ex po sure, Kb; Fig. 1) was a very good
level of hy dro car bon po ten tial re corded. These data in di cate
vari able hy dro car bon po ten tial of the Menilite beds, usu ally
poor and lo cally mod er ate or good. Due to their low TOC and S2

con tents, the youn gest lithostratigraphic unit, the Krosno beds,
have poor hy dro car bon po ten tial (Ta ble 1 and Fig. 6).

Based on the extractable hy dro car bon con tent (Fig. 8A) it
can be con cluded that good oil source rock lev els oc cur within
the Menilite beds and Hi ero glyphic shales (Rdzawka beds).
How ever, a very high con tent of sat u rated hy dro car bons in bi tu -
men ex tracted from some sam ples of the Menilite beds (up to
79 wt.%; Fig. 9A) sug gests the pres ence of epigenetic hy dro car -
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Fig. 8. Source possibility of the Outer Carpathian lithostratigraphic units (A) and Paleozoic–Mesozoic basement (B)
 in terms of extractable hydrocarbons and TOC content

Categories after Hunt (1979) and Leenheer (1984); ss.* – claystone intercalations within the Grodziszcze sandstones; U. – Upper



bons. Lo cally, in the S³opnice-26 bore hole and Ubiad ex po sure,
the rocks of the Krosno beds are also im preg nated by epigenetic
hy dro car bons (Fig. 8A). This is sup ported by a high (up to
65 wt.%) con tent of sat u rated hy dro car bons in the bi tu men
(Fig. 9A) and pro duc tion in dex (PI) val ues up to 0.49 (Ta ble 1).

The re sults of these and pre vi ous stud ies (Kotarba and
Koltun, 2006; Wróbel et al., 2016) of pyrolytic (Ta ble 1; Ap pen -
dix 2 and Fig. 10A), sta ble car bon iso tope (Ap pen dix 2 and
Fig. 11A), biomarker (Ta bles 4 and 5; Figs. 12A and 13) and
kerogen el e men tal com po si tion anal y ses (Ta ble 5 and Fig. 14)
re veal that mixed ma rine/ter res trial kerogen Type-II/III or III/II
oc curs in all lithostratigraphic units in ves ti gated. Pro por tions of
kerogen mix ing are dif fi cult to es tab lish due to a high ma tu rity of
the or ganic mat ter (Ta bles 1, 5 and 6; Ap pen dix 2 and
Fig. 10A). Pristane/phytane (Pr/Ph) ra tio val ues (Ap pen dix 2)
point to nor mal ma rine and at times highly ox i diz ing con di tions
in the sed i men tary en vi ron ment (Didyk et al., 1978), and the
C27diasteranes/(diasteranes+reg u lar steranes) ra tio val ues
sug gest a dom i na tion of clays in the min eral ma trix (Pe ters et
al., 2005). How ever, these data can be af fected by the pre vi -
ously men tioned high level of ma tu rity (ten Ha ven et al., 1987).
Only in the Menilite beds sam pled at ex po sure in Kobielnik is
dom i na tion of the oil-prone Type-II kerogen vis i ble. Hy dro gen
in dex (HI) val ues are >300 mg HC/g TOC (Ap pen dix 2 and
Fig. 10A). The com po si tion of sta ble car bon iso topes (Ap pen -
dix 2 and Fig. 11A) sup ports the con clu sions from Rock-Eval
anal y ses in di cat ing the pres ence of two fa cies sig nif i cantly dif -

fer ent in d13C. The first one, de pleted in 13C, rep re sents pure
Type-II kerogen and the other one is prob a bly a mix ture of
Type-II and Type-III kerogens. These dif fer ences of fa cies are
ap par ent in the el e men tal com po si tion of the kerogen (Ta ble 5
and Fig. 14) sug gest ing dom i na tion of Type-II kerogen. The
pristane/phytane ra tio val ues be low unity sug gest anoxic con di -
tions dur ing de po si tion of or ganic mat ter (Ap pen dix 2) and
biomarker ra tios, e.g. C29 norhopane/17a hopane and C35/C34

of homohopanes (Ta ble 4) in di cate that clays dom i nate in the
min eral ma trix. The Menilite beds from the Skrzydlna tec tonic
win dow are sig nif i cantly less ma ture (ini tial phase of the oil win -
dow) than those sam pled from the Dukla Unit oc cur ring in tec -
tonic win dows or bore holes be neath the overthrust of the
Magura Unit.

Tak ing into ac count that highly-ma tured mixed Type-II/III
kerogen is pres ent in the suc ces sions in ves ti gated (ex clud ing
the Menilite beds in the Skrzydlna tec tonic win dow), their ini tial
hy dro car bon po ten tial was much higher. The ini tial TOC con -
tent was cal cu lated af ter Cornford (1994). The ini tial TOC con -
tent in the Inoceramian beds was sim i lar to the pres ent value
due to a sig nif i cant share of Type-III kerogen (Ta ble 9). As sum -
ing the dom i nance of Type-II kerogen in the Rdzawka (Hi ero -
glyphic shales) and Menilite beds and sim i lar pro por tions of the
Type-II and Type-III kerogens in the Krosno beds, the ini tial
TOC (TOC0) was es ti mated at ~0.8 wt.% in the first and last
men tioned beds and ~2.0 wt.% in the Menilite beds (Ta ble 9).
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Fig. 9. Ternary diagram of bitumen composition extracted from the Outer Carpathian lithostratigraphic units (A) 
and Paleozoic–Mesozoic basement (B)

For key to sampled boreholes and names of lithostratigraphic units see Figures 1 and 8

https://gq.pgi.gov.pl/article/downloadSuppFile/25659/3156
https://gq.pgi.gov.pl/article/downloadSuppFile/25659/3156
https://gq.pgi.gov.pl/article/downloadSuppFile/25659/3156
https://gq.pgi.gov.pl/article/downloadSuppFile/25659/3156
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Fig. 10. Hydrogen index versus Tmax temperature for the Outer Carpathian lithostratigraphic units (A) 
and Paleozoic–Mesozoic basement (B)

Maturation paths for kerogens after Espitalié et al. (1985); dashed-dotted line represents maturity path of organic matter concentrated in
lenses or seams; for key to sampled boreholes and name of lithostratigraphic units see Figures 1 and 8; dotted samples were collected

from lignite lenses within Middle Jurassic strata

Fig. 11. Genetic characterization of bitumen from the Outer Carpathian lithostratigraphic

units (A) and Paleozoic–Mesozoic basement (B) in terms of d13C (aromatic hydrocarbons)

and d13C (saturated hydrocarbons)

Categories after Sofer (1984); for key to  lithostratigraphic units see Figure 8
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Fig. 12. Genetic characterization of bitumens from the Outer Carpathian
lithostratigraphic units (A) and Paleozoic–Mesozoic basement (B)

 in terms of pristane/nC17H36 and phytane/nC18H38

Categories after Obermajer et al. (1999); for key to samples and name of lithostratigraphic units 
see Appendix 2 and Figure 8

Fig. 13. Tertiary diagram of 20R regular sterane distribution;
genetic fields modified after Peters et al. (2005)

* claystone intercalations within the Grodziszcze sandstones

Fig. 14. (H/C)atomic versus (O/C)atomic for organic matter from
Outer Carpathian lithostratigraphic units and

Paleozoic–Mesozoic basement

Fields represent natural maturity paths for individual kerogens
after Hunt (1996)

https://gq.pgi.gov.pl/article/downloadSuppFile/25659/3156


The Outer Carpathians – Silesian Unit. The Lgota beds
have poor hy dro car bon po ten tial, with low TOC con tent and S2

(Fig. 15A). The extractable hy dro car bons con tent (Fig. 8A) con -
firms the poor qual ity of the Lgota beds as a source rock.
Gas-prone kerogen Type-III is im ma ture or early ma ture
(Fig. 10A). The Godula beds are lean in or ganic mat ter (Ta ble 2). 
The hy dro car bon po ten tial of the Istebna beds is also poor, but
higher than in the Lgota beds. The TOC con tent usu ally ranges
from 1 to 2 wt.% (Figs. 6 and 15A); how ever, the re sid ual hy dro -
car bons con tent does not ex ceed 1 mg HC/g rock (Ta ble 2;
Figs. 6 and 15A). The extractable hy dro car bons con tent makes
this for ma tion a fair oil source (Fig. 8A). The re sults of pyrolytic
(Ta ble 2; Figs. 6, 10A and 15A) and biomarker (Ap pen dix 2 and
Fig. 12A) anal y ses show the dom i na tion of gas-prone Type-III
kerogen. Sta ble car bon iso tope com po si tion (Ap pen dix 2 and
Fig. 11A) in di cates lo cal ad mix tures of oil-prone Type-II kerogen.
High, i.e. >3, val ues of pristane/phytane (Pr/Ph) ra tio (Ap pen -
dix 2) sug gest a highly ox i da tive en vi ron ment dur ing de po si tion
of these strata (Didyk et al., 1978), which is typ i cal of ter res trial
or ganic mat ter. This ob ser va tion is sup ported by the value of the
ca non i cal vari able (CV = 0.61). Or ganic mat ter is low-ma ture (ini -
tial stage of the low-tem per a ture thermogenic pro cess; Ta ble 2;
Figs. 6 and 10A). The pe tro leum po ten tial of the Menilite beds is
dif fi cult to eval u ate due to un rep re sen ta tive sam pling (2 sam ples
from ex po sure at Lipnik; Fig. 1), but these two sam ples re veal the 
best hy dro car bon po ten tial of all sam ples col lected from the
Silesian Unit in the study area (Ta ble 2). The extractable hy dro -
car bons data (Fig. 8A) sup port good po ten tial for oil source of this 
lithostratigraphic unit. Val ues of hy dro gen in dex (HI) of all sam -
ples in ves ti gated from the Silesian Unit are <200 mg HC/g TOC
sug gest ing the dom i na tion of gas-prone Type-III kerogen (Ta ble
2; Ap pen dix 2; Figs. 6, 10A and 15A). The com po si tion of sta ble
car bon iso topes (Ap pen dix 2 and Fig. 11A) and biomarker in di -
ces (Ap pen dix 2; Ta bles 4 and 5) and their cor re la tion (Figs. 12A
and 13) sup port the con clu sions from Rock-Eval anal y ses. The
val ues of Pr/Ph ra tio vary ing from 3.39 to 5.4 (Ap pen dix 2) in di -
cate oxic con di tions dur ing de po si tion of or ganic mat ter and CPI
val ues >1 and C35/C34 ra tio of homohopanes <1 sug gest a dom i -
nance of clays in the min eral ma trix. Rock-Eval, biomarker and
ar o matic hy dro car bon in di ces (Ta bles 2, 4 and 5) re veal that the
ma tu rity of the strata in ves ti gated cor re sponds with the ini tial
stage of low-tem per a ture thermogenic pro cesses (Ta bles 2 and
5; Figs. 6 and 10A).

The Outer Carpathians – Sub-Silesian Unit. Al though the 
TOC con tent in the Up per Cieszyn beds usu ally ex ceeds 1 wt.% 
and in claystone in ter ca la tions within the Grodziszcze sand -
stones is close to unity, the re sid ual hy dro car bon po ten tial of
both units is poor and does not ex ceed 2.5 mg HC/g rock (Ta -
ble 2; Figs. 6 and 15A). Extractable hy dro car bons are al ways
syngenetic with kerogen and point to the Up per Cieszyn beds

as a good oil source and claystone in ter ca la tions within the
Grodziszcze sand stones as a fair oil source (Fig. 8A). The frac -
tion com po si tion of bi tu men is sim i lar in both lithostratigraphic
units (Fig. 9A), which in di cates the sim i lar ge netic type of or -
ganic mat ter. The re sults of pyrolytic (Ta ble 2; Ap pen dix 2;
Figs. 10A and 15A), as well as sta ble car bon iso topes (Ap pen -
dix 2; Fig. 11A) and biomarker (Ap pen dix 2; Ta bles 4 and 5;
Figs. 12A and 13) stud ies re veal that mixed kerogen Type-III/II
(or II/III) with a greater share of the gas-prone Type-III kerogen
oc curs in the Up per Cieszyn beds. Sofer (1984) sug gests ca -
non i cal vari able val ues >0.47 as typ i cal for non-ma rine or ganic
mat ter. There fore val ues re corded for sam ples ana lysed from
0.58 to 2.98 (Ap pen dix 2) show the dom i na tion of ter res trial
kerogen in both the Up per Cieszyn beds and claystone in ter ca -
la tions within the Grodziszcze sand stones. The or ganic mat ter
was de pos ited in sub-oxic con di tions as shown by Pr/Ph ra tios
(Ap pen dix 2). The el e vated val ues of homohopane C35/C34 ra tio 
sug gest a dom i nance of car bo na ceous ma te rial in the min eral
ma trix, but val ues of other ra tios (e.g., CPI val ues >1, low val -
ues of C29 norhopane/17a hopane and dibenzothio -
phene/ phenanthrene ra tios) do not con firm this the sis (Ta bles 4 
and 5). The pres ence of gammacerane (Ta ble 4) sug gests a
strat i fied wa ter col umn usu ally con nected with sul phate-re duc -
ing con di tions (Grice et al., 1998) and val ues of the
steranes/hopanes ra tio above unity point to the pres ence of
ma rine or ganic mat ter orig i nated gen er ally from plank tonic
and/or ben thic al gae (Moldowan et al., 1985). Rock-Eval Tmax

val ues and in di ces de rived from ar o matic hy dro car bons show
that dis persed or ganic mat ter is im ma ture or at the ini tial stage
of the low-tem per a ture thermogenic pro cess (Ta bles 2 and 5;
Ap pen dix 2; Fig. 10A).

The Pa leo zoic–Me so zoic base ment. The geo chem i cal
eval u a tion of the De vo nian and Mis sis sip pian strata was con -
ducted based on the new re sults of cur rently ana lysed sam ples
as well as on the Rock-Eval, sta ble car bon iso tope and n-alkane
and isoprenoid dis tri bu tion anal y ses pub lished ear lier (Kotarba et 
al., 2004a, b; Wiêc³aw et al., 2011; Wróbel et al., 2016).

The Lower De vo nian strata in the study area are lean in or -
ganic mat ter (Ta ble 3), al though Wiêc³aw et al. (2011) re ported
in the vi cin ity of Rzeszów lev els en riched in ma ture oil-prone
kerogen (TOC up to 2.4 wt.%, HI up to 442 mg HC/g TOC, Tmax

up to 448°C, re spec tively). The or ganic car bon con tent in the
Mid dle and Up per De vo nian strata is usu ally <0.5 wt.%, but in
seven sam ples the TOC con tent ex ceeds 1 wt.% (Fig. 7). The
re sid ual hy dro car bon po ten tial is also usu ally poor, though lev -
els clas si fied as fair or good source rocks were re corded (Ta -
ble 3; Ap pen dix 2 and Fig. 7). The quan ti ties of extractable hy -
dro car bons in di cate poor, fair or good hy dro car bon po ten tial
(Fig. 8B). The Rock-Eval data sug gest the pres ence of
oil-prone Type-II kerogen with lo cal ad mix tures of Type-III
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Lithostratigraphy Kerogen type Es ti mated pro por tions of 
kerogen types mix ing

TOC pres ent 
[wt.%]

Mean ma tu rity
[% Rr])

TOC0 
[wt.%]

Inoceramian beds 
(Up per Cre ta ceous) III/II 70/30 0.4 1.2 0.4

Hi ero glyphic ss. & sh.
(E.) (Rdzawka beds) II (II/III) 80/20 0.4 1.2 0.8

Menilite beds (Ol.) II/III 70/30 0.8 1.3 2.0

Krosno beds (Ol.) II/III and III/II 50/50 0.5 1.3 0.8

Kerogen type in pa ren the sis sec ond ary oc cur rence; E. – Eocene; Ol. – Oligocene; ss. - sand stones; sh. – shales

T a  b l e  9

Es ti mated val ues of orig i nal to tal or ganic car bon (TOC0) con tent in in ves ti gated lithostratigraphic
units of Dukla Unit
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kerogen (Fig. 10B). The re sults of biomarker dis tri bu tion (Ap -
pen dix 2; Ta ble 4; Figs. 12B and 13), sta ble car bon iso tope
com po si tion (Ap pen dix 2 and Fig. 11B) and kerogen el e men tal
com po si tion (Ta ble 5 and Fig. 14) anal y ses sug gest the pres -
ence of Type-II or even Type-I kerogen. The biomarker ra tio
val ues (Ap pen dix 2 and Ta ble 4) in di cate vari able con di tions
oc cur ring dur ing the de po si tion of or ganic mat ter. The ma tu rity
of the strata in ves ti gated gen er ally cor re sponds with the ini tial
stage and peak of the oil win dow (Ta bles 3, 5 and 6; Ap pen -
dix 2; Figs. 7 and 10B). How ever, the ab sence of steranes and
terpanes in a sam ple col lected from the Grobla-28 bore hole
(Ta ble 4) and si mul ta neously high val ues of ar o matic hy dro car -
bon ra tios in this sam ple (Ta ble 5) sug gest al most full re al iza -
tion of hy dro car bon po ten tial of or ganic mat ter con nected with
the overmature zone. Kotarba et al. (2011), Wiêc³aw (2011)
and Wróbel et al. (2016) in di cated the Mid dle and Up per De vo -
nian strata as one of the po ten tial source rocks of oils ac cu mu -
lated in the Grobla–P³awowice and Wierzchos³awice de pos its.

The pre lim i nary char ac ter is tics of the Mis sis sip pian car bon -
ates were pub lished by Kotarba et al. (2004a, b) and Wróbel et

al. (2016). The TOC con tent as well as re sid ual hy dro car bon
po ten tial is change able (Ta ble 3 and Fig. 15B), but gen er ally
low (Fig. 7). The cor re la tion of extractable hy dro car bon
amounts and TOC (Fig. 8B) in di cates a vari able qual ity of
source rock of these strata. The frac tion com po si tion of bi tu men 
is vari able as well (Fig. 9B). The re sults of the Rock-Eval py rol y -
sis anal y ses re veal the dom i na tion of oil-prone Type-II kerogen
with lo cal ad mix tures of Type-III kerogen (Ta ble 3; Figs. 10B
and 15B). n-Alkane and isoprenoid dis tri bu tion and sta ble car -
bon iso tope data (Figs. 11B and 12B) sup port the pre vi ous the -
sis. The pristane/phytane ra tio val ues are <1.0 (Kotarba et al.,
2004a, b), in di cat ing that re duc ing con di tions oc curred dur ing
the or ganic mat ter de po si tion. The pyrolytic data (Ta ble 3 and
Fig. 10B) and vitrinite reflectance mea sure ments (Kotarba et
al., 2004a, b) show a wide range of ma tu rity of the Mis sis sip pian 
car bon ates in ves ti gated: from im ma ture in the £¹kta-2 bore hole 
(at ~2650 m) to over-ma ture at the bot tom of the Strzelce
Wielkie-1 bore hole (at ~2900 m). The or ganic mat ter of most of
the sam ples is im ma ture or early-ma ture.
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Fig. 15. Kerogen type in terms of residual hydrocarbon potential (S2) 
and total organic carbon for the Outer Carpathian lithostratigraphic units (A) 

and Paleozoic–Mesozoic basement (B)

Cat e go ries af ter Lang ford and Blanc-Valleron (1990); dashed-dot ted line rep re sents up per
range of HI value of or ganic mat ter con cen trated in lenses or seams (Espitalié et al., 1985);
for key to sam ples and names of lithostratigraphic units see Ap pen dix 2 and Fig ure 8; dot ted
sam ples were col lected from lig nite lenses within Mid dle Ju ras sic strata
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The Mis sis sip pian clastic rocks are sta tis ti cally en riched in
TOC rel a tive to car bon ates (av. TOC ~1.05 wt.%; Ta ble 3), but
the re sid ual hy dro car bon po ten tial is lower than in car bon ate fa -
cies in di cat ing a gen er ally poor pe tro leum po ten tial of this di vi -
sion (Ta ble 3 and Fig. 7). Gas-prone Type-III kerogen dom i -
nates and ad mix tures of oil-prone Type-II kerogen oc curs spo -
rad i cally which is con firmed by the Rock-Eval (Ta ble 3; Ap pen -
dix 2 and Fig. 10B) as well as biomarker (Ap pen dix 2; Ta ble 4;
Figs. 12B and 13), sta ble car bon iso tope (Ap pen dix 2 and
Fig. 11B) and el e men tal kerogen anal y ses (Ta ble 5 and
Fig. 14). Or ganic mat ter was de pos ited in sub-oxic ma rine clays 
as in di cated by pristane/phytane and dibenzothiophene/phen -
an threne ra tio val ues from 1.33 to 2.26 and <0.1, re spec tively
(Ap pen dix 2 and Ta ble 5). The re sults of Rock-Eval py rol y sis
and ar o matic hy dro car bon ra tios in di cate a ma tu rity cor re -
spond ing with the peak of the “oil win dow” (Ta bles 3 and 5;
Fig. 10B). In ad di tion, the sin gle vitrinite reflectance mea sure -
ment (Matyasik et al., 2001) sup ports this ob ser va tion.

The hy dro car bon po ten tial of the Mid dle Ju ras sic strata is
vari able (Ta ble 3; Figs. 7 and 15B). The TOC and S2-rich est
sam ples oc curred only in the Tarnawa-1 bore hole (Fig. 1) in the
form of lenses of lig nite (Ta ble 3; Figs. 7 and 15B). In other re -
gions these strata are lean in or ganic car bon. The Rock-Eval
py rol y sis data (Ta ble 3; Ap pen dix 2; Figs. 10B and 15B),
biomarker dis tri bu tion (Ap pen dix 2; Ta ble 4; Figs. 12B and 13),
sta ble car bon iso tope com po si tion (Ap pen dix 2 and Fig. 11B)
and kerogen el e men tal com po si tion (Ta ble 5 and Fig. 14) in di -
cate that mixed Type-III/II kerogen oc curs. Due to the dif fer ent
ki net ics of hy dro car bon gen er a tion pro cesses in or ganic mat ter
con densed in seams or lenses, the up per range of HI value of
the gas-prone Type-III kerogen should be raised up to 300 mg
HC/g TOC (Fig. 15B) for those sam ples (Espitalié et al., 1985).
The Mid dle Ju ras sic strata are gen er ally im ma ture or at the
early stage of the low-tem per a ture thermogenic pro cess (Ta -
bles 3 and 5; Ap pen dix 2; Fig. 10B).

The re sults of Rock-Eval anal y ses of 25 sam ples from the
Up per Ju ras sic strata taken from Kosakowski et al. (2012a) in -
di cate that these rocks are lean in or ganic mat ter with TOC val -
ues <0.5 wt.% (usu ally <0.1 wt.%; Ta ble 3). Their re sid ual hy -
dro car bon po ten tial is also poor and does not ex ceed 0.6 mg
HC/g rock (Ta ble 3 and Fig. 15B). Gas-prone Type-III kerogen
(Figs. 10B and 15B) is im ma ture in the Up per Ju ras sic strata
and there fore these rocks should not be taken into ac count as
po ten tial source rocks in the study area.

NATURAL GAS

Hy dro car bon gases. Both mo lec u lar and iso to pic com po -
si tions show that the gases ana lysed de rived from the Dukla
Unit of the Outer Carpathians are ge net i cally re lated mainly to
thermogenic (thermocatalytic) pro cesses. Only in the
Do³uszyce bore holes (De-4 and De-6) was found un eco nomic
ac cu mu la tion of nat u ral gas from the Silesian Unit (Kotarba,
1992) at trib uted to mi cro bial pro cesses (Figs. 4B, C, 16A, 17A
and 18A, B). In Fig ure 18A and B the au thors fit ted vitrinite
reflectance curves af ter Berner and Faber (1996, 1997) based
on d13C –28.6‰ for the Type-II kerogen (Menilite beds,
Kobielnik out crop, no. 283; Ap pen dix 2) and av er age d13C
–25.1‰ (three sam ples) for the Type-III kerogen from the
Oligocene Menilite source rocks (Ap pen dix 2). Gas ac cu mu -
lated in the Dukla Unit was mainly gen er ated dur ing high-tem -
per a ture thermogenic pro cesses (“gas win dow”; Figs. 16A, 17A 
and 18A, B) at a ma tu rity level of 1.3 to 1.6% on the vitrinite
reflectance scale, as sum ing the pres ence of Type-II kerogen
(Fig. 18A). How ever, ge netic cor re la tion be tween hy dro car bon
in dex and d13C(CH4) (Fig. 16A) and geo chem i cal anal y ses of

dis persed or ganic mat ter re vealed the pres ence of mainly
mixed Type-II/III kerogen. In such a case the gas ana lysed
could have been gen er ated at a ma tu rity level of 1.2 to 1.4% on
the vitrinite reflectance scale (Fig. 18A). The mi cro bial com po -
nent oc curs only in the gases from the Do³uszyce un eco nomic
ac cu mu la tion (De-4 and De-6 bore holes) in the Silesian Unit
(Figs. 4B, C, 16A, 17A and 18A, B; Kotarba, 1992) in di cat ing
that the gen er a tion pro cess of the thermogenic gas eous hy dro -
car bons was uni form (Fig. 20A). Meth ane from the sand stone
res er voirs within the Oligocene–Lower Mio cene Krosno beds
(De-4 bore hole) and Up per Cre ta ceous–Paleocene Istebna
beds (De-6 bore hole) was gen er ated dur ing mi cro bial car bon
di ox ide re duc tion and is iso to pi cally iden ti cal to nat u ral gas from 
the autochthonous Mio cene strata of the Carpathian Foredeep
(Kotarba, 1998b, 2011). Mi gra tion of mi cro bial meth ane to the
traps within the flysch strata from the autochthonous Mio cene
strata of the Carpathian Foredeep through tec tonic con tact with
the Carpathian overthrust is the most prob a ble, al though it is
pos si ble that the gas was also gen er ated in situ in the
Oligocene–Lower Mio cene Krosno beds, which con tain
molasse de pos its re sem bling the autochthonous Mio cene of
the Carpathian Foredeep (Kotarba, 1992).

The dif fer ence be tween the sta ble car bon iso tope com po si -
tion of nC4H10 and iC4H10 in nat u ral gas of the Sl-3 and Sl-24
bore holes (Fig. 20A’) is re lated to dif fer ent kerogen types of the
source rocks. The nat u ral gas ac cu mu lated in the Oligocene
Cergowa beds (Sl-3) is dom i nated by Type-II kerogen com po -
nents, whereas nat u ral gas from the Oligocene-Lower Mio cene
Krosno beds (Sl-24) con tains higher ad mix tures of the Type-III
kerogen com po nent (Fig. 5A), the pres ence of which is con -
firmed by changes of sta ble hy dro gen and car bon iso tope com -
po si tions of CH4, C2H6 and C3H8 (Fig. 5C, E).

Both mo lec u lar and iso to pic com po si tions show that the gas 
ana lysed from the Up per Ju ras sic car bon ate and Up per Cre ta -
ceous sand stone res er voirs of the Me so zoic base ment
(Figs. 16B, 17B, 18C, D, 19B and 20B, B’) are mainly ge net i -
cally re lated to thermogenic (thermocatalytic) pro cesses of
source rock trans for ma tion of dis persed or ganic mat ter dis -
persed in the deep base ment of the Outer Carpathians within
the Mid dle and Up per De vo nian strata and prob a bly within the
Mid dle Ju ras sic strata at higher depths be neath the Carpathian
overthrust. Only in the Brzezowiec field is the gas ac cu mu lated
in the Up per Cre ta ceous sand stone trap re lated to mi cro bial
(bac te rial) pro cesses (Kotarba and Jawor, 1993). Meth ane
from the Brzezowiec field was gen er ated here dur ing mi cro bial
car bon di ox ide re duc tion (Fig. 16B) and is iso to pi cally iden ti cal
to nat u ral gas from the autochthonous Mio cene strata of the
Carpathian Foredeep (Kotarba, 2011). This mi cro bial meth ane
mi grated from the autochthonous Mio cene strata of the
Carpathian Foredeep through ero sional con tact fill ing the trap
within the Cenomanian trap of the Me so zoic base ment.

In Fig ure 18C and D the au thors fit ted vitrinite reflectance
curves af ter Berner and Faber (1996, 1997) based on the av er -
age d13C = –30.8‰ (seven sam ples) for the Type-II kerogen
from the Mid dle and Up per De vo nian and Mis sis sip pian
(clastic) source rocks (Ap pen dix 2) and av er age d13C = –23.8‰ 
(2 sam ples) for the Type-III kerogen from the Mid dle Ju ras sic
source rocks (Ap pen dix 2). As sum ing that the Type-II kerogen
(Fig. 18C, D) was re spon si ble for the gen er a tion of thermogenic 
gas ac cu mu lated in the Me so zoic base ment, thus its ma tu rity
was 1.5 to 2.1% on the vitrinite reflectance scale. Plots of
d13C(CH4) ver sus hy dro car bon in dex (CHC) and d13C(CH4) ver -
sus d2H(CH4) (Figs. 16B and 17B) re veal that the gas from the
Grobla and £¹kta (Lk-27 and Le-24) de pos its was gen er ated
dur ing low-thermogenic pro cesses. More over, it ac cu mu lated
in as so ci a tion with oil (Grobla) and con den sate (£¹kta). The
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thermogenic gas from the Rylowa, Rajsko and
Wierzchos³awice de pos its were gen er ated dur ing both
high-tem per a ture and low-tem per a ture thermogenic pro cesses 
at a ma tu rity of 1.2 to 1.5% on the vitrinite reflectance scale as -
sum ing the pres ence of mixed Type-II/III kerogen in the Mis sis -
sip pian and De vo nian (Type-III/II kerogen) and Si lu rian/Or do vi -
cian  (Type-II kerogen) source rocks (Figs. 5D, F, 16B, 17B,
18C, D and 20B, B’). Nor mal and in sig nif i cant con cave iso to pic
or ders CH4, C2H6, C3H8, nC4H10 and nC5H12 of ana lysed gases
sup port that the mi cro bial com po nent oc curs only in the gas
from the Brzezowiec field (Bc-3) and that the gen er a tion pro -
cess of thermogenic gas eous and liq uid hy dro car bons was uni -
form (Fig. 20B, B’). Chung et al. (1988) and Zou et al. (2007)
and hy drous py rol y sis ex per i ments re ported by Kotarba and
Lewan (2004, 2013) and Kotarba et al. (2009) sug gested that a
lin ear and a con cave (“dog leg”) trend, char ac ter ized by rel a -
tively 13C-de pleted meth ane com pared to eth ane, and eth ane

com pared to pro pane, are in dic a tive of nat u ral gas which was
gen er ated from a sin gle source rock and did not un dergo
post-gen er a tion al ter ation (e.g. biodegradation or ox i da tion).

Non-hy dro car bon gases – car bon di ox ide, hy dro gen
sul phide and mo lec u lar ni tro gen. Car bon di ox ide oc curs in
the ana lysed nat u ral gas both in the Outer Carpathians and the
Me so zoic base ment in con cen tra tions from 0.0 (Bc-3) to
4.29 vol% (Wi-5) (Ta ble 7 and Kotarba and Jawor, 1993;
Kotarba and Nagao, 2008; Kotarba, 2012) and d13C(CO2) vary
from –27.9 (Rj-2) to –10.4‰ (Lk-27) (Ta ble 8 and Kotarba and
Jawor, 1993; Kotarba and Nagao, 2008; Kotarba, 2012).
d13C(CH4) ver sus d13C(CO2) cor re la tion in di cates that car bon
di ox ide ac cu mu lated both within the Outer Carpathian
(Fig. 19A) and Me so zoic base ment res er voirs (Fig. 19B) was
gen er ated dur ing ther mal trans for ma tion of or ganic mat ter most 
prob a bly dis persed in the Mid dle and Up per De vo nian strata. In
some of the gases from the Grobla, Rajsko and Rylowa de pos -
its, car bon di ox ide co in cides with hy dro gen sul phide (Fig. 21),
which can be pro duced by mi cro bial sul phate re duc tion (MSR).
Hy dro gen sul phide oc curs in the nat u ral gas ana lysed in the
Grobla, Rajsko and Rylowa de pos its in the Up per Ju ras sic and
Up per Cre ta ceous res er voirs of the Me so zoic base ment in con -
cen tra tions from 0.00 to 0.59 vol% (Ta ble 7 and Fig. 21). There
is a vis i ble cor re la tion be tween H2S and CO2 con cen tra tions in
these three de pos its (Ta ble 7 and Fig. 21). This may sug gest
their com mon or i gin, which is most likely re lated to MSR prob a -
bly of anhydrite and gyp sum in ter ca la tions in the Lower and
Mid dle Tri as sic strata (Tokarski, 1962; Karnkowski, 1977,
1999) oc cur ring within the Me so zoic base ment of the study
area. In both the Up per Ju ras sic car bon ates and Up per Cre ta -
ceous sand stones, gas mi grated from the autochthonous Mio -
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Fig. 16. Genetic characterization of natural gas from the Outer 
Carpathian lithostratigraphic units (A) and Mesozoic

basement (B) using d13C(CH4) versus hydrocarbon index (CHC)

Compositional fields from Whiticar (1994); for key to  sam pled bore -
holes see Fig ure 1; Outer Carpathians: Inoc. beds – Up per Cre ta -
ceous Inoceramian beds; Istebna beds – Up per
Cre ta ceous–Paleocene Istebna beds; Cergowa ss. – Oligocene
Cergowa sand stones; Krosno beds – Oligocene–Lower Mio cene
Krosno beds; Me so zoic base ment: U. – Up per

Fig. 17. Genetic characterization of natural gas from the Outer 
Carpathian lithostratigraphic units (A) and Mesozoic

basement (B) using d13C(CH4) versus d2H(CH4)

Explanations as in Figure 16



cene strata of the Carpathian Foredeep at con tact fault or ero -
sion slope zones could be ob served (Kotarba and Jawor, 1993;
Kotarba and Koltun, 2006). The tec tonic con tact zones be tween 
the Up per Ju ras sic–Up per Cre ta ceous strata of the Me so zoic
base ment and the autochthonous Mio cene strata of the
Carpathian Foredeep oc cur in the study area, thus the mi gra -
tion of H2S and CO2, gen er ated dur ing MSR within the Mid dle
Badenian an hyd rites and gyp sum of the Carpathian Foredeep
(Ney et al., 1974) to the Up per Ju ras sic car bon ate and Up per
Cre ta ceous sand stone res er voirs of the Me so zoic base ment
can not be ex cluded. More over, at least part of hy dro gen sul -
phide could also have been gen er ated dur ing high-tem per a ture
ther mal trans for ma tion of or ganic mat ter con tain ing sul phur
com pounds from the Mid dle and Up per De vo nian strata.

Mo lec u lar ni tro gen con cen tra tion ver sus d15N(N2) (Fig. 22)
may sug gest that it was gen er ated most prob a bly dur ing ther mal
trans for ma tion of or ganic mat ter (thermogenic ni tro gen) and
partly has a com po nent re leased from illites rich in fixed NH4.

IMPLICATIONS

Source rocks. The pe tro leum po ten tial of source rocks
within the Outer Carpathians, Carpathian Foredeep, and their

Pa leo zoic–Me so zoic base ment in Po land was ear lier widely
de scribed by Köster et al. (1998), Kosakowski et al. (2009,
2012a, b), Kotarba et al. (2007, 2013, 2014), Kotarba and
Koltun (2006), Wiêc³aw et al. (2011, 2012a) and Wróbel et al.
(2016). The lo ca tions of the most im por tant study ar eas men -
tioned above are shown in Fig ure 2.

The geo chem i cal data of the sam ples col lected from the
Oligocene–Lower Mio cene Menilite and Krosno beds from the
Dukla Unit in the study area are gen er ally con sis tent with pre vi -
ous in ves ti ga tions (Kotarba and Koltun, 2006) and anal y ses con -
ducted for these rocks from the east ern parts of this unit in the
Pol ish Outer Carpathians (Kotarba et al., 2007, 2013, 2014).
Only the ma tu rity of or ganic mat ter in the study area is much
higher, in di cat ing the fi nal stage of the oil win dow be neath the
Magura Unit overthrust. The cal cu lated val ues of ini tial TOC con -
tent for these rocks (Ta ble 9) are gen er ally com pa ra ble to the
TOC val ues of source rocks in the Dukla Unit in the east ern parts 
of the Pol ish Outer Carpathians (Kotarba et al., 2013, 2014).

Pre vi ously pub lished re sults of geo chem i cal anal y ses of po -
ten tial source rocks within the Silesian Unit pro file in the east ern 
part of the Pol ish Outer Carpathians (Curtis et al., 2004;
Kotarba and Koltun, 2006; Lewan et al., 2006; Kotarba et al.,
2007, 2013, 2014; Kosakowski et al., 2009) re veal that Menilite
beds have the best hy dro car bon po ten tial, con tain ing oil-prone,
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Fig. 18. Genetic characterization of natural gas from the Outer Carpathian lithostratigraphic units 

(A and B) and Mesozoic basement (C and D) using d13C(C2H6) versus d13C(CH4) and d13C(C3H8)

Vitrinite reflectance curves (Rr) for type II and III kerogens af ter Berner and Faber (1996); curves were shifted

based on d13C –28.6‰ for Type-II kerogen (Menilite beds, Kobielnik out crop, no. 283) and av er age d13C –25.1‰
(3 sam ples) for Type-III kerogen from the Oligocene Menilite source rocks of the Outer Carpathians (Ap pen dix 2),

and on the av er age d13C = –30.9‰ (7 sam ples) for Type-II kerogen from the Up per De vo nian, Mid dle De vo nian

and Mis sis sip pian (clastic) source rocks and av er age d13C = –23.8‰ (2 sam ples) for Type-III kerogen from the
Mid dle Ju ras sic source rocks of the Pa leo zoic–Me so zoic base ment (Ap pen dix 2); for key to sam pled bore holes
see Fig ure 1; other ex pla na tions as in Fig ure 16
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low-sul phur Type-II kerogen (with lo cal ad mix tures of
gas-prone Type-III kerogen). In the cur rently ana lysed sam ples
(Lipnik ex po sure) the dom i na tion of gas-prone Type-III kerogen 
is vis i ble in di cat ing a change in or ganic fa cies. The Menilite
beds are con sid ered as a pri mary source rock in the east ern
part of the Pol ish Outer Carpathians (Curtis et al., 2004;
Kotarba et al., 2013, 2014) but in the pres ent study area are not
ca pa ble of gen er at ing thermogenic hy dro car bons. The Cre ta -
ceous and Paleocene lithostratigraphic units in the east ern part
of Silesian Unit are char ac ter ized by a higher hy dro car bon po -
ten tial than in Gorlice (Kotarba et al., 2013) and the pres ently
ana lysed ar eas, and are con sid ered as sec ond ary source rocks 
for oil and gas ac cu mu la tions. Due to shal low burial of these
rocks in the study area (Fig. 5) re sult ing in low ma tu rity, their ca -
pa bil ity of gen er at ing thermogenic hy dro car bons is neg li gi ble.

The com par i son of geo chem i cal data of the Lower Cre ta -
ceous lithostratigraphical units from the Sub-Silesian Unit with
pre vi ously pub lished geo chem i cal char ac ter is tics of Lower Cre -
ta ceous rocks in the east ern part of this unit (Kosakowski et al.,
2009; Kotarba et al., 2014) shows their sim i lar ity. Gen er ally, the

Mis sis sip pian rocks have poor or mod er ate hy dro car bon po ten -
tial with a dom i nance of im ma ture or early ma ture gas-prone
Type-III kerogen in the whole Pol ish part of the Sub-Silesian Unit.

The Lower De vo nian strata of the base ment of the Outer
Carpathians and Carpathian Foredeep are lean in or ganic mat -
ter in the study area. How ever, in the vi cin ity of Rzeszów some
lev els of good source-rock pa ram e ters were re corded by
Wiêc³aw et al. (2011). In the Mid dle and Up per De vo nian rocks
in other re gions of the Pol ish part of the Carpathian Foredeep, a 
com pa ra ble hy dro car bon po ten tial was re corded by Wiêc³aw et
al. (2011). The same au thors showed that Mis sis sip pian car -
bon ates in the vi cin ity of Rzeszów may be con sid ered as a po -
ten tial source of hy dro car bons with es ti mated av er age of orig i -
nal TOC con tents up to 0.8 wt.%. Com par ing the pe tro leum po -
ten tial of Mississppian clastic rocks in the study area with rocks
in an other re gions of the Pa leo zoic base ment (Wiêc³aw et al.,
2011) we con clude that hy dro car bon po ten tial of these rocks is
sim i lar in all re gions.

Mid dle Ju ras sic clays in other re gions of the Pol ish part of
the Me so zoic base ment (in the Pilzno–Rzeszów area) are
ranged as mod er ate source rocks (Kotarba et al., 2003, 2014;
Kosakowski et al., 2012a) ca pa ble of gen er at ing hy dro car bons.
Wiêc³aw (2011) and Kotarba (2012) con sid ered them as a prob -
a ble source for many de pos its.

Al though the Up per Ju ras sic strata in the study area are
lean in or ganic mat ter, in the Ukrai nian part of the Me so zoic
base ment (Kosakowski et al., 2012b) and the Pol ish Low lands
(Wiêc³aw, 2016) their hy dro car bon po ten tial is lo cally very high
and the dom i nant oil-prone Type-II kerogen is ca pa ble of pe tro -
leum gen er a tion. Wiêc³aw (2011) and Wiêc³aw et al. (2012b)
con sid ered them as most prob a bly the source rock of heavy oils 
ac cu mu lated in the Up per Ju ras sic car bon ate de pos its in the
Pol ish-Ukrai nian bor der area (Lubaczów, Kokhanivka and
Orchovichi de pos its).

As a po ten tial source of hy dro car bons in the study area, the
so far undrilled Or do vi cian and Si lu rian rocks should not be dis -
missed. The oil-prone Type-II kerogen pres ent in these strata in 
the other re gions reached a ma tu rity suit able for gen er a tion
thermogenic hy dro car bons (Wiêc³aw et al., 2011, 2012a) and is
con sid ered as pri mary or sec ond ary source for many oils and
gases ac cu mu lated in the Pa leo zoic–Me so zoic base ment
(Kotarba, 2012; Wiêc³aw, 2011).

Hy dro car bon gas. Most hy dro car bon gas ac cu mu lated in
flysch sand stone res er voirs of the Pol ish Outer Carpathians
and in sand stone and car bon ate res er voirs of the Pa leo -
zoic–Me so zoic base ment is of both low-tem per a ture
thermogenic (“oil win dow”) and high-tem per a ture thermogenic
(“gas win dow”) na ture. More over, in these struc tures there lo -
cally also oc curs mi cro bial and mix ing mi cro bial-thermogenic or 
thermogenic-mi cro bial gas (Kotarba, 1987, 1992, 1998a, b;
Kotarba and Koltun, 2006; Kotarba et al., 2007, 2009, 2013,
2014; Kotarba and Nagao, 2008). Mo lec u lar and iso to pic com -
po si tions of nat u ral gas anal y ses re lated to geo log i cal con di -
tions and the char ac ter is tics of source rocks de scribed above
al low us to ex plain its gen er a tion, mi gra tion and ac cu mu la tion
pro cesses. Be low we sum ma rized these gas pro cesses in the
study area in com par i son with nat u ral gas from se lected fields
oc cur ring in the Pol ish Carpathian Prov ince to the east.

Study area. The small Przyszowa oil and gas ac cu mu la tion 
oc curs in the Oligocene–Lower Mio cene Krosno beds of the
Dukla Unit (Kotarba, 1987). The hy dro car bon gas was gen er -
ated dur ing thermogenic pro cesses from the Oligocene Menilite 
beds (Fig. 4A). Thermogenic hy dro car bon gas from the
Leœniówka field in the Dukla Unit was pro duced from both
Oligocene–Lower Mio cene Menilite and Eocene Inoceramian
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Fig. 19. Genetic characterization of natural gas from the Outer 
Carpathian lithostratigraphic units (A) and Mesozoic

basement (B) using d13C(CH4) versus d13C(CO2)

Compositional fields modified after Gutsalo and Plotnikov (1981)
and Kotarba (2001, 2012); explanations as in Figure 16
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beds and mi grated to the Up per Cre ta ceous Hi ero glyphic beds
res er voir (Fig. 5A) while gas from the S³opnice field (Kotarba et
al., 2009) was gen er ated from the Oligocene Menilite beds and
mi grated into the Oligocene Krosno beds (Fig. 5A).

Nat u ral gas of the Do³uszyce un eco nomic ac cu mu la tion in the
Oligocene–Lower Mio cene Krosno and Up per Cre ta -
ceous–Paleocene Istebna beds in the Silesian Unit  (Kotarba, 1992) 
was gen er ated dur ing mi cro bial car bon di ox ide re duc tion and mi -
grated from the autochthonous Mio cene strata of the Carpathian
Foredeep through tec tonic con tact with the Carpathian overthrust,
sub se quently fill ing the flysch trap (Fig. 4A).

Hy dro car bon gas from the £¹kta–Leszczyny field, ac cu mu -
lated in the Up per Ju ras sic car bon ate res er voir of the Me so zoic
base ment (Kotarba, 2012) was pro duced dur ing thermogenic
pro cesses and mi grated from source rocks in clud ing
Mississipian and De vo nian strata (Ta ble 3) and prob a bly also in 
Mid dle Ju ras sic strata oc cur ring at more than 7 km depth
(Fig. 4A). The Grobla, Rajsko, Rylowa and Wierzchos³awice oil
and gas fields con tain sim i lar thermogenic gas (Fig. 5D) in the
Up per Ju ras sic car bon ate and the Up per Cre ta ceous
(Cenomanian) sand stone res er voirs (Kotarba, 1992, 2012;
Kotarba and Nagao, 2008). This gas was pro duced dur ing
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Fig. 20. Stable carbon isotope composition of methane, ethane, propane, n-butane and n-pentane (A and B), and
i-butane, n-butane, i-pentane and n-pentane (A’ and B’) versus the reciprocal of their carbon number for analysed

natural gases from the Outer Carpathian lithostratigraphic units (A and A’) and Mesozoic basement (B and B’)

In diagrams order of 13C values for CH4, C2H6,C3H8, nC4H10 and nC5H12 is after Chung et al. (1988); for key to sampled
boreholes see Figure 1 and for abbreviations of stratigraphy of reservoirs and names of lithostratigraphic units see Figure 15



thermogenic pro cesses and mi grated through the fault zones
from source rocks in cluded in Mississipian and De vo nian strata
(Ta ble 3) and prob a bly also in Lower Pa leo zoic (Si lu rian/Or do -
vi cian) strata (Fig. 5B).

Meth ane in the Up per Cre ta ceous sand stone res er voirs
(Me so zoic base ment) of the Brzezowiec gas field was gen er -
ated dur ing mi cro bial car bon di ox ide re duc tion. This mi cro bial
meth ane mi grated from the autochthonous Mio cene strata of
the Carpathian Foredeep through ero sional con tact, fill ing a
trap within the Cenomanian rocks of the Me so zoic base ment
(Fig. 23A).

Re gion to the east of the study area. The in ter pre ta tion of 
gas gen er a tion, mi gra tion and ac cu mu la tion pro cesses in the
study area al lowed for better un der stand ing, im prove ment and
re in ter pre ta tion of their prog ress in pre vi ously ana lysed pe tro -
leum fields in ar eas sit u ated to the east (Kotarba, 1998b;
Kotarba and Koltun, 2006; Kotarba et al., 2013, 2014).

In the Kobylanka pe tro leum field two ho ri zons oc cur, an oil
and gas ho ri zon in Oligocene Krosno beds (Gorlice-2 bore hole) 
and a gas ho ri zon in the Up per Paleocene–Eocene Hi ero -
glyphic beds (Kotarba et al., 2009, 2013). Thermogenic gas
was gen er ated within the Oligocene Menilite beds and mi grated 
to a trap in the Krosno beds, whereas mi cro bial gas, mainly
meth ane pro duced within the Oligocene–Lower Mio cene
Menilite and Mio cene Cha otic beds, mi grated and filled the trap
within the Hi ero glyphic beds af ter form ing the Outer Carpathian
struc ture of Mio cene age (Fig. 23B).

In the Nosówka oil and gas field res er voir there are
Mississipian car bon ates (Karnkowski, 1999; Kotarba et al.,
2014). Thermogenic gases mi grated mainly from the Or do vi -
cian, and ad di tion ally from the Mississipian source rocks
(Fig. 23C). In the Zalesie and Trzebownisko ac cu mu la tions in
the De vo nian res er voir (Kotarba et al., 2014) there oc curs both
thermogenic and mi cro bial gas. The thermogenic com po nent
dom i nates in the Zalesie trap and the mi cro bial one in the
Trzebownisko trap. The thermogenic com po nent in the Zalesie
field was gen er ated from source rocks in the Or do vi cian and Si -
lu rian strata and ad di tion ally from De vo nian and Mis sis sip pian
source rocks, while in the Trzebownisko field it came from
mainly De vo nian source rocks. The mi cro bial com po nent mi -

grated to the Zalesie and Trzebownisko traps through fault
zones from the autochthonous Mio cene strata of the
Carpathian Foredeep (Fig. 23C).

An in ter est ing sit u a tion can be en coun tered in the
Lubaczów field near the Pol ish-Ukrai nian bor der, where
biodegraded heavy oil ac cu mu lated within the Up per Ju ras sic
car bon ate res er voir of the Me so zoic base ment of the
Carpathian Foredeep (Curtis et al., 2004). One iso lated block of 
this field con tains mi cro bial gas (Kotarba, 1998b; Kotarba and
Koltun, 2006), which mi grated to the Up per Ju ras sic trap
through fault zones from the autochthonous Mio cene strata of
the Carpathian Foredeep (Fig. 23D).

CONCLUSIONS

The re sults of or ganic geo chem i cal anal y ses of po ten tial
source rocks, mo lec u lar and iso to pic com po si tions of nat u ral
gases as so ci ated or non-as so ci ated with oil that ac cu mu lated in 
the Lower Cretaceous–Lower Mio cene strata of the Dukla,
Silesian and Sub-Silesian units of the  Outer Carpathians and
Mid dle and Up per De vo nian, Mis sis sip pian, Mid dle and Up per
Ju ras sic and Up per Cre ta ceous strata of the
Paleozoic–Mesozoic base ment east of Kraków (south ern Po -
land) in di cate that:

1. The Oligocene Menilite beds from the Dukla Unit are
char ac ter ized by the high est or ganic car bon con tent of all
lithostratigraphic units in the study area and they are most prob -
a bly the pri mary source rock for hy dro car bon ac cu mu la tions
within this unit. Pe tro leum gen er a tion from rocks of other units
was neg li gi ble.

2. The rock suc ces sions of the Sub-Silesian and Silesian
units have vari able hy dro car bon po ten tial al though the dom i -
nance of gas-prone Type-III kerogen at a ma tu rity level cor re -
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Fig. 21. H2S concentration versus CO2 concentration 
of natural gas from the Mesozoic basement

For key to sampled boreholes see Figure 1; U. – Upper Fig. 22. d15N(N2) versus molecular nitrogen concentration 
of natural gas from the Mesozoic basement

Di rec tion of ma tu rity of source rock af ter Gerling et al. (1997) and

Kotarba (1998), and d15N range of fixed-NH4 in rich illites af ter
Mingram et al. (2005); for key to sam pled bore holes see Fig ure 1; U.
– Up per
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spond ing to the ini tial stage of low-tem per a ture thermogenic
pro cesses al lows for gen er a tion of mainly  mi cro bial gases from 
these rocks.

3. The Mid dle and Up per De vo nian and Mis sis sip pian car -
bon ates, due to pres ence of ma ture oil-prone Type-II kerogen,
are con sid ered as po ten tial source rocks for pe tro leum ac cu -
mu lated within the Up per Ju ras sic and Up per Cre ta ceous res -
er voirs. An ad di tional source may be Mis sis sip pian clastic
rocks. Also, some nat u ral gas and oil from Lower Pa leo zoic
rocks can not be ex cluded in the gen er a tion pro cesses.

4. Due to im ma tu rity of the or ganic mat ter within the Mid dle
Ju ras sic strata, these rocks can play a role only as a source of
mi cro bial gases. The Up per Ju ras sic strata are poor in or ganic
mat ter and their role in the hy dro car bon gen er a tion pro cess is
neg li gi ble.

5. Gas eous hy dro car bons ac cu mu lated both in the Silesian
and Dukla units of the Outer Carpathians and the
Paleozoic–Mesozoic base ment are ge net i cally re lated to
thermogenic and mi cro bial pro cesses. Gas ac cu mu lated in the
Dukla Unit was gen er ated dur ing both high-tem per a ture and
low-tem per a ture thermogenic pro cesses at a ma tu rity level of
0.8 to 1.4% on the vitrinite reflectance scale, as sum ing mixed
Type-II/III kerogen of the Menilite beds.

6. The gases ana lysed from the Up per Cre ta ceous sand -
stone and Up per Ju ras sic car bon ate res er voirs in the Me so zoic 
base ment are ge net i cally re lated to thermogenic pro cesses.
These thermogenic gases were gen er ated dur ing both
high-tem per a ture and low-tem per a ture thermogenic pro cesses 
lead ing to trans for ma tion of dis persed or ganic mat ter dis persed 
within the source rocks in the Mid dle and Up per De vo nian
strata and prob a bly within the Mid dle Ju ras sic strata at greater
depths be neath the Carpathian overthrust. Thermogenic hy dro -
car bon gas ac cu mu lated within the Up per Cre ta ceous sand -
stone and Up per Ju ras sic car bon ate res er voirs of the Me so zoic 

base ment were gen er ated from the De vo nian, Mis sis sip pian
(car bon ate) and Mid dle Ju ras sic source rocks.

7. Car bon di ox ide oc cur ring in nat u ral gas in the Outer
Carpathians was gen er ated dur ing thermogenic trans for ma tion
of or ganic mat ter dis persed within the flysch strata, mainly in the 
Oligocene Menilite beds.

8. Car bon di ox ide oc cur ring in the nat u ral gas in the Me so -
zoic base ment was mainly gen er ated dur ing thermogenic trans -
for ma tion of or ganic mat ter dis persed within the Mid dle and Up -
per De vo nian strata and prob a bly from Mid dle Ju ras sic strata at 
greater depths be neath the Carpathian overthrust. More over,
car bon di ox ide oc cur ring to gether with hy dro gen sul phide prob -
a bly orig i nated to gether with H2S dur ing mi cro bial sul phate re -
duc tion (MSR) of anhydrite and gyp sum in ter ca la tions in Lower
and Mid dle Tri as sic strata of the Me so zoic base ment or/and
Mid dle Badenian anhydrite and gyp sum of the Carpathian
Foredeep.

9. Mo lec u lar ni tro gen oc cur ring in the nat u ral gas ana lysed
both in the Outer Carpathians and the Me so zoic base ment in
con cen tra tions from 0.55 to 37.4 vol% was gen er ated most
prob a bly dur ing ther mal trans for ma tion of or ganic mat ter
(thermogenic ni tro gen) and partly has a com po nent re leased
from illites rich in fixed NH4.
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