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Ab stract: Meth ane con cen tra tions in nat u ral gases ac cu mu lated in the autochthonous Mio cene strata of the Pol ish
Carpathian Foredeep (be tween Kraków and Przemyœl) usu ally ex ceeded 90 vol%. Meth ane and part of the eth ane
were gen er ated dur ing mi cro bial re duc tion of car bon di ox ide in the ma rine en vi ron ment, mainly dur ing the
sed i men ta tion of Mio cene clays and muds. It is pos si ble that this mi cro bial pro cess has con tin ued even re cently.
Higher light hy dro car bons (mainly pro pane, butanes and pentanes) were gen er ated dur ing the diagenesis and the
ini tial stage of the low-tem per a ture thermogenic pro cess. Very small changes in the val ues of geo chem i cal
hy dro car bon in di ces and sta ble iso tope ra tios of meth ane, eth ane and pro pane with depth are ev i dence for sim i lar
gas gen er a tion con di tions within the whole Badenian and Lower Sarmatian suc ces sions. Only in a few nat u ral gas
ac cu mu la tions within the Up per Badenian and Lower Sarmatian res er voirs are thermogenic gases or thermogenic
com po nents pres ent, both gen er ated from mixed, type III/II kerogen. These thermogenic gases, now ac cu mu lated
mainly in the bot tom part of Mio cene strata, prob a bly re sulted from thermogenic pro cesses in the Palaeozoic–
Me so zoic base ment and then mi grated to the Mio cene strata along the fault zones. The pres ence of low hy dro gen
con cen tra tions (from 0.00 to 0.26 vol%) within the Mio cene strata is re lated to re cent mi cro bial pro cesses. Car bon
di ox ide and ni tro gen, which are com mon mi nor con stit u ents, were gen er ated in both mi cro bial and low-tem per a -
ture thermogenic pro cesses. How ever, CO2 has also un der gone sec ond ary pro cesses, mainly dis so lu tion in wa ter
dur ing mi gra tion. Hy dro gen sul phide, which oc curs in nat u ral gases of Lower Badenian strata, was most prob a bly
gen er ated dur ing mi cro bial sul phate re duc tion of the Lower Badenian gyp sum and an hyd rites.

Key words: mi cro bial meth ane, sta ble car bon iso topes, thermogenic hy dro car bon gases, car bon di ox ide, ni tro gen, 
sul phide hy dro gen, autochthonous Mio cene strata, Pol ish Carpathian Foredeep.
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IN TRO DUC TION

In the pres ent pa per the re sults of mo lec u lar anal y ses,
sta ble car bon anal y ses of meth ane, eth ane, pro pane, bu-
tanes, pentanes and car bon di ox ide, sta ble hy dro gen anal y -
ses of meth ane, and sta ble ni tro gen iso topes anal y ses of gas -
eous ni tro gen are re lated to the geo log i cal set ting and geo -
chem i cal data of dis persed or ganic mat ter in the autoch-
thonous Mio cene strata of the Pol ish Carpathian Foredeep.
In ter pre ta tion of these data is aimed at ex plain ing the con di -
tions of gen er a tion, mi gra tion and ac cu mu la tion of nat u ral
gases within these strata.

Pre vi ous mo lec u lar and iso to pic stud ies of nat u ral gases 
ac cu mu lated within the autochthonous Mio cene strata of the 
Pol ish Carpathian Foredeep re vealed that meth ane-dom i -
nated com po nent was gen er ated dur ing mi cro bial pro cesses
(G³ogoczowski, 1976; Calikowski, 1983; Kotarba et al.,
1987, 2005; Jawor & Kotarba, 1993; Kotarba, 1992, 1998;
Kotarba & Jawor, 1993; Kotarba & Koltun, 2006). The mi -

cro bial meth ane is of vi tal eco nomic im por tance (Rice &
Claypool, 1981; Rice, 1992).

GEO LOG I CAL SET TING
AND PE TRO LEUM OC CUR RENCE

The Carpathian Foredeep is the larg est gas ba sin among 
all foredeep bas ins of the Al pine orogenic sys tem in Eu rope. 
It is a tec tonic de pres sion, which ex tends along the front of
the Carpathian Overthrust and partly also un der lies the
Carpathian nappes, rang ing from the Vi enna For est in the
west, through the Czech Re pub lic, Slovakia, Po land and
Ukraine up to the Iron Gate in Ro ma nia in the south east
(Fig. 1).

The Pol ish Carpathian Foredeep is di vided into two
bas ins: the outer and in ner ones (Ney et al., 1974; Osz-
czypko, 1997; Oszczypko et al., 2006). The folded Mio cene 
strata of the Zg³obice and the Stebnik units in the in ner ba -



sin are too thin to be come pro spec tive plays for pe tro leum
ex plo ra tion. The for ma tion of the outer Mio cene ba sin of
the Pol ish part of the Carpathian Foredeep is closely con -
nected with multiphase orogenic move ments: (i) the north -
ward thrust of both the Outer (Flysch) Carpathian orogen
and the in ner ba sin units of the Carpathian Foredeep over
the fore land plat form of the Carpathian orogen, and (ii) de -
po si tion of suc ceed ing suites of Badenian and Lower
Sarmatian mo las ses at the front of the orogenic belt (Osz-
czypko, 1997; Oszczypko & Œl¹czka, 1989; Oszczypko et
al., 2006). The east ern part of the outer ba sin (be tween
Kraków and Przemyœl) is filled with both Badenian and
Lower Sarmatian strata of the fol low ing thick nesses: Lower 
and Mid dle Badenian – from 0 to 300 metres, Up per Bade-
nian – from 0 to 1,700 metres, and Lower Sarmatian – from
0 to 2,900 metres (Ney et al., 1974). Both the Up per Bade-
nian and the Lower Sarmatian are rep re sented by clay-
sandy, mainly deltaic fa cies. On the other hand, the Lower
and Mid dle Badenian strata com prise shal low-wa ter, psam -
mit ic, ar gil la ceous and chem i cal sed i ments. Re cently, che-
mical sed i ments were rated to late Badenian (Andreyeva-
Grigorovich et al., 1997, 2008). The autochthonous Mio -
cene strata of the outer ba sin of the Carpathian Foredeep

have not been af fected by orogenic move ments and rest al -
most hor i zon tally upon the Palaeozoic–Me so zoic base ment
(Oszczypko, 1997). Palaeobathymetric stud ies (Czepiec &
Kotarba, 1998) re vealed that the depth of the late Badenian
sea did not ex ceed 200 metres, and the depth of the early
Sarmatian sea was ini tially 30–50 metres and then be came
pro gres sively shal lower, reach ing about 10 metres. In both
the Up per Badenian and the Lower Sarmatian strata the gas- 
prone, Type III kerogen dom i nates whereas ad mix tures of
al gal Type II kerogen are very rare (Kotarba et al., 1998a).
The to tal or ganic car bon (TOC) con tents vary from 0.02 to
3.22 wt% (mean: 0.68 wt%) (Kotarba et al., 1998a).

In the autochthonous Up per Badenian and Lower Sar-
matian strata of the outer ba sin of the Pol ish Carpathian
Foredeep only meth ane-dom i nated gas fields have been dis -
cov ered up to now. Af ter the World War II about 100 gas
de pos its have been doc u mented with es ti mated to tal re -
sources over 200 bil lion cu bic metres (Kotarba et al., 2011). 
In 1958, the larg est gas field in Po land, i.e., the Przemyœl–
Jaksmanice–Maækowice multi-ho ri zon pool, was dis cov -
ered within these strata, hold ing about 100 bil lion cu bic
metres of to tal re serves. In the east ern part of the Pol ish Car- 
pathian Foredeep, near the Pol ish-Ukrai nian bor der, small
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Fig. 1. Sketch map show ing the ma jor tec tonic units of the Pol ish Carpathians with the lo ca tions of the gas sam pling sites. OCF – outer
part of the Carpathian Foredeep, ZG – Zg³obice Unit, ST – Stebnik Unit, OC – the Outer (Flysch) Carpathians



gas de pos its (Cetynia, Lubaczów, RoŸwienica, Rokietnica,
Wola Obszañska, Uszkowce) were also found within the
Lower Badenian strata and the up per most part of the Pala-
eozoic–Me so zoic base ment (Karnkowski, 1999; Kotarba &
Nagao, 2008; Myœliwiec et al., 2004).

METH OD OL OGY

Sam pling pro ce dure

Thirty-one nat u ral gas sam ples were col lected from
pro duc ing wells drilled into the autochthonous Mio cene
res er voirs of the Pol ish Carpathian Foredeep (see Fig. 1 and
Ta ble 1). Free gases were col lected di rectly at the pro duc ing 
well heads in metal con tain ers (vol umes ~1,000 cm3 and
pres sure from 2.0 to about 20.0 MPa) (Ta ble 1). For in ter -
pre ta tion, we also used the mo lec u lar and iso to pic com po si -
tions of sixty nine nat u ral gases from Mio cene strata pub -
lished by Kotarba (1992, 1998), Kotarba and Jawor (1993),
Kotarba and Nagao (2008), and Kotarba et al. (2005)
(Table 1). The lo ca tions of the sam pling sites are listed in
Ta ble 1 and shown in Fig. 1.

An a lyt i cal pro ce dures

Mo lec u lar com po si tions of col lected nat u ral gases
(CH4, C2H6, C3H8, iC4H10, nC4H10, iC5H12, nC5H12,
C6H14, CO2, O2, H2, N2, He, Ar) were ana lysed in a set of
col umns on Hewlett Packard 5890 Se ries II and Chrom 5
gas chromatographs equipped with flame ion iza tion (FID)
and ther mal con duc tiv ity (TCD) de tec tors.

Sta ble car bon, hy dro gen, and ni tro gen iso tope anal y ses
were car ried out with Finnigan Delta Plus and Micromass
VG Op tima mass spec trom e ters. The sta ble car bon and hy -
dro gen iso tope data are pre sented in the d-no ta tion rel a tive
to the V-PDB and V-SMOW stan dards (Coplen, 1995), re -
spec tively. An a lyt i cal pre ci sion is es ti mated to be ±0.2‰
and ±3‰, re spec tively. The re sult of sta ble ni tro gen iso tope 
anal y sis is pre sented in the d-no ta tion 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‰.

For sta ble car bon iso tope anal y ses meth ane, eth ane,
pro pane, butanes, propanes and car bon di ox ide were sep a -
rated chromatographically. The gases were combusted over
hot cop per ox ide (850°C) and the car bon di ox ide pro duced
was trans ferred on-line to a mass spec trom e ter. For the sta -
ble hy dro gen iso tope anal y ses, wa ter re sult ing from the
com bus tion of meth ane was re duced to gas eous hy dro gen
with zinc (Florkowski, 1985). Gas eous ni tro gen was sep a -
rated chromatographically for sta ble ni tro gen iso tope anal y -
sis and was trans ferred to the mass spec trom e ter with the
on-line sys tem.

RE SULTS AND DIS CUS SION

Nat u ral gases ac cu mu lated within the autochthonous
Mio cene strata of the Pol ish Carpathian Foredeep are vari -
able in their mo lec u lar and iso to pic com po si tions. Mo lec u -

lar and iso to pic com po si tions as well as hy dro car bon (CHC)
[CHC = CH4/(C2H6 + C3H8)], car bon di ox ide-meth ane
(CDMI) {CDMI = [CO2/(CO2 + CH4)] 100 (%)}, and
iC4H10/nC4H10 gas in di ces are shown in Ta bles 2 and 3.

The oc cur rence and or i gin of gas eous hy dro car bons,
hy dro gen, car bon di ox ide, ni tro gen and hy dro gen sul phide
as well as the in flu ence of mix ing and sec ond ary pro cesses
on mo lec u lar and sta ble iso tope com po si tions are dis cussed
be low.

Hy dro car bon gases

For the clas si fi ca tion of the hy dro car bon gases in terms
of or i gin and for ma tion mech a nisms, the ge netic di a grams
af ter Berner and Faber (1996), Schoell (1988), Whiticar
(1994) and Whiticar et al. (1986) were used (Figs 2–4).
Figure 5 shows the plots of the car bon iso topes val ues of
methane, eth ane, pro pane, the butanes and pentanes vs. their 
re cip ro cal car bon num bers. As pro posed by, e.g., Chung et
al. (1988) and Rooney et al. (1995), lin ear trends of these
plots are in dic a tive of a sin gle source for thermogenic gases. 
Zou et al. (2007) and Kotarba et al. (2009) sug gest that a
“dog leg” trend, ex em pli fied by rel a tively 13C-de pleted
meth ane and 13C-en riched pro pane as com pared to eth ane
in di cates that the cor re spond ing res er voir gas was not gen -
er ated from a sin gle source rock or that it has un der gone
post-gen er a tion al ter ations (e.g., sec ond ary gas crack ing,
mi cro bial ox i da tion or thermochemical sul phate re duc tion).
More over, the con tents of 13C-de pleted meth ane in re la tion
to eth ane can be ap plied to eval u ate mix ing pro por tions be -
tween mi cro bial meth ane and thermogenic gases (Kotarba
& Lewan, 2004; Kotarba et al., 2009).

The mea sured sta ble car bon and hy dro gen iso tope com -
po si tions of meth ane in nat u ral gases ac cu mu lated in the
Up per Badenian and Lower Sarmatian res er voirs (Figs 2, 3)
in di cate that this gas was gen er ated by mi cro bial car bon di -
ox ide re duc tion. This pro cess oc curs mainly in the ma rine
en vi ron ment (Whiticar et al., 1986; Rice, 1992). Eth ane was 
gen er ated both by mi cro bial and low-tem per a ture thermo-
genic pro cesses (Figs 4, 5, 6E). These data in di cate that eth -
ane was pro duced by mi cro bial pro cess in higher vol umes
than one mol e cule per one thou sand mol e cules of meth ane
(Oremland et al., 1986). Mi cro bial eth ane with 12C en rich -
ment (–61.2 to –52.5‰) has been re ported in pro duc ing mi -
cro bial gas ac cu mu la tions (Lillis, 2007) and mi cro bial pro -
pane in some deep ma rine sed i ments (Hinrichs et al., 2006). 
Fur ther more, sta ble car bon iso tope com po si tion of pro pane, 
butanes and propanes in the ana lysed sam ples (Figs 4, 5)
sug gests that these gases were pro duced as a re sult of diage- 
nesis and/or an early stage of low-tem per a ture thermogenic
pro cesses from the Type III kerogen of the autochthonous
Mio cene strata (Fig. 5).

The depths of sam pled gas ac cu mu la tions in both the
Up per Badenian and Lower Sarmatian res er voirs vary from
161 to 2,621 metres and from 170 to 2,640 metres, re spec -
tively (Ta ble 1, Fig. 6). Very small changes of the val ues of
geo chem i cal hy dro car bon in di ces (Fig. 6A, B) and iso to pic
ra tios (Fig. 6D, E) with depth sug gest quite uni form gen er a -
tion con di tions of mi cro bial meth ane and eth ane in the
whole Up per Badenian and Lower Sarmatian se quences.
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Ta ble 1

Char ac ter is tics of gas sam ple sites in the autochthonous Mio cene strata 

Well Field Sample code Depth (m)

Age of reservoir: Lower Badenian & Upper Jurassic

Lubaczów-3* Lubaczów Lo-3* 992-1,041

Uszkowce-11# Uszkowce Us-11# 1,077-1,084

Age of reservoir: Upper Badenian

RoŸwienica-2* RoŸwienica Ro-2* 1,870-1,873

Borek-9* Borek Bk-9* 515-542

Brzezowiec-11* Brzezowiec Bc-11* 839-900

D¹brówka-20***  D¹brówka Db-20*** 807-809

Grabina-2* Grabina-Nieznanowice Gn-2* 350-357

Grabina-9 Grabina-Nieznanowice S Gn-9 837-977

Gr¹dy Bocheñskie-1 Gr¹dy Bocheñskie GB-1 651-658

Husów-13* Husów Hs-13* 2,398-2,442

Husów-70^ Husów Hs-70^ 2,419-2,455

Jaœniny-12* Jaœniny Pó³noc Ja-12* 461-523

Jaœniny-6* Jaœniny Ja-6* 817-841

Jaœniny 31d Jasniny Ja-31d 1,168-1,164

Jaœniny 31g Jasniny Ja-31g 1,127-1,132

Kielanówka-1^ Kielanówka-Rzeszów Ki-1^ 2,320-2,348

Kielanówka-3** Kielanówka-Rzeszów Ki-3** 2,306-2,320

£azy-7 £azy Ly-7 629-642

£¹kta-8 £¹kta Lk-8 1,950-2,002

£¹kta-10*** £¹kta Lk-10*** 1,876-2,355

£êkawica-1 £êkawica Lc-1 1,830-1,832

£êtowice-11 £êtowice Lo-11 575-594

Nieznanowice-4 Grabina-Nieznznowice Ni-4 245-305

Nieznanowice-5a* Grabina-Nieznanowice Ni-5a* 310-388

Nosówka-14** Nosówka-Gaz Na-14** 2,300-2,520

Pilzno-13^ Pilzno-Po³udnie Pi-13^ 210-216

Pilzno-14*** Pilzno-Po³udnie Pi-14*** 170-195

Pilzno-19 Pilzno-Po³udnie Pi-19 1,356-1,362

Podole-3 BrzeŸnica Pod-3 1,331-1,362

Przemyœl-123* Przemyœl Pe-123* 2,375-2,432

Przemyœl-186* Przemyœl Pe-186* 2,590-2,610

Przemyœl-227* Przemyœl Pe-227* 2,597-2,640

Raciborsko-1* Raciborsko Ra-1* 528-535

Raciborsko-4 Raciborsko Ra-4 549-597

R¹czyna-6 Jod³ówka Rc-6 1,825-1,852

Rysie-3* Rysie Ry-3* 601-624

Rysie-15 Rysie Ry-15 617-631

Rzeszów-16** Kielanówka-Rzeszów Rz-16** 2,231-2,249

Rzeszów-5** Kielanówka-Rzeszów Rz-5** 2,243-2,257

Sêdziszów-31 Zagorzyce-Sêdziszów Sw-31 1,970-1,976

Szczepanów-18 Szczepanów Sz-18 815-841

Tarnów-45* Tarnów Ta-45* 2,243-2,257

Tarnów-63*** Tarnów Ta-63*** 462-468

Wygoda-1* Wygoda Wg-1* 592-625

Age of reservoir: Lower Sarmatian

Albigowa-12 Husów Al-12 755-835

Biszcza-1 Biszcza Bi-1 855-860

Blizna-5** Blizna-Ocieka Bl-5** 603-623

BrzeŸnica-12 BrzeŸnica Ba-12 350-412

BrzeŸnica-7 BrzeŸnica Ba-7 433-438

Buszkowiczki-2* Buszkowiczki Bu-2* 2,199-2,215

Cha³upki
Dêbiañskie-2g

Cha³upki Dêbiañskie CD-2g 186-194

Czarna
Sêdziszowska-33

Czarna Sêdziszowska CS-33 385-481

Dzików-16 Dzików Dz-16 742-748

Husów-1* Husów Hs-1* 1,934-1,939

Husów-11^ Husów Hs-11^ 1,882-1,901

Well Field Sample code Depth (m)

Age of reservoir: Lower Sarmatian

Husów-26* Husów Hs-26* 1,937-1,987

Husów-52* Husów Hs-52*   965-1,055

Husów-53* Husów Hs-53* 1,330-1,375

Husów-90a* Husów Hs-90a* 239-243

Jaksmanice-19a* Przemyœl Je-19a* 900-1,101

Jaros³aw-53* Jaros³aw Jw-53* 1,188-1,205

Jasionka-4A/X** Jasionka Jn-4A** 1,650-1,657

Jasionka-5K/A** Jasionka Jn-5K** 1,273-1,315

Jod³ówka-17* Jod³ówka Jo-17* 2,444-2,621

Kañczuga-7* Kañczuga Kc-7* 1,075-1,134

Korzeniów-9* Korzeniów Ke-9* 161-164

Krasne-12** Krasne Ks-12** 884-892

Krasne-21** Krasne Ks-21** 902-913

Ksiê¿pol-12 Ksiê¿pol Kp-12 769-790

Kury³ówka-3* Kury³ówka Ku-3* 675-680

Le¿ajsk-7* ¯o³ynia-Le¿ajsk Lj-7* 420-485

Le¿ajsk-8^ ¯o³ynia-Le¿ajsk Lj-8^ 416-440

Lipnica-2** Lipnica-Dzikowice Li-2** 360-395

Mêciszów-5 Korzeniów-Mêciszów Mw-5 515-530

Mirocin-37 Mirocin Mn-37 1,432-1,449

Ocieka-1** Blizna-Ocieka Oc-1** 600-620

Palikówka-5** Palikówka Pk-5** 1,666-1,690

Palikówka-6/VIa** Palikówka Pk-6a** 1,304-1,313

Palikówka-6/VId** Palikówka Pk-6d** 1,374-1,383

Pruchnik-12* Pruchnik-Pantalowice Pc-12* 855-900

Pruchnik-13^ Pruchnik  Pc-13^ 1,248-1,255

Przeworsk-11a^ Przeworsk Pz-11a^ 415-432

Przeworsk-14* Przeworsk Pz-14* 404-421

Przeworsk-9a* Przeworsk Pz-9a* 266-283

R¹czyna-7K Jod³ówka Rc-7K 1,948-1,959

Rudka-6 Rudka Ru-6 1,188-1,197

Smolarzyny-1^ Smolarzyny Sm-1^ 375-455

Smolarzyny-5* Smolarzyny Sm-5* 395-420

Stobierna-1/III+IV** Stobierna Sb-1** 1,180-1,205

Stobierna-3/V** Stobierna Sb-3/V** 1,322-1,338

Stobierna-3/VI** Stobierna Sb-3/VI** 1,293-1,302

Tarnogród-7* Tarnogród-Wola
Ró¿aniecka

Tr-7* 1,085-1,103

Terliczka-3A/X** Terliczka Te-3A** 1,064-1,091

Terliczka-3/VI** Terliczka Te-3** 939-954

Terliczka-4** Terliczka Te-4** 1,129-1,134

Trzeœnik-1** Trzeœnik Tk-1** 188-190

Wola Obszañska-13 Wola Obszañska WO-13 721-762

Wola Ró¿.-9* Tarnogród-Wola Ró¿. WR-9* 940-945

¯o³ynia-23 ¯o³ynia-Le¿ajsk Za-23 503-507

¯o³ynia-25 ¯o³ynia-Le¿ajsk Za-25 195-200

* af ter Kotarba (1998), ^  af ter Kotarba (1992), ***  af ter Kotarba & Jawor
(1993),  # af ter Kotarba & Nagao (2008), ** af ter Kotarba et al. (2005)



Sim i larly, the lack of changes of sta ble car bon iso tope com -
po si tion of pro pane with depth (Fig. 6F) also in di cates sim i -
lar diagenetic gen er a tion con di tions for this hy dro car bon
within the full Mio cene suc ces sion.

Three small gas de pos its were found within the Lower
Badenian strata (RoŸwienica – Ro-2 sam ple; Ta bles 1–3) as
well as in both the Lower Badenian and the top most Up per

Ju ras sic strata (Lubaczów and Uszkowce – Lo-3 and Us-11
sam ples; Ta bles 1–3). Hy dro car bon gases of these ac cu mu -
la tions are ge net i cally very sim i lar to the gases from the Up -
per Badenian and the Lower Sarmatian res er voirs (Figs
2–6).

The rhyth mic and cy clic de po si tion of the clays and
sands in the Mio cene ma rine ba sin, and very high sed i men -
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Fig. 2. Hy dro car bon in dex (CHC) ver sus d13C(CH4) for nat u ral gases ac cu mu lated in (A) Badenian and (B) Lower Sarmatian res er voirs 
of the Pol ish Carpathian Foredeep. Compositional fields af ter Whiticar (1994). For ex pla na tion of sam ple codes see Ta ble 1

Fig. 3. d13C(CH4) ver sus dD(CH4) for nat u ral gases ac cu mu lated in (A) Badenian and (B) Lower Sarmatian res er voirs of the Pol ish
Carpathian Foredeep. Compositional fields af ter Whiticar et al. (1986). For ex pla na tion of sam ple codes see Ta ble 1
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Ta ble 2

Mo lec u lar com po si tion of nat u ral gases pro duced from the autochthonous Mio cene strata

Sample
code

Molecular composition (vol%) 

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

Lo-3* 3.11 0.27 0.06 - 0.10 94.5 0.51 0.42 0.19 0.29 0.36 0.18

Us-11# 4.88 0.50 0.11 - - 93.8 0.38 0.12 0.06 0.05 0.06 0.019

•Ro-2* 0.65 0.08 0.010 0.004 0.11 94.1 2.35 1.20 0.34 0.43 0.53 0.21

Bk-9* 3.19 0.05 0.02 0.04 0.004 96.4 0.20 0.02 0.009 0.009 0.015 n.a.

Bc-11* 0.10 0.04 0.21 0.009 - 99.5 0.12 0.03 0.010 0.003 0.003 n.a.

Db-20* 2.40 0.03 0.02 0.02 0.03 96.9 0.48 0.04 0.008 0.005 0.006 0.002

Gn-2* 0.48 0.09 0.011 0.007 - 99.3 0.10 0.02 0.005 0.002 0.002 tr.

Gn-9 0.35 0.03 0.005 0.004 0.000 99.5 0.09 0.014 0.006 0.001 0.0012 0.0000 0.000

GB-1 0.64 0.04 0.006 0.011 0.161 98.9 0.19 0.015 0.004 0.001 0.0013 0.0000 0.001

Hs-13* 2.20 0.007 - 0.045 - 97.2 0.20 0.07 0.02 0.009 0.017 0.013

Hs-70^ 1.40 0.08 0.13 0.004 - 98.2 0.17 0.05 0.02 0.07 0.012 0.003

Ja-12* 1.13 0.05 0.007 - - 98.7 0.11 0.001 0.0005 - 0.0006 0.0005

Ja-6* 0.72 0.05 0.007 - 0.004 99.0 0.20 0.02 0.008 0.003 0.004 0.001

Ja-31d 0.95 0.11 0.003 0.003 0.21 98.2 0.29 0.05 0.03 0.101 0.015 0.004 0.010

Ja-31g 0.82 0.13 0.004 0.006 0.000 98.8 0.24 0.03 0.008 0.005 0.006 0.005 0.013

Ki-1^ 2.60 0.05 0.010 - - 96.8 0.39 0.06 0.04 0.006 0.036

Ki-3** 2.88 0.04 0.02 - - 96.5 0.39 0.05 0.04 0.007 0.038

Ly-7 0.74 0.03 0.011 0.005 0.02 98.5 0.52 0.08 0.03 0.01 0.015 0.005 0.008

Lk-8 0.49 0.09 0.008 0.003 0.000 99.1 0.20 0.05 0.03 0.01 0.013 0.0018 0.007

Lk-10* 0.54 0.10 - - - 98.8 0.31 0.07 0.15 n.a.

Lc-1 14.1 0.44 0.06 0.017 0.10 82.8 1.51 0.52 0.1 0.14 0.06 0.07 0.12

Lo-11 0.48 0.14 0.007 0.003 0.000 98.6 0.60 0.09 0.03 0.02 0.015 0.004 0.008

Ni-4 0.45 0.04 0.007 0.0003 0.000 99.4 0.10 0.014 0.004 0.001 0.0007 0.0004 0.003

Ni-5a* 0.39 0.06 0.010 0.003 - 99.4 0.09 0.013 0.005 0.002 tr. -

Na-14** 1.44 0.04 0.02 - 0.03 97.8 0.24 0.12 0.14 0.04 0.14

Pi-13^ 0.75 0.11 - - - 99.0 0.11 0.010 n.a.

Pi-14* 1.46 0.92 - - - 97.4 0.16 0.008 0.00 n.a.

Pi-19 0.56 tr. 0.003 0.003 0.04 99.2 0.14 0.03 0.007 0.00 0.004 0.0007 0.003

Pod-3 0.94 0.04 0.02 0.003 0.07 98.6 0.18 0.06 0.019 0.01 0.009 0.0016 0.007

Pe-123* 0.74 0.18 0.006 0.003 0.003 98.6 0.28 0.11 0.07 0.019 0.02 0.006

Pe-186* 1.28 0.47 0.04 0.004 - 97.8 0.23 0.092 0.06 0.022 0.04 0.017

Pe-227* 1.17 0.51 0.03 0.005 - 97.9 0.23 0.07 0.04 0.018 0.03 0.010

Ra-1* 1.60 0.07 0.02 0.005 - 97.8 0.35 0.05 0.03 0.02 0.008 0.002

Ra-4 1.69 0.07 0.02 0.005 0.000 97.9 0.26 0.05 0.03 0.01 0.006 0.0015 0.004

Rc-6 0.52 0.10 0.004 0.007 0.000 99.2 0.13 0.03 0.012 0.00 0.006 0.0008 0.006

Ry-3* 1.29 0.05 0.03 0.016 - 98.5 0.11 0.003 - - - -

Ry-15 1.62 0.05 0.02 0.009 0 98.1 0.15 0.007 0.004 0 0.0003 0.0000 0.003

Rz-16** 1.23 0.05 0.010 - - 98.4 0.22 0.03 0.02 0.04 0.020

Rz-5** 1.11 0.15 0.02 - tr. 98.5 0.16 0.04 0.02 0.006 0.019

Sw-31 2.16 tr. 0.02 0.002 0.26 97.2 0.27 0.07 0.03 0.008 0.017 0.006 0.013

Sz-18 0.86 0.08 0.010 0.007 0.000 98.2 0.66 0.11 0.04 0.02 0.03 0.009 0.012

Ta-45 20.18 0.47 0.049 0.020 - 77.0 1.34 0.47 0.10 0.18 0.15 0.085

Ta-63*** 0.39 0.10 0.009 - - 99.0 0.43 0.05 0.011 0.007 0.004

Wg-1* 0.72 0.08 0.006 0.009 - 99.1 0.09 0.012 0.003 0.002 0.002 tr.

Al-12 0.65 0.05 0.04 0.001 0.000 99.1 0.08 0.02 0.005 0.005 0.004 0.005 0.009

Bi-1 0.37 0.06 0.007 0.0008 0.000 99.4 0.10 0.02 0.007 0.001 0.002 0.0005 0.001

Bl-5** 2.50 0.08 0.05 - - 97.1 0.23 0.010 0.004 0.001 tr. 

Ba-12 1.05 0.29 0.02 0.002 0.000 96.9 1.25 0.38 0.05 0.05 0.018 0.015 0.02

Ba-7 1.07 0.18 0.02 0.003 0.000 97.3 1.04 0.32 0.05 0.04 0.012 0.008 0.006

Bu-2* 0.60 0.38 0.010 0.001  - 97.3 0.44 0.35 0.34 0.16 0.30 0.14

CD-2g 3.20 0.04 0.02 0.04 0.04 96.6 0.03 0.000 0.000 0.000 0.0000 0.0000 0.000

CS-33 1.01 0.08 0.03 0.007 0.000 98.8 0.10 0.004 0.001 0.002 0.0015 0.0012 0.002

Dz-16 0.22 0.03 0.010 tr. 0.05 99.6 0.10 0.02 0.004 0.002 0.0013 tr. 0.000

Hs-1* 1.02 0.20 0.02 0.003 tr. 98.5 0.16 0.03 0.012 0.006 0.007 0.002

Hs-11^ 2.40 0.04 - - - 96.9 0.37 0.18 n.a.

Hs-26* 0.75 0.07 0.010 0.001 0.06 98.8 0.23 0.03 0.014 0.003 0.008 0.007

Hs-52* 0.82 0.11 0.007 0.010 - 98.7 0.13 0.03 0.009 0.005 0.005 tr.

Hs-53* 0.87 0.05 - - - 98.8 0.19 0.040 n.a.



ta tion rates, which ex ceeded 1,500 m/mil lion years in the
Late Badenian and 5,000 m/mil lion years in the Early Sar-
matian, fa cil i tated in ten sive gen er a tion of mi cro bial meth -
ane and eth ane, as well as the for ma tion and fill ing of
multi-ho ri zon traps within the Mio cene strata. Mi cro bial
gases gen er ated in a par tic u lar clay-mud ho ri zon mi grated
to the over ly ing sand ho ri zon, which, in turn, was cov ered
by an other clay-mud ho ri zon (Kotarba, 1998; Kotarba et al., 
2005). It was found that mi cro bial gen er a tion of meth ane
and eth ane was most in ten sive at the depth in ter val from
900 to 1,500 metres be neath the Mio cene sea bot tom
(Kotarba et al., 1998b). Mi cro bi o log i cal stud ies re vealed
the pres ence of con sid er able quan ti ties of methanogenic and 

methylotrophic bac te ria in for ma tion wa ters re lated to gas
ac cu mu la tions in the Mio cene strata, thus, this pro cess has
been con tin u ing un til re cent (Kotarba et al., 1995).

In the stud ied sam ple set, only the Up per Badenian res -
er voirs from Ta-45 (Tarnów) and Lc-1 (£êkawica near
Tarnów) wells did con tain thermogenic gases whereas the
Lower Sarmatian res er voirs from Ba-7 and Ba-12 (BrzeŸ-
nica) wells con tained a sig nif i cant thermogenic com po nent
(Figs 2–6) gen er ated from mixed type II/III kerogen of
about 1.1% in vitrinite reflectance scale (Fig. 4). Ad di tion -
ally, in gases from Ku-3 (Kury³ówka) and Jn-5K (Jasionka)
wells a small thermogenic com po nent was found (Figs 4, 6). 
These thermogenic gases were ac cu mu lated mainly in the
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Ta ble 2 con tin ued

Sample
code

Molecular composition (vol%) 

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

Hs-90a* 1.44 0.04 0.03 0.013 - 98.0 0.08 0.004 0.0005 0.001 tr. tr.

Je-19a* 0.71 0.10 0.003 0.008 - 99.0 0.12 0.03 0.007 0.003 0.004 tr.

Jw-53* 0.72 0.11 - 0.005 - 98.7 0.31 0.05 0.03 0.007 0.030 0.014

Jn-4A** 6.51 0.10 0.10 - 0.014 92.8 0.31 0.13 0.04 0.021 0.046

Jn-5K** 4.56 0.00 0.08 - 0.009 94.8 0.30 0.12 0.04 0.023 0.047

Jo-17* 1.11 0.04 0.03 0.001 - 98.2 0.30 0.12 0.08 0.033 0.061 0.03

Kc-7* 0.77 0.04 0.08 - - 98.4 0.27 0.09 0.04 0.019 0.017 0.003

Ke-9* 0.69 0.96 0.01 0.007 - 99.1 0.07 0.01 0.001 0.002 0.002 tr.

Ks-12** 1.23 0.21 0.03 - - 98.4 0.09 0.02 0.006 0.002 0.004

Ks-21** 2.35 0.15 0.08 - - 97.1 0.20 0.06 0.02 0.011 0.012

Kp-12 0.17 0.06 0.01 0.003 0.03 99.6 0.10 0.002 0.002 0.000 0.0002 0.0000 0.000

Ku-3* 9.21 0.10 0.05 0.003 - 90.2 0.43 0.004 0.013 tr. 0.003 n.a.

Lj-7* 2.44 0.15 0.04 - - 97.2 0.19 0.001 0.001 - - -

Lj-8^ 1.70 0.46 - - - 97.6 0.18 0.002 n.a.

Li-2** 3.04 0.10 0.08 - - 96.7 0.06 tr. - - -

Mw-5 1.08 0.02 0.011 0.011 0.002 98.8 0.11 0.006 0.002 0.00 0.0006 0.0000 0.002

Mn-37 1.35 0.13 0.02 0.003 0.017 97.6 0.43 0.18 0.10 0.05 0.05 0.016 0.02

Oc-1** 2.61 0.09 0.04 - - 97.0 0.27 0.010 0.007 tr. -

Pk-5** 1.71 0.06 0.05 - tr. 97.8 0.23 0.08 0.04 0.01 0.05

Pk-6a** 4.92 0.08 0.11 - 0.000 94.6 0.18 0.04 0.011 0.004 0.013

Pk-6d** 5.77 0.07 0.10 - 0.000 93.8 0.19 0.04 0.010 0.005 0.016

Pc-12* 0.65 0.08 0.00 0.008 - 98.9 0.24 0.04 0.018 0.003 0.007 0.002

Pc-13^ 0.60 0.06 - - - 99.0 0.23 0.06 n.a.

Pz-11a^ 2.00 0.09 - - - 97.7 0.14 0.001 n.a.

Pz-14* 0.59 0.11 0.02 - - 99.1 0.16 0.008 0.02 0.006 0.002 0.0003

Pz-9a* 2.08 0.10 0.04 - - 97.6 0.15 0.0002 - - - -

Rc-7K 0.50 0.10 0.00 0.004 0.000 99.2 0.13 0.03 0.011 0.003 0.006 0.0009 0.005

Ru-6 7.27 tr. 0.08 0.006 0.016 92.2 0.29 0.08 0.014 0.006 0.004 0.0007 0.002

Sm-1^ 5.40 0.04 - - - 94.2 0.22 0.04 n.a.

Sm-5* 5.10 0.05 0.11 0.011 - 94.5 0.24 0.002 0.003 - 0.02 0.0003

Sb-1** 2.32 tr. 0.09 - 0.03 97.0 0.33 0.11 0.04 0.016 0.04

Sb-3/V** 3.67 0.00 0.08 - 0.05 95.6 0.33 0.12 0.05 0.021 0.04

Sb-3/VI** 2.69 tr. 0.09 - 0.03 96.6 0.35 0.09 0.05 0.022 0.04

Tr-7* 1.23 0.07 0.03 0.002 0.006 98.5 0.14 0.04 0.010 0.006 0.006 tr.

Te-3A** 4.94 0.00 0.08 - 0.002 94.5 0.32 0.11 0.03 0.019 0.03

Te-3** 4.53 0.00 0.08 - 0.015 94.8 0.33 0.12 0.04 0.022 0.04

Te-4** 4.43 tr. 0.08 - 0.005 94.9 0.33 0.12 0.04 0.026 0.04

Tk-1** 1.19 0.13 0.03 - - 98.6 0.07 0.00 - - -

WO-13 0.78 tr. 0.03 0.001 0.109 98.9 0.12 0.03 0.004 0.002 0.0013 0.0000 0.002

WR-9* 0.68 0.08 0.02 0.003 - 99.0 0.13 0.02 0.007 0.003 0.006 -

Za-23 4.38 0.06 0.23 0.009 0.000 95.2 0.11 0.001 0.000 0.000 0.0000 0.0000 0.000

Za-25 2.52 0.09 0.29 0.03 0.05 97.2 0.04 0.000 0.000 0.000 0.0000 0.0000 0.000

* af ter Kotarba (1998), ^  af ter Kotarba (1992), ***  af ter Kotarba & Jawor (1993), # af ter Kotarba & Nagao (2008), ** af ter Kotarba et al. (2005); tr. –
traces; •Ro-2 - H2S = 0.002 vol%; 0.002 – sum of higher hy dro car bons; n.a. – not analysed;  - be low of de tec tion limit
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Ta ble 3

Iso to pic com po si tion and gas ra tios of nat u ral gases pro duced from the autochthonous Mio cene strata

Sample
code

Stable isotopes (‰) Ratios 

d13C dD d13C d13C d13C d13C d13C d13C d13C d13C
CHC CDMI

iC4H10

(CH4) (CH4) (C2H6) (C3H8) (iC4H10) (nC4H10) (iC5H12) (nC5H12) (CO2) (N2) nC4H10

Lo-3* -67.3 -198 - - - - - - - - 102 0.28 0.66

Us-11# -67.2 -208 -43.4 -34.6 -30.9 -30.8 - - -27.2 -6.6 188 0.53 1.16

Ro-2* -67.3 -206 -51.1 -31.2 - - - - - - 27 0.08 0.79

Bk-9* -63.4 -215 -39.9 -28.6 - - - - - - 434.2 0.05 1.00

Bc-11* -66.4 -198 -49.9 -30.5 - - - - - - 663.3 0.04 3.33

Db-20* -62.7 -210 -39.2 -31.2 - - - - - - 186.3 0.03 1.60

Gn-2* -66.6 -188 -50.5 -30.0 - - - - - - 856 0.09 2.50

Gn-9 -68.1 -188 -58.6 -31.4 - - - - -9.9 - 920 0.03 7.00

GB-1 -63.5 -216 -44.4 -30.3 - - - - - - 474 0.04 4.11

Hs-13* -67.8 -194 -41.5 -30.8 - - - - - - 357 0.01 2.56

Hs-70^ -67.6 -195 -43.8 -23.8 - - - - - - 446 0.08 0.29

Ja-12* -68.6 - - - - - - - - - 889 0.05 -

Ja-6* -65.5 -204 -46.4 -29.1 - - - - - - 458 0.05 2.67

Ja-31d -61.7 -207 -40.1 -29.9 -31.1 -29.1 - - -9.9 - 289 0.12 0.28

Ja-31g -62.0 -213 -43.5 -31.9 -30.3 - - - -16.8 - 376 0.13 1.56

Ki-1^ -64.9 -208 -38.7 -26.2 - - - - - - 215 0.05 6.33

Ki-3** -64.9 - - - - - - - - - 219 0.04 5.00

Ly-7 -61.1 -234 -39.1 -33.5 -31.7 -32.5 - - - - 165 0.03 2.26

Lk-8 -62.9 -182 -49.7 -30.6 -28.0 -29.5 - - -17.5 - 403 0.09 4.44

Lk-10* -66.5 -178 -44.6 -31.0 - - - - - - 260 0.10 -

Lc-1 -35.7 -265 -27.8 -26.9 -27.2 -27.0 -27.2 -26.7 -14.4 1.5 41 0.53 0.70

Lo-11 -61.4 -229 -38.0 -33.7 -32.2 -32.4 -30.8 - -8.3 - 143 0.14 1.90

Ni-4 -68.1 -182 -55.3 -32.3 - - - - -0.7 - 895 0.04 4.2

Ni-5a* -66.2 -175 -48.7 -31.8 - - - - - - 947 0.06 2.50

Na-14** -68.1 -204 -39.6 -31.4 - - - - - - 272 0.04 3.41

Pi-13^ -67.3 - - - - - - - - - 825 0.11 -

Pi-14* -69.0 -199 -48.1 -30.9 - - - - - - 580 0.94 -

Pi-19 -66.1 -208 -45.3 -29.9 -30.0 -29.4 - - - - 615 - 1.71

Pod-3 -63.8 -209 -41.0 -30.7 -30.3 -29.5 - - - - 411 0.04 2.69

Pe-123* -65.6 -205 -40.2 -29.4 - - - - - - 253 0.18 3.47

Pe-186* -64.7 -195 -43.0 -30.6 - - - - - - 304 0.48 2.73

Pe-227* -65.2 -192 -46.2 -31.4 - - - - - - 323 0.52 2.22

Ra-1* -60.7 -196 -39.2 -30.3 - - - - - - 245 0.07 1.50

Ra-4 -61.5 -185 -36.4 -29.1 - - - - -15.0 - 317 0.07 5.09

Rn-6 -66.4 -204 -49.9 -30.7 -29.1 -29.1 - - -5.5 - 620 0.10 3.22

Ry-3* -66.3 -199 -45.5 -27.8 - - - - - - 872 0.05 -

Ry-15 -68.1 -191 -45.5 -23.8 - - - - -9.8 - 619 0.05 0.00

Rz-16** -67.3 - - - - - - - - - 394 0.05 0.47

Rz-5** -65.0 -192 -46.8 -30.3 - - - - - - 493 0.15 2.83

Sw-31 -65.4 -195 -39.1 -29.6 -30.0 -29.5 - - - -0.5 291 - 3.62

Sz-18 -59.8 -217 -39.5 -34.1 -31.0 -32.4 -30.0 -29.5 -11.8 - 128 0.08 2.11

Ta-45* -35.7 -151 -28.1 -27.2 - - - - - - 43 0.61 0.52

Ta-63*** -61.1 -206 -38.6 -29.4 - - - - - - 206 0.10 -

Wg-1* -64.6 -189 -46.3 -29.7 - - - - - - 962 0.08 1.50

Al-12 -68.9 -198 -59.4 -30.9 - - - - -13.9 - 1017 0.05 0.98

Bi-1 -65.6 -193 -53.1 -31.8 - - - - 0.2 - 821 0.06 6.73

Bl-5** -63.7 -188 -36.9 -22.8 - - - - - - 405 0.08 4.0

Ba-12 -51.8 -200 -30.9 -28.1 -28.2 -27.4 -26.5 -26.6 -5.1 - 59 0.29 1.00

Ba-7 -51.4 -213 -30.7 -28.1 -27.2 -27.4 -27.6 -27.4 -4.9 - 72 0.18 1.11

Bu-2* -64.4 -199 -37.6 -31.7 - - - - - - 123 0.39 2.09

CD-2g -72.6 -205 -54.1 - - - - - - - 2801 2801 0.04

CS-33 -70.3 -183 -49.4 - - - - - -8.9 - 927 927 0.08

Dz-16 -66.6 -180 -54.0 -35.4 - - - - - - 843 843 0.03

Hs-1* -65.2 -202 -48.0 -30.1 - - - - - - 510 510 0.20

Hs-11^ -66.0 -197 -42.9 - - - - - - - 176 176 0.04

Hs-26* -67.3 - - - - - - - - - 380 380 0.07

Hs-52* -64.3 -204 -48.5 -29.5 - - - - - - 602 602 0.11



bot tom part of Mio cene strata. It is sug gested that these
gases were gen er ated by thermogenic pro cesses in the Pala-
eozoic–Me so zoic base ment and have sub se quently migra-
ted to the Mio cene strata along the fault zones (Kotarba &
Jawor, 1993). Fi nally, diagenetic and early thermogenic
eth ane, pro pane, butanes and propanes might have also been 
gen er ated from dis persed or ganic mat ter within the Mio -
cene strata, as sug gested by the data from Bl-5 (Blizna-
Ocieka), Oc-1 (Ocieka) and Ke-9 (Korzeniów) wells
(Fig. 4D).

Hy dro gen

Hy dro gen con cen tra tions in the ana lysed Mio cene gases
vary from 0.00 to 0.26 vol% (mean 0.02 vol%) (Ta ble 2).
Nat u ral hy dro gen is gen er ated by var i ous biogenic and
abiogenic pro cesses: mi cro bial fer men ta tion of sed i men tary 
or ganic mat ter, mi cro bial car bon di ox ide re duc tion, ther mal 
de com po si tion of sed i men tary or ganic mat ter, hy dro ly sis,
wa ter radiolysis and nat u ral nu clear re ac tions (e.g., Zobell,
1947; Zinger, 1962; Hawkes, 1972; Dubessy et al., 1988;
Whiticar et al., 1986; Savary & Pagel, 1997). Hy dro gen is a
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Ta ble 3 con tin ued

Sample
code

Stable isotopes (‰) Ratios 

d13C dD d13C d13C d13C d13C d13C d13C d13C d13C
CHC CDMI

iC4H10

(CH4) (CH4) (C2H6) (C3H8) (iC4H10) (nC4H10) (iC5H12) (nC5H12) (CO2) (N2) nC4H10

Hs-53* -67.8 -194 -41.5 -30.8 - - - - - - 520 0.05 -

Hs-90a* -69.4 -202 -52.0 -30.7 - - - - - - 1241 0.04 0.50

Je-19a* -66.0 -198 -51.9 -30.7 - - - - - - 678 0.10 2.33

Jw-53* -67.0 -214 -47.2 -30.8 - - - - - - 274 0.11 4.29

Jn-4A** -64.0 -214 -42.1 -33.5 - - - - -9.4 - 211 0.11 1.95

Jn-5K** -64.0 -217 -34.0 -34.4 - - - - - -2.3 226 0.00 1.52

Jo-17* -63.7 -195 -39.6 -30.1 - - - - - - 234 0.04 2.33

Kc-7* -67.4 -198 -46.3 -31.6 - - - - - - 274 0.04 1.84

Ke-9* -72.6 -179 -50.0 -25.9 - - - - - - 1271 0.96 0.50

Ks-12** -66.0 -204 -51.4 -30.6 - - - - - - 895 0.21 3.00

Ks-21** -65.3 -210 -42.7 -31.0 - - - - - - 374 0.15 2.00

Kp-12 -66.0 -194 -55.2 - - - - - -13.8 - 968 0.06 -

Ku-3* -65.0 -184 -33.4 - - - - - - - 208 0.11 -

Lj-7* -68.6 - - - - - - - - - 509 0.15 -

Lj-8^ -68.8 -202 -50.2 - - - - - - - 536 0.47 -

Li-2** -69.4 -180 -40.7 - - - - - - - - 0.10 -

Mw-5 -70.6 -190 -53.7 - - - - - - - 859 0.02 4.75

Mn-37 -67.1 -194 -47.2 -34.7 -31.5 -30.8 -28.4 -28.1 -15.5 - 160 0.13 2.09

Oc-1** -64.9 -196 -38.0 -25.5 - - - - - - 345 0.09 -

Pk-5** -66.4 -200 -44.8 -32.3 - - - - - - 316 0.06 4.0

Pk-6a** -65.1 -210 -47.2 -32.2 - - - - -8.6 -3.1 430 0.08 2.75

Pk-6d** -65.2 -207 -48.2 -31.8 - - - - -9.9 -2.9 408 0.07 2.00

Pc-12* -68.0 -200 -45.6 -28.8 - - - - - - 353 0.08 6.00

Pc-13^ -67.8 -202 -45.2 - - - - - - 341 0.06 -

Pz-11a^ -71.2 -201 -53.3 - - - - - - - 693 0.09 -

Pz-14* -69.2 -202 -57.4 -31.5 - - - - - - 590 0.11 3.67

Pr-9a* -70.8 - - - - - - - - - 650 0.10 -

Rc-7K -65.9 -200 -48.8 -29.4 - - - - -9.2 - 627 0.10 3.56

Ru-6 -65.3 -206 -41.6 -30.1 -30.3 -28.6 - - - -4.6 253 - 2.23

Sm-1^ -66.2 - - - - - - - - - 362 0.04 -

Sm-5* -66.5 - - - - - - - - - 391 0.05 -

Sb-1** -65.4 -201 -40.5 -31.5 - - - - - -2.5 221 - 2.56

Sb-3/V** -65.1 -208 -40.1 -31.5 - - - - - -2.7 212 0.00 2.24

Sb-3/VI** -65.0 -208 -39.8 -31.4 - - - - - -2.4 220 - 2.27

Tr-7* -64.6 -202 -42.2 -30.2 - - - - - - 538 0.07 1.67

Te-3A** -63.7 -221 -41.6 -34.1 - - - - - -2.4 220 0.00 1.79

Te-3** -64.6 -214 -41.8 -33.2 - - - - - -2.5 211 0.00 2.00

Te-4** -63.8 -217 -41.3 -34.0 - - - - - -2.2 211 - 1.62

Tk-1** -70.9 -197 -50.9 -29.4 - - - - - - 1409 0.13 -

WO-13 -66.5 -191 -55.9 -35.6 -29.4 - - - - - 701 - 2.75

WR-9* -64.2 -188 -50.2 -30.6 - - - - - - 656 0.08 2.33

Za-23 -67.5 -203 -51.0 - - - - - -9.7 -3.9 880 0.07 0.00

Za-25 -72.0 -203 -52.8 - - - - - -13.9 -1.9 2283 0.09 0.00

* af ter Kotarba (1998), ^  af ter Kotarba (1992), ***  af ter Kotarba & Jawor (1993), # af ter Kotarba & Nagao (2008), ** af ter Kotarba et al. (2005);  CHC =
CH4/(C2H6+C3H8); CDMI = [CO2/(CO2+CH4)]100 (%), - not analysed



very re ac tive and mo bile gas, so its re ten tion in pe tro leum
traps and, more gen er ally, in sed i men tary rocks is rather
ephem eral. Thus, its pres ence in nat u ral gases in di cates its
rel a tively re cent or i gin in mi cro bial pro cesses.

Car bon di ox ide

The car bon di ox ide con cen tra tions and the val ues of
car bon di ox ide-meth ane (CDMI) in dex in the nat u ral gases
ana lysed here are listed in Ta bles 2 and 3.

The plot of d13C(CH4) ver sus d13C(CO2) (Fig. 7) in di -
cates that car bon di ox ide was gen er ated mainly by mi cro -
bial pro cesses. Only the data for Lc-1 (£êkawica near
Tarnów, Up per Badenian res er voir) (Fig. 7A) and Ba-7 and
Ba-12 (BrzeŸnica, Lower Sarmatian res er voir) (Fig. 7B) lie
in the “thermogenic gas” ranges of these di a grams. In these

gases ac cu mu lated in the bot tom part of the Mio cene suc -
ces sion, small amounts of CO2 (0.44, 0.18 and 0.29%, re -
spec tively, Ta ble 2) were prob a bly gen er ated to gether with
meth ane by thermogenic pro cesses in the base ment and then 
mi grated up ward. The ver ti cal dis tri bu tion of the car bon di -
ox ide-meth ane (CDMI) in dex and the d13C(CO2) val ues are 
pre sented in Fig. 6B & C. Such vari a tions in con cen tra tion
and sta ble iso tope com po si tion of car bon di ox ide with depth 
also in di cate both the mul ti ple or i gins of this com po nent of
the ana lysed gases and the in flu ence of sec ond ary pro -
cesses, mainly CO2 dis so lu tion in wa ter dur ing mi gra tion.

Ni tro gen

Ni tro gen is pro duced dur ing the mi cro bial pro cesses
and thermogenic trans for ma tion of or ganic mat ter (Kotarba, 
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Fig. 4. d13C(C2H6) ver sus d13C(CH4) (A and C) and d13C(C3H8) (B and D) for nat u ral gases of Badenian (A and B) and Lower
Sarmatian (C and D) res er voirs of the Pol ish Carpathian Foredeep. In cluded are the vitrinite reflectance curves for type III kerogens af ter
Berner & Faber (1996). Curves were shifted based on the av er age val ues of d13C = –24.8‰ for (A and B) Up per Badenian kerogen and
d13C val ues = –25.7‰ for (C and D) Lower Sarmatian kerogen from the autochthonous Mio cene strata (Kotarba et al., 1998a, 2005). For
ex pla na tion of sam ple codes see Ta ble 1
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Fig. 5. Sta ble car bon iso tope com po si tion of meth ane, eth ane, pro pane, butanes and pentanes (A and B), sta ble car bon iso tope com po -
si tion of meth ane, eth ane, pro pane and butanes (C and D), and sta ble car bon iso tope com po si tion of meth ane, eth ane and pro pane (E and
F) ver sus the re cip ro cal of their car bon num ber for nat u ral gases ac cu mu lated in Badenian (A, C and E) and Lower Sarmatian (B, D and F) 
res er voirs of the Pol ish Carpathian Foredeep. Struc ture of the graph for meth ane, eth ane and pro pane (E and F) af ter Rooney et al. (1995).
Av er age val ues of d13C = –24.8‰ for Up per Badenian kerogen (A, C and E), and d13C val ues = –25.7 ‰ for Lower Sarmatian kerogen
(B, D and F) from the autochthonous Mio cene strata (Kotarba et al., 1998a, 2005) . For ex pla na tion of sam ple codes see Ta ble 1



1988; Krooss et al., 1995). For in stance, dur ing coalifica-
tion of 1 ton of humic coals with a change in vol a tile mat ter
(VMdaf) con tent from 40 to 4%, about 3.5 m3 of N2 are pro -
duced (Kotarba, 1988). Sapropelic or ganic mat ter is richer
in ni tro gen com po nents, there fore, more mo lec u lar ni tro gen 
can be pro duced from it than from the humic mat ter (Maksi- 
mov et al., 1982). The pro cess of mo lec u lar ni tro gen pro -
duc tion from or ganic mat ter was also doc u mented by pyro-
lytic ex per i ments (Gerling et al., 1997). The d15N val ues of
mo lec u lar ni tro gen of nat u ral gases range from –15 to 18‰
(Gerling et al., 1997). This iso to pic frac tion ation re sults
from both pri mary ge netic fac tors and sec ond ary pro cesses
tak ing place dur ing mi gra tion at the gas-rock and gas-res er -
voir flu ids in ter faces (Stahl, 1977; Gerling et al., 1997;
Krooss et al., 2005; Ballentine & Sharwood Lollar, 2002;
Zhu et al., 2000).

In the gases of the Lower Badenian and the Up per Ju -
ras sic res er voirs, N2 con cen tra tions vary from 0.65 to 4.88
vol% and the d15N(N2) mea sured for one sam ple (Us-11)
was –6.6‰. In the Up per Badenian res er voirs they range

from 0.10 to 20.2 vol% (mean 1.92 vol%), and from –0.5 to
1.5‰, re spec tively, and from 0.17 to 9.21 vol%, and
d15N(N2) from –4.6 to –1.9‰, re spec tively, in the Lower
Sarmatian res er voirs (Ta bles 2, 3). d15N(N2) ver sus N2 con -
cen tra tion (Fig. 8) can sug gests that ni tro gen was gen er ated
dur ing both the mi cro bial pro cesses and the ther mal trans -
for ma tion of or ganic mat ter.

Hy dro gen sul phide

The or i gin of hy dro gen sul phide is one of the most
com plex prob lems in or ganic geo chem is try. Hy dro gen sul -
phide can be gen er ated in a num ber of pro cesses, such as: (i) 
mi cro bial sul phate re duc tion (MSR), (ii) thermochemical
sul phate re duc tion – TSR), (iii) ther mal de struc tion of or -
ganic sul phur com po nents of oil and fos sil or ganic mat ter,
(iv) re ac tion of el e men tal sul phur and fos sil or ganic mat ter
(hy dro car bons), and (v) mag matic re ac tions (abiogenic,
volcanic and/or plutonic pro cesses). Re sults of sta ble sul -
phur iso tope (d34S) anal y ses of hy dro gen sul phide, sul pha-
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Fig. 6. (A) Hy dro car bon in dex, (B) car bon di ox ide-meth ane in dex, (C) d13C(CO2), (D) d13C(CH4), (E) d13C(C2H6) and (F)
d13C(C3H8) ver sus depth of nat u ral gas ac cu mu la tions within Badenian and Lower Sarmatian res er voirs of the Pol ish Carpathian
Foredeep. For ex pla na tion of sam ple codes see Ta ble 1



tes, sulphides, and el e men tal sul phur, as re lated with geo -
log i cal and geo ther mal con di tions in a given pe tro leum ba -
sin, en able one to rec og nise the or i gin of hy dro gen sul phide, 
though not all its gen er a tion mech a nisms have been fully
ex plained so far (e.g., Anissimov, 1995; Ha³as et al., 1973;
Krouse, 1980; Krouse et al., 1988; Worden et al., 1995;
Zhang et al., 2008).

The con cen tra tion of hy dro gen sul phide in the nat u ral
gas from the Lower Badenian Baranów beds in RoŸwienica
de posit equals 0.002 vol% (Ta ble 2). More over, hy dro gen
sul phide con cen tra tion of 0.35 vol% and 0.15 vol% were
found in the nat u ral gases of the Wola Obszañska de posit
and the Rokietnica de posit in Baranów beds, re spec tively
(Karnkowski, 1999; Myœliwiec et al., 2004). H2S also oc -
curs in nat u ral gases of the Cetynia, Lubaczów and Usz-
kowce de pos its within Lower Badenian Baranów beds, in
the Up per Badenian chem i cal sed i ments and in the up per -
most part of the Palaeozoic–Me so zoic base ment (Karnkow- 
ski, 1999). Pre lim i nary re sults of sta ble sul phur iso tope
anal y ses of hy dro gen sul phide from RoŸwienica de posit
sug gest that this gas com po nent was gen er ated dur ing mi -
cro bial sul phate re duc tion of the Lower Badenian gypsum
and anhydrites (Kotarba, 1995).
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Fig. 7. d13C(CH4) ver sus d13C(CO2) for nat u ral gases ac cu mu lated in (A) Badenian and (B) Lower Sarmatian res er voirs of the Pol ish
Carpathian Foredeep. Compositional fields mod i fied from Gutsalo & Plotnikov (1981) and Kotarba (1988). For ex pla na tion of sam ple
codes see Ta ble 1

Fig. 8. d15N(N2) ver sus N2 con cen tra tion of nat u ral gases ac cu -
mu lated in autochthonous Mio cene res er voirs of the Pol ish
Carpathian Foredeep. Di rec tion of ma tu rity of source rock af ter
Gerling et al. (1997). For ex pla na tion of sam ple codes see Ta ble 1



CON CLU SIONS

Meth ane con cen tra tions in nat u ral gases ac cu mu lated in 
the autochthonous Mio cene strata of the Pol ish Carpathian
Foredeep (be tween Kraków and Przemyœl) usu ally ex ceed
90 vol%. Ac cord ing to the com mon clas si fi ca tion schemes,
the gas was gen er ated by mi cro bial re duc tion of car bon di -
ox ide in ma rine depositional en vi ron ments, mainly dur ing
sed i men ta tion of the Mio cene clays and muds. It is likely
that this mi cro bial gen er a tion con tin ues up to now. The
higher light hy dro car bons (mainly pro pane, butanes and
pentanes) were gen er ated dur ing diagenesis and at the ini tial 
stage of the low-tem per a ture thermogenic pro cesses. Very
small changes in val ues of geo chem i cal hy dro car bon in di -
ces and sta ble iso tope ra tios of meth ane, eth ane and pro pane 
with depth ev i dence sim i lar gas generation conditions
within the whole Badenian and Lower Sarmatian sections.

Gen er a tion and ac cu mu la tion of mi cro bial meth ane and 
eth ane, and the for ma tion and the load ing of mul ti ply
stacked Mio cene res er voirs of the Pol ish Carpathian
Foredeep were fa cil i tated by rhyth mic and cy clic de po si tion 
of clays, muds and sands at very high sedimentation rates.

The Up per Badenian res er voirs pro duced via the Ta-45
(Tarnów) and Lc-1 (£êkawica near Tarnów) wells are ex -
cep tions be cause they con tain thermogenic gases. This
holds also true for the Lower Sarmatian res er voirs ac cessed
by the Ba-7, Ba-12 (BrzeŸnica), Ku-3 (Kury³ówka) and
Jn-5K (Jasionka) wells, which con tain thermogenic gases.
In both cases gases are gen er ated from mixed type II/III
kerogen. These thermogenic gases oc cur mainly in the bot -
tom part of the Mio cene suc ces sion. They were pre sum ably
gen er ated by thermogenic pro cesses in the Palaeozoic–Me -
so zoic base ment and then as cended to the Mio cene strata
along the fault zones. The diagenetic and early thermogenic
eth ane, pro pane, butanes and propanes might have also been 
gen er ated from dis persed or ganic matter within the Mio-
cene strata.

Mo lec u lar hy dro gen in con cen tra tions up to 0.26 vol%
was en coun tered in the Mio cene gases. These hy dro gen oc -
cur rences might be re lated to re cent mi cro bial pro cesses.

Car bon di ox ide con cen tra tions in the ana lysed Mio cene 
nat u ral gases vary from 0.00 to 0.96 vol%. This gas was
gen er ated by both the mi cro bial and low-tem per a ture pro -
cesses, and was sub se quently sub jected to sec ond ary pro -
cesses, mainly CO2 dis so lu tion in water during migration.

Ni tro gen con cen tra tions in the ana lysed Mio cene nat u -
ral gases vary from 0.65 to 4.88 vol%. It was prob a bly gen -
er ated dur ing both the mi cro bial and low-tem per a ture ther-
mogenic processes.

Hy dro gen sul phide oc cur ring in the RoŸwienica de posit 
most prob a bly was gen er ated by mi cro bial sul phate re duc -
tion of the Up per Badenian gyp sum and anhydrites.
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