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Hy dro car bon gen er a tion in the Zechstein Main Do lo mite and Up per Tri as sic po ten tial source rocks of the Pol ish Ba sin was
in ves ti gated by 1-D ther mal ma tu rity mod el ling in 90 bore holes across the ba sin. This iden ti fied ma jor zones po ten tially wor -
thy of fur ther ex plo ra tion ef forts. The max i mum burial depth of the Zechstein Main Do lo mite and Up per Tri as sic reached
>5 km dur ing the Late Cre ta ceous lead ing to max i mum ther mal ma tu rity of or ganic mat ter. Hy dro car bon gen er a tion de vel op -
ment re veals con sid er able dif fer ences be tween par tic u lar zones of the Zechstein Main Do lo mite and Up per Tri as sic. The
kerogen trans for ma tion ra tio (TR) in the Zechstein Main Do lo mite reached val ues ap proach ing 100% along the ba sin axis.
The TR in the Up per Tri as sic source rocks is gen er ally lower than in the Zechstein Main Do lo mite due to lesser burial. The
Up per Tri as sic source rocks have the high est TR val ues (>50%) along the ba sin axis, in the area be tween bore holes Pi³a IG 1 
and Piotrków Trybunalski IG 1, with the most pro nounced zone in the Kroœniewice Trough (i.e., be tween the Kroœniewice IG 1 
and Budziszewice IG 1 bore holes), where the TR reached >90%. The Zechstein Main Do lo mite and Up per Tri as sic en tered
the oil win dow in the Late Tri as sic to Early–Mid dle Ju ras sic, re spec tively. Hydrocarbon gen er a tion con tin ued un til the Late
Cre ta ceous, and was com pleted dur ing tec tonic in ver sion of the ba sin.

Key words: hy dro car bon po ten tial, kerogen trans for ma tion ra tio, ther mal ma tu rity mod el ling, Pol ish Ba sin, Perm ian, Tri as sic.

INTRODUCTION

Al though pe tro leum and nat u ral gas ex plo ra tion in north ern
Eu rope has reached an ad vanced stage, cer tain strati graphic
in ter vals are still un der-ex plored (Doornenbal and Stevenson,
2010; Doornenbal et al., 2019). In par tic u lar, the Zechstein and
Me so zoic strata in the area of the South ern Perm ian Ba sin
(SPB), ex tend ing from the UK to Po land (Van Wees et al.,
2000; Maystrenko et al., 2008; Doornenbal and Stevenson,
2010), con tin ues to pro vide new in sights into the geo log i cal his -
tory of this area, where most hy dro car bon fields are re lated to
the Cam brian to Rotliegend strata (Kilhams et al., 2018a;
Underhill and Rich ard son, 2022). Me so zoic con ven tional hy -
dro car bon re serves (>90%) within the SPB are pre dom i nantly
found in the Neth er lands, Ger many and Den mark, with only mi -
nor amounts as so ci ated with the UK and other coun tries such
as Po land (Kus et al., 2005; Pletsch et al., 2010; Kilhams et al.,
2018a). This geo graph ical pat tern is due to the geo log i cal evo -
lu tion of the SPB area. In par tic u lar, the ex tent of rift sys tems
(e.g., the Cen tral Graben and as so ci ated Ju ras sic source rocks
pres ent in a lim ited area), as well as tec tonic in ver sion,
source-rock pres ence and charge tim ing in flu enced on the oc -
cur rence of oil and gas fields (Cornford, 1998; Pletsch et al.,

2010; Petersen and Hertle, 2018; Schovsbo and Jakobsen,
2019; Underhill and Rich ard son, 2022). How ever, fur ther hy -
dro car bon dis cov er ies in the Me so zoic strata, for ex am ple, in
the Pol ish Ba sin and other less ex plored bas ins are still pos si -
ble (e.g., Krzywiec et al., 2017a; Kilhams et al., 2018b;
Kortekaas et al., 2018). The Zechstein plays on the flanks of the 
SPB are com plex and highly vari able. The sed i men tary se -
quence in cludes re peat ing evaporite se quences with sig nif i cant 
lat eral fa cies vari a tions. Among these there are sev eral do lo -
mite ho ri zons, among which the Zechstein Main Do lo mite is still 
an at trac tive tar get with ex cel lent res er voir prop er ties, par tic u -
larly in ar eas of plat form fa cies (Peryt et al., 2010; Pletsch et al.,
2010; S³owakiewicz and Miko³ajewski, 2011; Kosakowski and
Krajewski, 2014, 2015; S³owakiewicz et al., 2018; Miko³ajewski
et al., 2019). Al though in the Pol ish Ba sin area hy dro car bon de -
pos its also oc cur in rocks rang ing in age from the Cam brian to
Perm ian (Karnkowski, 1999a, b, 2007a, b), re cent stud ies
(Kosakowski et al., 2015; Wiêc³aw, 2016; Zakrzewski et al.,
2020, 2022a, b) show also that sev eral pe tro leum source rock
ho ri zons ex ist in the Me so zoic, par tic u larly within Ju ras sic
strata. These stud ies shed new light into hy dro car bon po ten tial, 
as sum ma rized by Bachleda-Curuœ and Semyrka (1990) and
Bachleda-Curuœ et al. (1996). 

Pe tro leum ex plo ra tion in the Me so zoic de pos its of the Pol -
ish Ba sin was mainly de vel oped in the years 1947–1970
(Karnkowski, 1996). At that time, the Cre ta ceous bas ins with
their Ju ras sic sub strate were clearly rec og nized (Marek and
Znosko, 1972). How ever, pos i tive re sults in the form of dis cov -
ered hy dro car bon de pos its in Ju ras sic and Cre ta ceous res er -
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voirs were ob tained only in the south ern ex ten sion of the
Miechów Trough hid den be neath Mio cene strata and the Outer
Carpathians. These oil and gas fields may be charged by Pa -
leo zoic source rocks (Kotarba et al., 2017a) or the Menilite
Shales of Outer Carpathians (Nemèok and Henk, 2006; Botor,
2021). To wards the south, in the Czech Re pub lic Ju ras sic
source rocks (Mikulov Marls) are also rec og nized (Geršlová et
al., 2015). In the cen tral part of the Pol ish Ba sin, Mid dle and Up -
per Ju ras sic strata in par tic u lar are known to have or ganic-rich
in ter vals, which con tain on av er age ~1–7% of or ganic mat ter of
var ied ther mal ma tu rity (Wilczek, 1986; Kosakowski et al.,
2015; Wiêc³aw, 2016; Zakrzewski et al., 2020, 2022a, b). The
oil shows found in sev eral bore holes in this area (Mogilno 21,
Ko³o 3 and 4, Dobrów IG 1 and Przyby³ów 1 bore holes) are ev i -
dence of the pos si bil ity of gen er at ing and hy dro car bons oc cur -
rence in some zones of the Me so zoic strata of the Pol ish Ba sin
(Karnkowski, 1996). 

This study aims to com ple ment pre vi ous stud ies of Pa leo -
zoic (Ediacaran up to Rotliegend) pe tro leum sys tems in the
Pol ish Ba sin and ad ja cent ar eas, sum ma rized by Kosakowski
et al. (2010), Botor et al. (2013, 2019a, b), and Papiernik et al.

(2019), and to pro vide a new de tailed re gional over view of the
burial and mat u ra tion his tory of im por tant strati graphic in ter vals
of the Pol ish Ba sin. In this pa per, one-di men sional (1-D) hy dro -
car bon gen er a tion mod el ing of the (i) Zechstein Main Do lo mite
and (ii) Up per Tri as sic po ten tial source rocks was per formed,
which al lowed con struc tion of re gional maps of the de vel op -
ment of or ganic mat ter ma tu rity and kerogen trans for ma tion ra -
tio into hy dro car bons across the Pol ish Ba sin. Ju ras sic source
rocks were dis cussed re cently by Kosakowski et al. (2015),
Wiêc³aw (2016) and Zakrzewski et al. (2020, 2022a, b). 

GEOLOGICAL SETTING

The Pol ish Ba sin (Fig. 1), to gether with its ax ial, most deeply 
sub sid ing part called the Mid-Pol ish Trough (MPT), is part of the 
Perm ian and Me so zoic epicontinental bas ins of West ern and
Cen tral Eu rope, some times called the Cen tral Eu ro pean Ba sin
Sys tem (e.g., Scheck-Wenderoth et al., 2008). Here the geo -
log i cal his tory of the stud ied area is briefly out lined, fo cus ing on
the as pects par tic u larly rel e vant to the pres ent mod el ling study.
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Fig. 1. Sim pli fied sub-Ce no zoic map of the Pol ish Ba sin (mod i fied af ter Dadlez et al., 1995, 1998) and lo ca tion of the study area

TTZ – Teisseyre-Tornquist Zone, MPT – Mid-Pol ish Trough
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The MPT de vel oped along the Teisseyre-Tornquist Zone
(TTZ; Kutek and G³azek, 1972; Po¿aryski and Brochwicz-
Lewiñski, 1978; Dadlez et al., 1995; Kutek, 2001; Mazur et al.,
2021), one of the key tec tonic lin ea ments in Eu rope lo cated at
the tran si tion be tween the East Eu ro pean Pre cam brian Craton
and the West Eu ro pean Pa leo zoic Plat form (see Mazur et al.,
2021 for re cent sum mary and fur ther ref er ences). The sub -
strate of the Pol ish Ba sin in cludes a sed i men tary cover, a few
kilo metres thick, of Ediacaran to Car bon if er ous strata. The Pol -
ish Ba sin con sists of the ex ten sive Perm ian-Me so zoic suc ces -
sion, which is un con form ably over lain by up to 350 m of Ce no -
zoic strata (Piwocki, 2004; Fig. 2). The Perm ian to Ce no zoic
suc ces sion reaches ~8 km in to tal thick ness along a
NW–SE-ori ented depocentre in the MPT (e.g., Dadlez et al.,
1995; Scheck-Wenderoth and Lamarche, 2005; Mazur et al.,
2005, 2021). The Perm ian to Me so zoic of the Pol ish Ba sin dis -
plays a sed i men tary suc ces sion re flect ing con ti nen tal to
open-shelf shelf depositional sys tems (Marek and Pajchlowa,
1997; Figs. 3 and 4). To wards the flanks, it thins to 2–5 km. The
sed i men tary suc ces sion in cludes sev eral ero sional sur faces, of 
which the most im por tant formed in the Early Ju ras sic and Early 
Cre ta ceous (Marek and Pajchlowa, 1997). Depocentre lo ca -
tions of par tic u lar strati graphic units shifted through time but
were mostly lim ited to the MPT area. The Pol ish Ba sin sub si -
dence is re lated to crustal ex ten sion fol lowed by lithospheric
cool ing. Struc tural ori en ta tion was strongly de pend ent on the
pre-ex is tence of the struc ture of the TTZ (Mazur et al., 2021). A
rift ing phase oc curred dur ing the Perm ian–Early Tri as sic, and
an ac cel er ated sub si dence phase took place dur ing the Late
Ju ras sic, linked to rift ing of the North At lan tic sys tem and to the
Tethyan mar gin. Sub si dence ac cel er ated at the be gin ning of
the Cenomanian and marks the be gin ning of com pres sive de -
for ma tion, which cul mi nated with ba sin in ver sion at the end of
the Cre ta ceous (Dadlez et al., 1995; Stephenson et al., 2003;
Krzywiec et al., 2018). Evo lu tion of the MPT was strongly in flu -
enced by Zechstein salt move ments from the Early Tri as sic,
and con tin ued through out the en tire Me so zoic (e.g., Ro wan and 
Krzywiec, 2014). This led to the com plex sys tem of salt struc -
tures in the cen tral and NW parts of the MPT (for de tails see
Krzywiec, 2004, 2006a, b). In the ax ial part of the MPT, Late
Cre ta ceous open ma rine sed i men ta tion was ter mi nated by Late 
Cre ta ceous/Early Paleogene tec tonic in ver sion lead ing to sig -
nif i cant ero sion. The sed i men tary de pos its were re moved down 
to the Lower Ju ras sic or even Up per Tri as sic along the axis of
the MPT and in the SW part of the Pol ish Ba sin (e.g., Botor et
al., 2013). In some ar eas of the MPT, exhumation be gan in the
lat est Turonian–early Campanian and ~2 km of Me so zoic rocks 
were re moved (Resak et al., 2010; Krzywiec et al., 2018; Botor

et al., 2018; £uszczak et al., 2020). Late Cre ta ceous tec tonic in -
ver sion is widely rec og nized in cen tral Eu rope and was sum ma -
rized re cently by von Eynatten et al. (2021). A com pi la tion of
sev eral hun dred pub lished thermochronological anal y ses (ap a -
tite fis sion-track anal y ses and ap a tite he lium dat ing) in di cates
gen er al ized, km-scale ex hu ma tion over sub stan tial parts of
Cen tral Eu rope in Late Cre ta ceous to Paleocene time. Tec tonic 
in ver sion was caused by a com bi na tion of (i) collisional phases
in the Al pine and Carpathian orogens and (ii) de vel op ment of
the At lan tic (Ziegler, 1990a, b; Dadlez et al., 1995; Mazur et al.,
2005). The Perm ian to Me so zoic evo lu tion of the Pol ish Ba sin
was sum ma rized and re viewed by Dadlez et al. (1995),
Krzywiec (2002, 2006a, b, 2009), Lamarche et al. (2003),
Mazur et al. (2005) and Dadlez (2006).

OVERVIEW OF THE PETROLEUM SYSTEM ELEMENTS 
IN THE STUDY AREA

CARBONIFEROUS–PERMIAN (ROTLIEGEND)

In the Pol ish Ba sin, nu mer ous nat u ral gas fields oc cur in
Perm ian (Rotliegend) strata (Karnkowski, 1999a,b, 2007a, b).
Gas is ac cu mu lated mainly in ae olian sand stones and,
subordinately, in flu vial sand stones (Pletsch et al., 2010;
Kiersnowski, 2013). Ad di tion ally, in West ern Pomerania, Car -
bon if er ous (Namurian) flu vial sand stone res er voirs also ex ist.
Gas fields are as so ci ated with both con ven tional traps and un -
con ven tional ac cu mu la tions (tight sand; Kiersnowski et al.,
2010). The source rocks for the Rotliegend gas fields are Car -
bon if er ous strata that con sist mainly of Lower Car bon if er ous
claystones and mudstones with dis persed or ganic mat ter (usu -
ally <2% to tal or ganic car bon; TOC) that were de pos ited in the
Variscan fore land ba sin (Kotarba et al., 2005; Botor et al.,
2013). These source rocks con tain kerogen mostly of
gas-prone Type III; how ever, subordinately, kerogen of al gal
ma rine or i gin and mixed Type II/III oc cur also. The kerogen
ther mal ma tu rity pro gres sively in creased with depth, from
~0.5% mean ran dom vitrinite reflectance (VR) in mar ginal parts
of the Car bon if er ous ba sin to >5.0% VR at the bot tom of the
Lower Car bon if er ous (Pletsch et al., 2010; Botor et al., 2013).

In the Car bon if er ous source rocks, hy dro car bon gen er a tion
be gan in rap idly sub sid ing ar eas (Pletsch et al., 2010; Botor et
al., 2013) in the Late Car bon if er ous. These pro cesses were
halted by Variscan tec tonic in ver sion at the end of the Car bon if -
er ous. How ever, hy dro car bon gen er a tion re sumed in Mid-Tri -
as sic to Late Ju ras sic and in Late Cre ta ceous times. The main
mi gra tion event took place dur ing the Tri as sic to Ju ras sic, while
the Late Cre ta ceous mi gra tion phase was less in tense (Pletsch
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Fig. 2. Cross-sec tion through the cen tral part of the Pol ish Ba sin (mod i fied af ter Krzywiec, 2004; Scheck-Wenderoth et al., 2008; 
Krzywiec et al., 2017a)

https://doi.org/10.1111/ter.12336
https://doi.org/10.1111/ter.12336
https://doi.org/10.1016/0040-1951(95)00104-2
https://doi.org/10.1016/0040-1951(95)00104-2
https://doi.org/10.1016/0040-1951(95)00104-2
https://doi.org/10.1016/0040-1951(95)00104-2
https://doi.org/10.1016/0040-1951(95)00104-2
https://gq.pgi.gov.pl/article/view/7397
http://dx.doi.org/10.1144/SP376.20
https://gq.pgi.gov.pl/article/view/7338
https://gq.pgi.gov.pl/article/view/7338
https://gq.pgi.gov.pl/article/view/7402
https://gq.pgi.gov.pl/article/view/7402
https://gq.pgi.gov.pl/article/view/7403
https://gq.pgi.gov.pl/article/view/7403
https://doi.org/10.1016/j.tecto.2008.11.020
https://doi.org/10.1016/B978-0-12-809417-4.00012-4
https://doi.org/10.1144/SP469.14
https://doi.org/10.1144/SP469.14
https://doi.org/10.1016/S0040-1951(03)00285-3
https://doi.org/10.1016/j.marpetgeo.2020.104229
https://doi.org/10.1007/s00531-005-0016-z
https://doi.org/10.1007/s00531-005-0016-z
https://doi.org/10.1007/s00531-005-0016-z
https://doi.org/10.1007/s00531-005-0016-z
https://doi.org/10.1016/j.gloplacha.2021.103417
https://doi.org/10.1016/j.gloplacha.2021.103417
https://doi.org/10.1016/j.gloplacha.2021.103417
https://doi.org/10.1016/j.gloplacha.2021.103417
https://doi.org/10.1016/j.gloplacha.2021.103417
https://doi.org/10.1016/j.marpetgeo.2009.06.002
https://doi.org/10.1190/INT-2014-0028.1
https://doi.org/10.1016/j.tecto.2004.10.007
https://doi.org/10.1016/j.sedgeo.2013.10.008
https://doi.org/10.5194/se-12-935-2021
https://doi.org/10.1016/0264-3707(90)90017-O


4 Dariusz Botor / Geo log i cal Quar terly, 67: 20

Fig. 3. Sim pli fied lithostratigraphic chart show ing the dom i nant li thol ogy 
and thick ness of the Perm ian to Ce no zoic strata of the Pol ish Ba sin

 (mod i fied af ter Marek and Pajchlowa, 1997; Dadlez et al., 1998)

The sed i men tary suc ces sion is punc tu ated by sev eral ero sional 
and/or hi a tus ep i sodes, of which the most im por tant are the Rotliegend, 

Early–Mid dle Ju ras sic, Early Cre ta ceous and Paleogene–Neo gene



et al., 2010; Botor et al., 2013). Rotliegend hy dro car bon traps
were formed as mainly struc tural or geomorphological fea tures
(Kiersnowski and Tomaszczyk, 2010). The nat u ral gas con tent
var ies by re gion. Gen er ally, the east ern gas fields have high a
meth ane con tent (up to >80%), with the west ern fields hav ing
a low meth ane con tent and a high ni tro gen con tent. In the
deeper part of the Rotliegend Ba sin, sig nif i cant po ros ity re duc -
tion and rapid re duc tion of sand stone per me abil ity are ob -
served; how ever, tight gas fields were dis cov ered (Kiersnow -
ski et al., 2010).

ZECHSTEIN MAIN DOLOMITE

The Zechstein Main Do lo mite pe tro leum sys tem is unique in 
that the car bon ates and evaporites of a Zechstein (PZ2) sin gle
depositional cy cle (Wag ner, 1994; Peryt et al., 2010) con sti tute
the pe tro leum source rocks, the res er voir rocks and the re gional 
top seals (Kotarba and Wag ner, 2007; Pletsch et al., 2010;

S³owakiewicz and Miko³ajewski, 2011; Kosakowski and
Krajewski, 2014, 2015; Kotarba et al., 2017b, 2020; Krzywiec et 
al., 2017a; S³owakiewicz et al., 2018; Miko³ajewski et al., 2019). 
More than 90 pe tro leum de pos its have been dis cov ered in the
Zechstein Main Do lo mite res er voir in Po land (Karnkowski,
1999a, 2007a, b). The salts and/or anhydrite are widely thought
to be a top seal of this pe tro leum sys tem. The depth of hy dro -
car bon mi gra tion into the evaporites is es ti mated at sev eral
tens of metres in the case of un dis turbed salt strata
(Kovalevych et al., 2008). How ever, hy dro car bon mi gra tion can
in volve lon ger dis tances in the case of salt diapirs (e.g., Tobo³a
and Botor, 2020). The ma jor Zechstein Main Do lo mite source
rocks are the lam i nated car bon ate mudstones and
boundstones de pos ited in low-en ergy la goons on the mar ginal
Zechstein Main Do lo mite plat form or on iso lated plat forms, that
lo cally con tain an abun dant amount of or ganic mat ter
(>20 wt.% TOC; S³owakiewicz and Miko³ajewski, 2011). Pe tro -
leum in the Zechstein Main Do lo mite was mainly gen er ated
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Fig. 4. Stra tig ra phy of the Zechstein in the Pol ish Ba sin mod i fied af ter Wag ner (1994, 2001)

Zechstein strati graphic bound aries af ter Peryt and Peryt (2021); cor re la tion of the Zechstein and the
Wuchiapingian/Changhsingian bound ary af ter Szurlies (2020); U.N.F. – Up per Noteæ For ma tion
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from mi cro bial-al gal or ganic mat ter types I and II (Kotarba and
Wag ner, 2007; S³owakiewicz and Miko³ajewski, 2011;
Kosakowski and Krajewski, 2014, 2015; S³owakiewicz et al.,
2018; Miko³ajewski et al., 2019; Kotarba et al., 2020). Very good 
res er voir rocks oc cur close to the source rocks; how ever, res er -
voir prop er ties are highly vari able, both lat er ally and ver ti cally
(Pletsch et al., 2010; S³owakiewicz and Miko³ajewski, 2011;
Kosakowski and Krajewski, 2014, 2015; S³owakiewicz et al.,
2018; Miko³ajewski et al., 2019).

TRIASSIC

In the Tri as sic Pe riod, the Pol ish Ba sin was lo cated at the
north ern pe riph ery of the West ern Tethys Ocean, in which sed i -
men ta tion was strongly in flu enced by in her ited Variscan struc -
tures which con trolled the ba sin dif fer en ti a tion and sub si dence
pat tern (Szulc, 2007). How ever, the MPT was the main
depocentre. Up per Tri as sic sed i men tary se quences are char -
ac ter ized by a pre dom i nance of clastic, mainly ter res trial de -
pos its (Szulc, 2007). Dry cli ma tic con di tions dom i nated dur ing
the Late Tri as sic, but sev eral hu mid in ter vals have also been
rec og nized dur ing this time in the cen tral Eu ro pean area
(Reinhardt and Ricken, 2000). Up per Tri as sic strata are dom i -
nantly flu vial and lac us trine, lo cally com pris ing or ganic-rich
clastic de pos its, in clud ing thin coal seams (Szulc, 2000).
Non-ma rine, lac us trine en vi ron ments are widely known as very
good source rocks in many parts of the world (e.g., see sum -
mary in Katz and Lin, 2014). Lac us trine se quences are in creas -
ingly be ing re cog nised as hosts for com mer cial hy dro car bon re -
serves. Var i ous types of or ganic mat ter in lac us trine se quences 
have or ganic car bon con tents in the range ~1–20% (Powell,
1986; Bohacs et al., 2000; Petersen et al., 2004; Katz and Lin,
2014; Behar et al., 2020; Do Couto et al., 2021).

In the Pol ish Ba sin, no hy dro car bon ac cu mu la tions have
been found in Tri as sic rocks so far. How ever, res er voir rocks
are pres ent in the Lower Tri as sic of Cen tral Eu rope, though the
na ture of the  pe tro leum charge and seal are un cer tain
(Bachmann et al., 2010; Pletsch et al., 2010). In the Pol ish Ba -
sin, the po ros ity of Lower Tri as sic rocks is in the range 3–12%
(Sowi¿d¿a³ et al., 2013). The source rock po ten tial of Tri as sic
strata has not yet been fully con strained by geochemically. Ex -
plo ra tion for fur ther Tri as sic-hosted oil and gas could con tinue
across the ba sin, es pe cially in rel a tively underexplored ar eas
where data can be re in ter preted in the con text of new re search
(e.g., Krzywiec et al., 2017a). There fore, de tailed iden ti fi ca tion
of source rocks would al low for better as sess ment of the pe tro -
leum sys tem. So far, in the Rhaetian of off shore Den mark, NW
Ger many and the Neth er lands, thin coal in ter vals pro vide a lo -
cal hy dro car bon source (Niel sen, 2003; Geluk et al., 2018), that 
sug gests the pres ence of such ho ri zons also to wards the east
in the Pol ish Ba sin. In Den mark, Tri as sic strata are dom i nated
by con ti nen tal to mar ginal ma rine sand stones, mudstones, car -
bon ates and evaporites, and good qual ity source rocks are not
com mon. Apart from a few lo cal oc cur rences of Up per Tri as sic
units with lim ited po ten tial (e.g., the 73 m-thick mudstone-dom i -
nated Gassum For ma tion), the Tri as sic does not pos sess pe -
tro leum gen er a tion po ten tial (Petersen et al., 2008). In the Tri -
as sic suc ces sion of Ger many, black claystones and coals are
sug gested to have mi nor gas gen er a tion po ten tial and are re -
garded as a pos si ble source of gas shows in a num ber of bore -
holes pen e trat ing Lower Tri as sic rocks (Lutz and Cleintuar,
1999). In the Mid dle Tri as sic, partly bi tu mi nous marls, lime -
stones and dolomites ~10 m thick have also been de scribed
(Eisbacher and Fielitz, 2010). In the Up per Tri as sic (Keuper –
i.e. lower part of the Up per Tri as sic), only the Lettenkeuper
Mem ber is as sumed to have mi nor gas gen er a tion po ten tial

due to interbedded thin coal lay ers. These lay ers are de scribed
as partly bi tu mi nous (Schad, 1962). In the Up per Tri as sic, lo -
cally en rich ment in TOC was ob served in the range ~1–3 %
(Schobben et al., 2019).

Gen er ally, in the Up per Tri as sic of the Pol ish Ba sin, few
geo chem i cal in ves ti ga tions are avail able in di cat ing mild hy dro -
car bon gen er a tion po ten tial with TOC val ues of typ i cally
~1–2%, of mixed II/III type kerogen (Bachleda-Curuœ and
Semyrka, 1990; Bachleda-Curuœ et al., 1996; Marynowski et
al., 2006; Marynowski and Simoneit, 2009; Wójcicki et al.,
2022). In the Rhaetian strata, TOC is usu ally be low 1%, ex cept
for some lac us trine mudstones, where TOC con tent can reach
4% (Pieñkowski et al., 2020). In many bore holes Up per and
Mid dle Tri as sic TOC val ues are up to 0.6%. The ther mal ma tu -
rity of these claystones is in the range of ~0.8–1.1% VR (e.g.,
Pi³a IG 1, Objezierze IG 1 bore holes), sug gest ing that these
kerogens achieved the mid-oil win dow stage (Kiersnowski,
2017; Dyrka, 2017; ¯uk, 2019). In the cen tral part of the Pol ish
Ba sin, the Lower Keuper source rocks have an av er age thick -
ness of 67 m (based on 66 bore holes), usu ally rang ing from 50
to 100 m (Bachleda-Curuœ and Semyrka, 1990). The av er age
TOC is 0.9 wt.% in these rocks. Gen er a tion of 1.6*106 Mg hy -
dro car bons per 1 km3 of source rocks was cal cu lated by
Bachleda-Curuœ and Semyrka (1990) ap ply ing the TTI method
(Waples, 1980).

JURASSIC

In the Pol ish Ba sin, Up per Ju ras sic source rocks show up to 
7.5 wt.% TOC, while Mid dle Ju ras sic strata con tain up to
~5 wt.% and Lower Ju ras sic up to ~1.1 wt.% TOC (Wilczek,
1986; Kosakowski et al., 2015; Wiêc³aw, 2016; Zakrzewski et
al., 2020, 2022a, b). Geo chem i cal data in di cate the pres ence of 
mixed or ganic mat ter (kerogen type III/II) oc cur ring in the Up per 
Ju ras sic, whereas gas-prone type III kerogen pre vails in the
Mid dle and Lower Ju ras sic. How ever, type IV kerogen also con -
sti tutes a sig nif i cant part of the or ganic mat ter (Zakrzewski et
al., 2020, 2022a, b). Geo chem i cal data in di cate that the Lower
Ju ras sic strata con tain par tially re worked kerogen, which even
just af ter de po si tion had poor hy dro car bon po ten tial
(Zakrzewski et al., 2022a). In the Lower and Up per Ju ras sic
suc ces sion, ther mal ma tu rity is in the range of 0.7–0.8% VR in
the deeply bur ied part of the Mogilno-£ódŸ Synclinorium. In the
Lower Cre ta ceous rocks, the ther mal ma tu rity did not ex ceed
0.5% VR. The ther mal ma tu rity of or ganic mat ter in these
source rocks ranges from the im ma ture phase to the early and
mid-phase of the oil win dow. This is in di cated by the re sults of
VR and Rock-Eval tem per a ture Tmax as well as by biomarkers
(Kosakowski et al., 2015; Wiêc³aw, 2016; Zakrzewski et al.
2020, 2022a, b). The on set of hy dro car bon gen er a tion from the
Ju ras sic source rocks oc curred dur ing the Cre ta ceous, at a
burial depth >2.5 km and tem per a ture >80°C. The gen er a tion
was com pleted at the end of Cre ta ceous due to tec tonic in ver -
sion. The kerogen trans for ma tion reached up to ~40% in the
Mid dle Ju ras sic and up to ~10% in the Up per Ju ras sic source
rocks (Kosakowski et al., 2015).

In the Pol ish Ba sin, no oil and gas fields have been dis cov -
ered in Me so zoic strata. Po ten tial res er voirs might con sti tute
sand stone units of the Lower Tri as sic, Lower and Mid dle Ju ras -
sic and Cre ta ceous, as sim i lar to the North Sea area (Pletsch et
al., 2010; Tarkowski and Wdowin, 2011; Sowi¿d¿a³ and
Semyrka, 2016). The most prom is ing res er voirs are po rous
Lower and Mid dle Ju ras sic sand stones form ing struc tural and
com bined struc tural-strati graphic traps (Labus et al., 2014;
Labus and Tarkowski, 2022). The strati graphic traps likely ex ist
in the form of bioherms within the Oxfordian lime stones, as well
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as in Lower Cre ta ceous sand stones, and chan nel-fill ing fa cies
of flu vial sand stones of the Up per Tri as sic, where nat u ral gas
shows have been ob served in the Ko³o area (Wójcik et al.,
2022). Po ten tial traps are likely re lated to salt tec ton ics and may 
in clude an ti cli nal struc tures above salt pil lows, through struc -
tures in duced by in ver sion, and com bined struc tural-strati -
graphic traps next to salt diapirs (Krzywiec et al., 2017a; Wójcik
et al., 2022). The traps were formed dur ing Late Cre ta ceous in -
ver sion, as well as due to move ments of Zechstein evaporites
dur ing the en tire Me so zoic. Traps were mainly sealed by the
shales in the Me so zoic suc ces sion and evaporites in the
Zechstein (Krzywiec et al., 2017a; Wójcik et al., 2022).

METHODS AND DATA

BASIN MODELLING TECHNIQUE

The 1-D nu mer i cal mod els were con structed with the use of
PetroMod soft ware (Schlumberger) for 90 bore holes. Nu mer i -
cal mod el ling tech niques en able the sim u la tion of the com plex
set of in ter act ing phys i cal and chem i cal pro cesses tak ing place
dur ing the evo lu tion of a sed i men tary ba sin. The quan ti fi ca tion
of geo log i cal evo lu tion is based on a con cep tual model, which
de scribes the geo log i cal evo lu tion of the study area (Waples et
al., 1992; Hantschel and Kauerauf, 2009). The con cep tual
model was con structed in a tem po ral frame work in which
geochronologic en ti ties called ‘events’ form the ba sis of the
tem po ral frame work and the in put data. In put data for each
event con sist of du ra tion, depositional or ero sional thick ness, li -
thol ogy, bathymetry, sed i ment/wa ter in ter face or sur face tem -
per a ture, and heat flow. Petrophysical pa ram e ters such as po -
ros ity, den sity, ther mal con duc tiv ity, etc., are then de fined from
the li thol ogy. Af ter each sim u la tion run, the cal cu lated re sults
have to be com pared with mea sured val ues, in or der to cal i -
brate the model and check its geo log i cal re li abil ity. The ma jor
cal i bra tion pa ram e ter was mean ran dom vitrinite reflectance
val ues (VR). The ki netic EASY % Ro ap proach was ap plied,
which en ables the cal cu la tion of the mean ran dom vitrinite
reflectance up to the value of 4.6% (Swee ney and Burnham,
1990; Burnham et al., 2016). Cal i bra tion was achieved mainly
by vary ing heat flows or orig i nal thick nesses of now eroded sed -
i men tary units within geo log i cally rea son able lim its (Wygrala,
1989; Waples et al., 1992; Hantschel and Kauerauf, 2009). Ini -
tially, heat flow as sign ment for the past stages of ba sin his tory is 
es ti mated based on the tec tonic set ting (Hantschel and
Kauerauf, 2009). Fur ther palaeo-heat flows val ues are as -
sessed by the mod el ling pro ce dure in or der to achieve the best
fit be tween the cal cu lated model and mea sured cal i bra tion pa -
ram e ters. Heat flow val ues are best con strained for times of
max i mum tem per a ture which usu ally cor re spond to max i mum
burial depth (Waples et al., 1992; Hantschel and Kauerauf,
2009). Dur ing mod el ling, dif fer ent burial-up lift sce nar ios are
tested to find a model, which is best cal i brated with VR val ues
mea sured on rock sam ples. More de tails on the prin ci ples of the 
mod el ling tech nique are given else where in, e.g., Waples et al.
(1992) and Hantschel and Kauerauf (2009).

MODELLING INPUT DATA

A set of strati graphic and lithological data con cern ing the
bore holes stud ied was based on pub lished data and in ter pre ta -
tions con cern ing the geo log i cal evo lu tion of the Perm ian–Ce no -
zoic in the Pol ish Ba sin. Par tic u larly use ful were palaeothickness
and palaeofacies maps of Perm ian and Me so zoic se quences as
well as re gional cross-sec tions of the study area (Marek and
Pajchlowa, 1997; Dadlez, 2006). Ba sic strati graphic and

lithological data were com piled from re ports pro vided by the
Cen tral Geo log i cal Da ta base of the Pol ish Geo log i cal In sti tute
(PGI) in War saw: http://otworywiertnicze.pgi.gov.pl/De tails/In for -
ma tion/ and the Pol ish Na tional Geo log i cal Ar chives https://
www.pgi.gov.pl/en/narodowe-archiwum-geologiczne-2.html

Pe ri ods of sed i men ta tion and ero sion/non-de po si tion, sed i -
ment types and thick nesses were iden ti fied for each bore hole.
The age (in Ma) of stan dard chronostratigraphic units is given
af ter Ogg et al. (2008). De fined PetroMod lithologies (with
petrophysical prop er ties de ter mined for each rock type) are
given in Ta ble 1 and were de fined on the ba sis of de tailed
lithological de scrip tions of core and cut ting ma te rial in cluded in
bore hole documentations. Palaeo-heat flow val ues were se -
lected based on the qual ity of fit be tween the model pre dic tions
and ac tual ob ser va tions of ther mal ma tu rity-depth pro files. The
pres ent-day heat flow val ues were in ter po lated from the sur face 
heat flow maps (Majorowicz and Wybraniec, 2011; Majorowicz,
2021). The val ues ob tained range from 40 to 78 mW/m2. Map -
ping was based on the lat est avail able geo ther mal data from
bore holes across the Pol ish Ba sin, care fully ver i fied in or der to
ex clude un re li able mea sure ments. Meth od olog i cal prob lems
re lated to heat flow cal cu la tion and map ping were thor oughly
dis cussed by Majorowicz and Wybraniec (2011), and
Majorowicz (2021). How ever, pres ent-day heat flow val ues do
not in flu ence the mat u ra tion his tory of in verted bas ins (as gen -
er ally in this case), which is gov erned mainly by a pre-in ver sion
pe riod (Waples et al., 1992; Hantschel and Kauerauf, 2009).

Mean ran dom vitrinite reflectance mea sure ments were im -
ple mented in the nu mer i cal mod el ling pro ce dure as ma jor pa -
ram e ters cal i brat ing the burial and ther mal his tory of the ba sin
(e.g., Hantschel and Kauerauf, 2009). Ther mal ma tu rity val ues
in cluded sev eral sources of data (Bachleda-Curuœ and Semyrka, 
1990; Bachleda-Curuœ et al., 1996; Grotek 1998, 2006; Wag ner,
1999; Kotarba et al., 2005, 2006; Resak et al., 2008) and the
Cen tral Geo log i cal Da ta base of the Pol ish Geo log i cal In sti tute in
War saw: http://otwory wiertnicze.pgi.gov.pl/De tails/In for ma tion/

Ther mal mod el ling was car ried out at a re gional scale
across the en tire Pol ish Ba sin. Hence, it was nec es sary to sim -
plify sev eral fac tors both in geo log i cal and meth od olog i cal as -
pects such as: (i) Car bon if er ous strata were se lected as the
sed i men tary base ment in the case of the Pol ish Ba sin, (ii) the
struc tural-thick ness model of Perm ian to Me so zoic strata and
the in flu ence of salt domes. Re con struc tion of the ther mal his -
tory of pe tro leum source rocks is es sen tial to or ganic mat ter
ma tu rity pre dic tions. The re con struc tion of sed i ment palaeo -
temperatures as a func tion of time and depth re quires the spec -
i fi ca tion of heat flow and ther mal con duc tiv ity val ues of the rock
col umn. Sev eral heat trans fer as sump tions were used in our
mod el ling: (1) heat trans fer was by con duc tion, (2) steady-state
ther mal con di tions were used to model heat flow from the base
of the sed i men tary sec tion to the sur face, (3) the heat was as -
sumed to come from the base ment but not from ra dio genic heat 
sources within the rocks, (4) the base ment heat source was not
dif fer en ti ated be tween ra dio genic heat from the base ment and
heat from man tle con vec tion. Due to the rift ing pro cesses of the
MPT (Dadlez et al., 1995; Karnkowski, 1999b; Stephenson et
al., 2003; Mazur et al., 2005, 2006) gen er ally higher heat flow
val ues than pres ent-day were as sumed for the Perm ian-Tri as -
sic in ter val, which gen er ally de creased to pres ent-day val ues. A 
kerogen Type TIIB ki netic model from Pep per and Corvi (1995)
was as signed to the Up per Tri as sic strata (500 mg HC/gTOC;
and 1.0% TOC), whereas the Pep per and Corvi (1995) TIA ki -
netic model was se lected for the Zechstein Main Do lo mite ho ri -
zon (600 mg HC/gTOC; 2% TOC). The ki netic mod els of hy dro -
car bon gen er a tion se lected by Pep per and Corvi (1995) are
among the most widely ap plied in ba sin mod el ling stud ies.
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RESULTS

BURIAL AND THERMAL HISTORY

The first part of the ther mal ma tu rity mod el ling in volved re -
con struc tion of the Late Pa leo zoic to Ce no zoic burial and ther -
mal his tory, which was nec es sary for fur ther hy dro car bon gen -
er a tion mod el ling. How ever, the qual ity of the VR data in many
bore holes is var ied, which means that in many cases ther mal
his tory mod els are not unique and al ter na tive mod els are pos si -
ble (e.g., Majorowicz et al., 1984; Karnkowski, 1996, 1999b;
Poprawa et al., 2005; Zielinski et al., 2012). In this 1-D pe tro -
leum sys tem mod el ing study, burial and ther mal his tory mod els
were ap plied (adopted) based on the best-fit mod els pub lished
by Resak et al. (2008) for Pomerania, Botor (2011) for the
Kujawy and north ern Fore-Sudetic Homocline (FSH), as well as 
Koz³owska and Poprawa (2004) and Kuberska et al. (2021) for
the Masovia area, and Botor (2011), Botor et al. (2013), and
par tially (for the east ern FSH), Poprawa et al. (2005) and
Maækowski (2005) for the FSH, as well as Botor et al. (2019a)

for the EEC area. De tails of the burial and ther mal his tory as
well as pe tro leum gen er a tion char ac ter is tics in the Pa leo zoic
(Ediacaran to Car bon if er ous) source rocks was given by Botor
et al. (2013) and Botor et al. (2019a, b). De tailed dis cus sion
con cern ing burial and ther mal his tory, model cal i bra tion and
sen si tiv ity anal y sis has al ready been car ried out in these pa -
pers, and is not re peated here. Herein, burial and ther mal his -
tory is only sum ma rized at a re gional scale in the con text of fur -
ther hy dro car bon gen er a tion mod el ling of the Zechstein Main
Do lo mite and Up per Tri as sic source rocks. The most im por tant
and typ i cal ex am ples of burial and ther mal his tory are given in
Fig ure 5, while ex am ples of model sen si tiv ity anal y sis are given
in Fig ure 6. Be cause most bore holes were drilled to reach the
Car bon if er ous, mod els were con structed in clud ing the Car bon -
if er ous. How ever, these mod els also show Perm ian to Ce no -
zoic geo log i cal evo lu tion, in clud ing the Zechstein Main Do lo -
mite and Up per Tri as sic source rocks.

A sen si tiv ity anal y sis was car ried out to in ves ti gate the ef -
fects of changes in heat flow (HF) and dif fer ent ex tents of ero -
sion dur ing the most de ci sive phases of burial and sub se quent
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Li thol ogy Den sity (g/cm3)
Com press ibil ity (1/Pa) Ther mal con duc tiv ity (W/mK) Heat ca pac ity (cal/gK)

Min i mum Max i mum at 20 °C at 100°C at 20 °C at 100°C

DOLOMITE 2.836 10.0 250.0 3.81 3.21 0.202 0.229

EVAPORITE 2.540 1.0 10.0 4.69 3.91 0.194 0.210

EVAPshaly 2. 585 10.0 100.0 3.87 3.31 0.200 0.221

LIMEdolom 2.752 10.0 180.0 3.18 2.82 0.198 0.226

LIMEmarly 2.707 10.0 300.0 2.63 2.41 0.201 0.235

LIMEsandy 2.695 20.0 700.0 2.93 2.62 0.190 0.219

LIMEshaly 2.700 10.0 550.0 2.51 2.31 0.203 0.237

LIMESTONE 2.710 10.0 150.0 2.83 2.56 0.195 0.223

MARL 2.687 10.0 940.0 2.23 2.11 0.208 0.248

SALT 2.160 1.0 4.0 5.69 4.76 0.206 0.212

SAND&LIME 2.685 15.0 400.0 2.93 2.54 0.186 0.215

SAND&SHALE 2.669 10.0 2.8 2.65 2.38 0.197 0.236

SAND&SILT 2.665 10.0 1.9 2.59 2.31 0.192 0.229

SANDcongl 2.663 10.0 330.0 2.93 2.63 0.184 0.217

SANDshaly 2.666 10.0 1.4 2.78 2.37 0.190 0.226

SANDsilty 2.664 10.0 1.2  2.97 2.64 0.188 0.223

SANDSTONE 2.660 10.0 500.0 3.12 2.64 0.178 0.209

SHALE 2.680 10.0 60.0 1.98 1.91 0.213  0.258

SHALE&LIME 2.695 20.0 1.5 2.39 2.24 0.208 0.246

SHALE&SAND 2.669 10.0 2.8 2.65 2.38 0.197 0.236

SHALE&SILT 2.674 10.0 13.0 2.09 1.97 0.207 0.251

SHALEcalc 2.688 10.0 5.0 2.22 2.09 0.208 0.248

SHALEcarb 2.655 10.0 45.0 1.50 1.43 0.212 0.258

SHALEcoal 2.474 10.0 16.5 1.80 1.60 0.202 0.244

SHALEevap 2.630 10.0 7.0 2.93 2.61 0.210 0.247

SHALEsand 2.674 10.0 9.0 2.32 2.12 0.205 0.248

SHALEsilt 2.677 10.0 25.0 2.05 1.94 0.210 0.254

SILT&SAND 2.665 10.0 1.9 2.59 2.31 0.192 0.229

SILT&SHALE 2.674 10.0 13.0 2.09 1.97 0.207 0.251

SILTsandy 2.666 10.0 3.0 2.55 2.33  0.192 0.230

SILTshaly 2.675 10.0 15.0 2.09 1.98 0.203 0.245

SILTSTONE 2.672 10.0 8.0 2.14 2.03 0.201 0.242

In li thol ogy types the fol low ing sys tem was ap plied for ab bre vi a tions: e.g., SANDcongl (first li thol ogy in up per case and sec ond in lower case)
– 70% sand stone and 30% of con glom er ate; SAND&SHALE (both lithologies in up per case) – 50% sand stone and 50% shale

T a  b l e  1

A sum mary ta ble with the li thol ogy and petrophysical prop er ties that were used in the mod els
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ex hu ma tion in the Late Cre ta ceous (Fig. 6). Fig ure 6A, B, C
shows the vari a tion in heat flow in 10 mW/m2 steps from the
best-fit sce nario. The best-fit sce nario as sumes high heat flows
at times of extensional tec ton ics, de creas ing dur ing sub si dence 
and fi nally in creas ing af ter tec tonic in ver sion to pres ent-day val -
ues (Fig. 5). Such a HF sce nario was used in pre vi ous stud ies
sum ma rized by Botor (2011) and Botor et al., (2013, 2019a). To 
il lus trate the ef fect of changes in palaeo-heat flow, dif fer ent heat 
flow val ues dur ing max i mum burial were tested dur ing the most
sen si tive time of the Late Cre ta ceous. By in creas ing the heat
flow val ues of 10 mW/m2 or higher dur ing max i mum burial in
Late Cre ta ceous times (Fig. 6A, B, C), cal cu lated VR val ues are 
too high com pared to mea sured data. Re spec tively, by de -
creas ing the heat flow val ues of 10 mW/m2 or lower dur ing the

same burial phase, cal cu lated VR val ues are too low com pared
to mea sured data. Sec ondly , the in flu ence of the re moved sed -
i ment thick ness was as sessed (Fig. 6D, E, F). This was per -
formed by ad just ing the thick ness of eroded sed i ment dur ing
the max i mum burial and ero sion phase in the Late Cre ta ceous
to Early Paleogene. The as sump tion of eroded sed i ment thick -
nesses of above or be low 400 m dif fer ent than the best-fit mod -
els cause sig nif i cant change in the cal cu lated VR curve. In such 
cases, the cal cu lated VR curve is un ac cept able, be ing out side
the mea sured VR val ues. Fur ther de tails of sen si tiv ity anal y sis
mod els were pub lished by Botor (2011).

In the area of the Pol ish Ba sin ana lysed, burial his tory was
char ac ter ised by rel a tively con tin u ous sub si dence from the
Perm ian to Late Me so zoic (Fig. 5). How ever, there were two
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Fig. 5. Burial and ther mal his tory mod els of se lected bore holes

A – Pi³a IG 1, B – Budziszewice IG 1, C – Wrzeœnia IG 1 (mod i fied based on Botor, 2011; Botor et al., 2013); cal i bra tion for the best-fit
mod els are also given with mea sured vitrinite reflectance and heat flow de vel op ment
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Fig. 6. Sen si tiv ity anal y sis for se lected mod els in the study area

A–C – mod els show change in ther mal ma tu rity due to change of heat flow ±10 mW/m2 dur ing max i mum burial in the Late Cre ta ceous. In
these mod els the amount of ero sion of the Late Me so zoic was un changed com pared to the best-fit mod els (from Fig. 5). In the D–F mod els
heat flow in the Late Cre ta ceous was equal to the best-fit mod els, whilst the amount of sed i ment thick ness re moved due to tec tonic in ver sion
in the Late Cre ta ceous was ad justed



ma jor in ter vals of up lift and ero sion: (1) in the Late Car bon if er -
ous to Early Perm ian and (2) in the Late Cre ta -
ceous/Paleogene. The first in ter val is dif fi cult to quan tify due to
high rates of burial in the Me so zoic, while the sec ond one re -
sulted in re mov ing 200 m to 3 km of Me so zoic strata (Botor et
al., 2013, 2019a). The high est val ues oc curred along the axis of 
MPT, low er ing to wards the flanks. The Ce no zoic in ter val did not 
sig nif i cantly in flu ence burial his tory due to the low stra tal thick -
ness, not ex ceed ing 350 m (Piwocki, 2004). The best-fit cal i bra -
tion (i.e. the best fit be tween the mea sured and cal cu lated VR
val ues) has been achieved by means of ap ply ing in creased
heat flow val ues (~95 mW/m2) in the Carboniferous–Early
Perm ian in ter val, prob a bly re lated to vol ca nic pro cesses and
some hy dro ther mal ac tiv ity in the study area. The Late Perm -
ian-Me so zoic and Ce no zoic in ter val was char ac ter ized by mod -
er ate heat flow in the range 50–80 mW/m2. The low est HF was
in the Cre ta ceous (40–48 mW/m2 ) be fore tec tonic in ver sion, af -
ter which HF in creased to the pres ent-day value (Botor, 2011,
Botor et al., 2013, 2019a).

In the Pol ish Ba sin, the Perm ian and Tri as sic strata reached 
max i mum ther mal ma tu rity of or ganic mat ter dur ing the Me so -
zoic. Ther mal ma tu rity of the Car bon if er ous or ganic mat ter was
reached be fore the Perm ian par tic u larly in the east ern FSH i.e.,
the area be tween bore holes Wrzeœnia IG 1 and Dankowice
IG 1, which is sup ported by the break in the VR pro file in bore -
holes (Botor et al., 2013). This was re lated prob a bly to the large
amount of eroded sed i ments (>3 km) and high heat flow val ues
(~100 mW/m2), or was caused by a fluid flow event. On the
other hand, in the MPT area, and in the zone of mar ginal
troughs on both sides of the MPT, much more com pli cated ther -
mal ma tu rity pat terns, which were de vel oped dur ing the Me so -
zoic burial, are found (Botor, 2011; Botor et al., 2013, 2019a). In 
the south ern part of the Pol ish Ba sin, a higher ther mal
palaeogradient was found lo cally in Ju ras sic. This sug gests the
pres ence of an ad di tional ther mal event in the Early–Mid dle Ju -
ras sic, char ac ter ized by a strongly in creased heat flow
(Poprawa and Grotek, 2004). This phe nom e non was likely as -
so ci ated with a phase of ex ten sive tec tonic ac tiv ity in this part of
the ba sin (Kutek, 1994). The cal cu lated heat flow reaches very
high val ues, up to over ~100 mW/m2, and this anom aly in in di -
vid ual bore hole sec tions ex pires rel a tively quickly (e.g., Zielinski 
et al., 2012; Botor et al., 2013). Mod el ling does not make it pos -
si ble to un equiv o cally state whether this anom aly is re lated to
per tur ba tions of the con duc tive heat flow, or whether it re sults
from con vec tive heat trans port. Far ther to wards the SE, in the
south ern part of the Masovian Trough and in the north ern part
of the Lublin area, such a phe nom e non was doc u mented us ing
mod el ling based on both VR data and the re sults of illite K-Ar
dat ing (Koz³owska and Poprawa, 2004; Kuberska et al., 2021).
This event was roughly si mul ta neous with a phase of ex ten sive
or tran sient tec tonic re ac ti va tion of the Pol ish Ba sin (Dadlez et
al., 1995). The de vel op ment of the Pol ish Ba sin ended with the
Late Cretaceous–Early Paleogene tec tonic in ver sion, which led 
to in tense ero sion of the sed i men tary infill of the ba sin, reach ing 
the Ju ras sic and, lo cally, even the Up per Tri as sic (e.g., Botor et
al., 2013).

The depth of max i mum burial, which oc curred in the Late
Cre ta ceous, of both Zechstein Main Do lo mite and Up per Tri as -
sic source rocks var ies in dif fer ent parts of the Pol ish Ba sin.
(Figs. 7 and 8). The high est val ues were cal cu lated along the
MPT axis. These val ues de crease to wards the ba sin flanks.
Max i mum burial of the Zechstein Main Do lo mite source rocks
was 5-7 km in the MPT area (i.e., the area be tween the bore -
holes Czaplinek IG 2 and Budziszewice IG 1), de creas ing to
2–3 km to wards NE and SW (Fig. 7). The shal low est burial
(<1.5km) was in the most east ern and NE ar eas (i.e.,

Bartoszyce IG 1, and ¯ebrak IG 1). Max i mum burial of the Up -
per Tri as sic source rocks (>6 km) oc curred in the area of bore -
holes Kroœniewice IG 1 – Poddêbice IG 1 –  Zgierz IG 1, in the
MPT area (Fig. 8). These val ues de crease to wards the ba sin`s
flank sim i larly as in Zechstein Main Do lo mite. The low est val ues 
(<1 km) also oc curred in the NE and the east ern most ar eas
(Bartoszyce IG 1, and ¯ebrak IG 1).

In the case of the Pom er a nian seg ment of the Pol ish Ba sin,
the re con struc tion of a co her ent, re gional scale ther mal his tory
is dif fi cult. This re lates to the dif fer ences be tween the vari ants
of heat flow changes over time, op ti mal for the in di vid ual bore -
holes ana lysed, and the lack of ther mal ma tu rity data that would 
fully cover the pro files of the bore holes ana lysed (Resak et al.,
2008; Botor et al., 2013). This ap plies in par tic u lar to the south -
ern part of the Pom er a nian seg ment of the MPT, where lat eral
dif fer ences in ther mal his tory may be re lated to halokinetic ac -
tiv ity, lead ing to strong lat eral ther mal con duc tiv ity ani so tropy.
In the Pom er a nian Swell the burial his tory is mostly char ac ter -
ized by rel a tively rapid sub si dence from the Perm ian to Tri as sic
or Ju ras sic fol lowed by slower sub si dence in the Cre ta ceous
(Fig. 5). In the Late Cre ta ceous/Paleogene a rapid phase of up -
lift took place. The for mer event marks the set ting up of the
MPT depocentre and is as so ci ated with con sid er able crustal
ex ten sion (Dadlez et al., 1995). Be tween Early Tri as sic and
Late Cre ta ceous the area sub sided al most con tin u ously, and
burial was in ter rupted only by in sig nif i cant ero sional events re -
sult ing from salt dom ing in the Late Tri as sic. Af ter the Early Tri -
as sic, sed i men ta tion rates were much lower, par tic u larly in the
lat est Tri as sic and Cre ta ceous. Fi nally, Late Cre ta -
ceous/Paleogene up lift re sulted in the re moval of 300–700 m of
de pos its. The heat flow was ~30–50 mW/m2 dur ing this time
(Botor et al., 2013). Dur ing the lat est Car bon if er ous to Early Tri -
as sic, heat flows were as signed to be ~55–95 mW/m2 (Botor et
al., 2013). These higher val ues are due to the as sumed rift ing
or i gin of the MPT (Dadlez et al., 1995). How ever, it is dif fi cult to
as sess heat flow evo lu tion for this in ter val be cause of high Me -
so zoic burial, which caused over print ing of the Variscan VR re -
sponse. Fur ther de tails of burial and ther mal his tory are given in 
Resak et al. (2008) and Botor et al. (2013).

In the cen tral part of the MPT, burial his tory was also char -
ac ter ized by very rapid sub si dence in the Late Perm ian to Early
Tri as sic, fol lowed by slower sub si dence from the Late Tri as sic
to Cre ta ceous. Fi nally, Me so zoic sub si dence was in ter rupted
by Late Cre ta ceous/Paleogene up lift, which caused ero sion of
vari able amounts of the Late Me so zoic suc ces sion (from a few
metres to 3 km as in the case of Budziszewice IG 1). Due to
very sub stan tial Me so zoic burial it is dif fi cult to as sess heat flow
(~60–110 mW/m2) in the Car bon if er ous to Early Perm ian
(Botor, 2011). Fur ther de tails of the burial and ther mal his tory of 
this area are given in Botor (2011) and Botor et al. (2013).

In the east ern part of the Pol ish Ba sin (Masovia), the lo cal
burial his tory is char ac ter ized by more or less con tin u ous sub si -
dence from the end of the Car bon if er ous to the end of the Cre -
ta ceous. Ac cel er a tion of sub si dence rate is in ferred in the Late
Perm ian to Early Tri as sic, and Late Ju ras sic and Late Cre ta -
ceous. The ma jor pe riod of up lift and ero sion was in the Lat est
Car bon if er ous to Early Perm ian, while the Late Cre ta -
ceous/Paleogene up lift was not sig nif i cantly marked in this area 
(Botor et al., 2013, 2019a). Ther mal his tory mod els in the
Masovia area as sume a short-lived hy dro ther mal (?) Ju ras sic
event in or der to achieve the best fit be tween mea sured and
cal cu lated VR, as was sug gested by Koz³owska and Poprawa
(2004), Zielinski et al. (2012) and Kuberska et al. (2021).

The area east of the TTZ on the slope of the EEC shows a
sim i lar sub si dence pat tern; how ever, the burial depth is lesser
to the NE, be cause this was an area lo cated in the mar ginal part 

Dariusz Botor / Geo log i cal Quar terly, 67: 20 11

https://doi.org/10.7494/geol.2011.37.4.503
https://doi.org/10.7494/geol.2011.37.4.503
https://doi.org/10.7494/geol.2011.37.4.503
https://doi.org/10.14241/asgp.2019.12
https://doi.org/10.14241/asgp.2019.12
https://doi.org/10.14241/asgp.2019.12
https://doi.org/10.14241/asgp.2019.12
https://doi.org/10.1016/0040-1951(95)00104-2
https://doi.org/10.1016/0040-1951(95)00104-2
https://doi.org/10.1016/0040-1951(95)00104-2
https://doi.org/10.7306/2021.19
https://doi.org/10.7306/2021.19
https://doi.org/10.1007/s00531-007-0246-3
https://doi.org/10.1007/s00531-007-0246-3
https://doi.org/10.1007/s00531-007-0246-3
https://doi.org/10.1306/04021211142
https://doi.org/10.1306/04021211142
https://doi.org/10.1306/04021211142


of the Perm ian–Me so zoic ba sin of Cen tral Po land (Botor et al.,
2019a, b). The Ce no zoic de pos its, due to their very small thick -
ness and vari able dis tri bu tion in the re search area, do not sig -
nif i cantly af fect the burial pat terns of the Perm ian and Me so zoic 
suc ces sion.

THERMAL MATURITY

Ther mal ma tu rity of or ganic mat ter was cal cu lated as mean
ran dom vitrinite reflectance ap ply ing the Swee ney and
Burnham (1990) al go rithm, which is still valid in most cases
(Burnham et al., 2016). The vitrinite reflectance map has been
cal cu lated for the bot tom of the Zechstein Main Do lo mite
(Fig. 9) and the bot tom of the Up per Tri as sic (Fig. 10). These
maps are based on 1-D mod els ac com plished for four de vel op -
ment steps: (a) Late Tri as sic (~200 Ma), (b) Late Ju ras sic
(144 Ma), (c) Late Cre ta ceous (65 Ma), and (d) the pres ent-day. 
The VR pat tern for both the Zechstein Main Do lo mite and Up -
per Tri as sic source rocks is gen er ally re lated to the max i mum
burial and de vel op ment of the MPT. The high est val ues are
gen er ally ob served along the ax ial part of the Pol ish Ba sin. The
pres ent-day VR map of the Zechstein Main Do lo mite and Up per 
Tri as sic (Figs. 9D and 10D) shows an al most iden ti cal dis tri bu -
tion to the Late Cre ta ceous pat tern (Figs. 9C and 10D). This al -
lows the as sump tion that the re cent VR pat tern of the Zechstein 
Main Do lo mite and Up per Tri as sic was de vel oped in the Me so -

zoic, fi nally reach ing its VR pat tern in the Late Cre ta ceous. The
fast est ther mal ma tu rity de vel op ment oc curred in the cen tral
part of the MPT, where VR reached >1.3 % in the Late Tri as sic
in the Zechstein Main Do lo mite source rocks. Fur ther in crease
in VR was in the Late Cre ta ceous when the Zechstein Main Do -
lo mite source rocks reached VR val ues of >1.3 % along the axis 
of the MPT, from the Czaplinek IG 2 to the Nieœwin PIG 1 bore -
holes. In the Up per Tri as sic source rocks, ther mal ma tu rity
reached >0.7% VR close to the Holy Cross Moun tains (Nieœwin
PIG 1 – Piotrków Trybunalski IG 1 area) in the Late Ju ras sic. In
the Late Cre ta ceous, max i mum VR val ues were reached in the
cen tral part of the MPT be tween the bore holes Kroœniewice and 
Budziszewice IG 1 (Fig. 10). The VR val ues in the area of pe tro -
leum oc cur rence in the Zechstein Main Do lo mite res er voirs is in 
the range ~0.5 to 1.3 %.

HYDROCARBON GENERATION

Fi nal re sults of the hy dro car bon gen er a tion mod el ling have
been shown as a kerogen trans for ma tion ra tio (%TR), which
char ac ter izes very well the de vel op ment of these pro cesses
(Figs. 11 and 12). TR cal cu lated val ues are given at the bot tom
of the Zechstein Main Do lo mite and Up per Tri as sic strata. As
TR de vel op ment is sim i lar to VR de vel op ment, only the fi nal
stage for the Late Cre ta ceous was shown, which is equal to the
pres ent-day pat tern. Hy dro car bon gen er a tion de vel op ment re -
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Fig. 7. Cal cu lated max i mum burial depth pat tern be fore Late Cre ta ceous in ver sion for the Zechstein Main Do lo mite

The co or di nate sys tem used in Fig ures 7–12 is – Po land 1992 that is based on the ETRS89 da tum, GRS80 spher oid 
and the Trans verse Mercator pro jec tion with 19°E as a cen tral me rid ian; ex tent and fa cies of Zechstein Main Do lo mite 

mod i fied based on Wag ner (1994), Dadlez et al. (1998), Peryt et al. (2010)
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veals con sid er able vari a tion among par tic u lar Zechstein Main
Do lo mite and Up per Tri as sic ba sin zones. TR reached dif fer ent
val ues in the range ~10 to 100 % (Figs. 11 and 12). The high est
TR val ues oc cur in the zones of the max i mum ma tu rity of the or -
ganic mat ter (Figs. 9 and 10). The Zechstein Main Do lo mite
source rocks area with 90% TR in cludes most of the Zechstein
Main Do lo mite ba sin. This area oc curs along the axis of the
MPT and FSH. Lower TR val ues are cal cu lated out side of this
area to wards the east. The low est val ues are on the slope of the 
EEC (Fig. 11). The hy dro car bon gen er a tion pro cesses took
place in sev eral pulses dur ing the Me so zoic, prin ci pally from the 
Mid dle–Late Tri as sic up to the Late Ju ras sic and in the Cre ta -
ceous. In the FSH, the Zechstein Main Do lo mite source rocks
en tered the oil win dow in the Late Tri as sic to Early Ju ras sic with
burial to 2 km (Fig. 5). The end of in tense gen er a tion was in the
Late Ju ras sic; how ever, gen er a tion was still ac tive un til the Late 
Cre ta ceous. In Pomerania, the source rocks en tered the oil win -
dow from the Mid-Tri as sic to the Cre ta ceous when the burial
depth was >2.5 km. Late gen er a tion took place un til the Late
Cre ta ceous. Hy dro car bon mi gra tion was of short dis tance in the 
FSH, be cause most pe tro leum de pos its oc cur in the area of
high TR (40–90 %TR; Fig. 12). Whereas, in the Pomerania and
cen tral part of the Pol ish Ba sin, hy dro car bon mi gra tion dis tance 
seems to be lon ger since many pe tro leum de pos its oc cur in
zones of lower TR (10–50 %TR; Fig. 12). The Up per Tri as sic
source rocks en tered the oil win dow in the Ju ras sic, and hy dro -
car bon gen er a tion was com pleted in the Late Cre ta ceous with

tec tonic in ver sion of the Pol ish Ba sin. TR in the Up per Tri as sic
source rocks is gen er ally lower than in the Zechstein Main Do -
lo mite due to lesser burial. In the Up per Tri as sic source rocks
the high est TR val ues (>50 %) are cal cu lated along the MPT
axis, in the area be tween bore holes Pi³a IG 1 and Piotrków
Trybunalski IG 1 (Fig. 12). The most pro nounced zone is in the
Kroœniewice Trough (i.e., Kroœniewice IG 1 to Budziszewice
IG 1 area), where lo cally TR reached >90%.

DISCUSSION

BURIAL AND THERMAL HISTORY

Gen er ally, the 1-D ba sin mod el ling per formed sup ports ear -
lier stud ies deal ing with the tec tonic de vel op ment of the Pol ish
Ba sin. The Perm ian and Me so zoic strata in the Pol ish Ba sin
rest on the older Pa leo zoic, the gen e sis of which is con nected
with the de vel op ment of rift ing in the Early Perm ian (Dadlez et
al., 1995; Karnkowski, 1999b; Kutek, 2001). De po si tion of the
Perm ian strata was within the pe riod of rel a tively rapid sub si -
dence, con tin u ing through the Late Perm ian and Early Tri as sic
(Dadlez et al., 1995). This event is cor re lated with a tec tonic
phase com monly ob served in the Pol ish Ba sin and in ter preted
as a syn-rift phase (Dadlez et al., 1995). Then, for most of the
Tri as sic, Ju ras sic, and Early Cre ta ceous, sub si dence re lated to 
the rift phase of ther mal sub si dence was main tained (Dadlez et
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Fig. 8. Cal cu lated max i mum burial depth pat tern be fore Late Cre ta ceous in ver sion for the bot tom of the Up per Tri as sic strata

 Ex tent of Up per Tri as sic mod i fied based on Dadlez et al. (1998) and Feist-Burkhardt et al. (2008)
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al., 1995; Karnkowski, 1999b; Kutek, 2001). In the Late Cre ta -
ceous, in the area in ves ti gated, tec tonic re ac ti va tion took place, 
ex press ing ac cel er ated sub si dence in a compressional tec tonic 
re gime (Dadlez et al., 1995; Krzywiec, 2002). Tak ing into ac -
count the evo lu tion of the Pol ish Ba sin at this time, it can be in -
ferred that this pro cess took place in a compressional tec tonic
re gime (Dadlez et al., 1995; Krzywiec, 2002), and the end of the 
Cre ta ceous tec tonic in ver sion took place (Dadlez et al., 1995;
Krzywiec, 2002; Resak et al., 2008, 2010).

In most 1-D mod els, the best-fit cal i bra tion was achieved by
ap ply ing in creased heat flow val ues in the Perm ian and Early
Tri as sic in ter vals (Poprawa and Grotek 2004; Poprawa et al.,
2005; Resak et al., 2008; Botor, 2011, Botor et al., 2013), as -
sumed to be due to rift ing of the MPT (Dadlez et al., 1995;
Karnkowski, 1999b; Stephenson et al., 2003; Mazur et al.,
2005, 2006). Gen er ally, sub si dence anal y ses show an ini tial
syn-rift phase of MPT de vel op ment from the Perm ian to Early
Tri as sic and an in crease in sub si dence in the Late Ju ras sic as

well as in the Cenomanian (Dadlez et al., 1995; Stephenson et
al., 2003; Resak et al., 2008). The de vel op ment of the Pol ish
Ba sin was com pleted by Late Cre ta ceous and/or Early
Paleogene tec tonic in ver sion, as in the other bas ins of the Cen -
tral Eu ro pean ba sin sys tem (Doornenbal and Stevenson, 2010;
von Eynatten et al., 2021). The sed i men tary de pos its were
eroded down to the Lower Ju ras sic or Up per Tri as sic, whereas
elon gated troughs at the flanks are char ac ter ized by a thick Up -
per Cre ta ceous suc ces sion (e.g., Mazur et al., 2006). Gen er -
ally, heat flow evo lu tion in this study as sumes higher than pres -
ent-day heat flow val ues in Car bon if er ous to Tri as sic time due
to rift ing of the MPT (Dadlez et al., 1995), and de creas ing heat
flow val ues to the pres ent day. Slightly lower than pres ent-day
heat flow was as sumed for the Cre ta ceous in the ax ial part of
the MPT. Ad di tion ally, an in crease in heat flow oc curred in the
east ern part of the MPT in the Ju ras sic, as sug gested by
diagenetic stud ies by Koz³owska and Poprawa (2004), Zielinski
et al. (2012) and Kuberska et al. (2021).
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Fig. 9. Cal cu lated ther mal ma tu rity and hy dro car bon win dow de vel op ment of the Zechstein Main Do lo mite

A – in the Late Tri as sic, B – in the Late Ju ras sic,  C – in the Late Cre ta ceous, D – pres ent-day; VR - vitrinite reflectance; blue – im ma ture zone,
green – oil win dow, red – gas win dow; dot ted ma genta line shows plat form/bar ri ers ex tent ver sus the cur rent ex tent of the Zechstein Ba sin
(mod i fied based on Wag ner, 1994, Dadlez et al., 1998; Peryt et al., 2010); green dots rep re sent oil and gas fields in the Zechstein Main Do lo mite
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Dur ing the Perm ian and Me so zoic, the area east of the TTZ
was lo cated in the mar ginal part of the Pol ish Ba sin that
onlapped the SW slope of the EEC (e.g., Kutek and G³azek,
1972; Po¿aryski and Brochwicz-Lewiñski, 1978; Dadlez et al.,
1995; Kutek, 2001).  A char ac ter is tic fea ture of the SW slope of
the EEC is an in creas ing thick ness of de pos its to wards the
TTZ. Up to a few kilo metres of strata were de pos ited at that
time, and the thick ness rap idly de creases from the axis of the
MPT to wards the in te rior of the EEC and to wards the FSH. In
con trast to the MPT, where sig nif i cant Late Cre ta ceous ba sin
in ver sion took place (Botor et al., 2018; £uszczak et al., 2020),
the part of the Pol ish Ba sin ex tend ing NE over the TTZ and ad -
ja cent area of the EEC ex pe ri enced only mild in ver sion (e.g.,
Krzywiec, 2009; Krzywiec et al., 2017a, b).

In de pend ent pre mises for the oc cur rence of a low ered ther -
mal gra di ent (i.e. lower heat flow) in the Late Cre ta ceous zone
along the MPT were ob tained from thermochronological ap a tite
fis sion-track data (Poprawa and Andriessen, 2006). In the area
of EEC east of the TTZ, a re cently ac com plished thermo -
chronological study of Botor et al. (2021) sup ple mented by ear -
lier work of Kowalska et al. (2019) based on K-Ar dat ing and
clay min er als and pro duced a more re li able ther mal his tory of
this area. The Me so zoic ther mal his tory of the SW slope of the

EEC area was char ac ter ised by grad ual cool ing from peak tem -
per a tures (>120°C) at the tran si tion from the Tri as sic to Ju ras -
sic due to de creas ing heat flow (Botor et al., 2021). This re sult is 
prob a bly rep re sen ta tive for the en tire TTZ area, as com pa ra ble
re sults were ob tained by Schito et al. (2018) in the Ukrai nian
part of the EEC, who pos tu lated that ex hu ma tion through the
40–120°C tem per a ture range took place be tween the Late Tri -
as sic and Early Ju ras sic, and that no sig nif i cant burial oc curred
af ter wards. The data of Botor et al. (2021) are con sis tent with
de creas ing heat flow dur ing the Me so zoic (par tic u larly within
the Cre ta ceous) as sug gested by Poprawa and Andrissen
(2006) along the axis of the MPT. The el e vated Perm ian-Tri as -
sic heat flow was prob a bly a con se quence of early Perm ian
con ti nen tal rift ing. The de crease in post-Perm ian heat flow ap -
pears an im por tant cause of Late Me so zoic cool ing. The ther -
mal mod els show mostly grad ual cool ing with lit tle ef fects of the
Late Cre ta ceous ba sin in ver sion along the EEC. Ap a tite fis -
sion-track data did not re cord any cool ing ac cel er a tion, which
can be at trib uted to tec tonic in ver sion in the Late Cre ta ceous
(Botor et al., 2021). This is re lated to the fact that tec tonic in ver -
sion was sig nif i cantly weaker in the part of the Pol ish Ba sin
onlapping the EEC (Krzywiec et al., 2017b).
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Fig. 10. Cal cu lated ther mal ma tu rity and hy dro car bon win dow de vel op ment for the bot tom of the Up per Tri as sic

A – at the end of Late Tri as sic, B – in the Late Ju ras sic, C – in the Late Cre ta ceous, D – pres ent-day; VR – vitrinite reflectance; blue -
im ma ture zone, green – oil win dow
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HYDROCARBON GENERATION

In the Pol ish Ba sin, the re sults of the ma tu rity mod el ling per -
formed in di cates that sev eral stages of de vel op ment of hy dro -
car bon gen er a tion in the Perm ian and Tri as sic strata may be
dis tin guished. Perm ian source rocks at tained their max i mum
ther mal ma tu rity be tween the Late Tri as sic and Cre ta ceous.
The Up per Tri as sic source rocks gen er ated hy dro car bons in
the Ju ras sic to Late Cre ta ceous, mainly in the Kroœniewice
trough and ad ja cent area of the MPT. This area had also been
sug gested ear lier, due to high burial rates, as the main hy dro -
car bon gen er a tion “kitchen” (Bachleda-Curuœ and Semyrka,
1990; Kosakowski et al., 2015).

The Zechstein Main Do lo mite source rocks gen er ated hy -
dro car bons in sev eral phases dur ing the Me so zoic un til Late
Cre ta ceous, which is also sup ported by the wide oc cur rence of
hy dro car bon fields in the Zechstein Main Do lo mite rocks. The
de gree of trans for ma tion of the Zechstein Main Do lo mite kero -
gen cor re sponds with the ini tial and main phases of liq uid hy -
dro car bon gen er a tion in the area of the EEC, par tic u larly in the
Masovia ar eas and in north ern Pomerania. In the ax ial part of
the MPT and in the FSH, the kerogen is char ac ter ized by a
trans for ma tion de gree that cor re sponds with the main phases
of liq uid hy dro car bon, the phase of gas con den sate gen er a tion,
as well as the phase of thermogenic dry gas gen er a tion which is 
in agree ment with the find ings of Karnkowski (1996, 1999b).

The mod el ling per formed sup ports also the re sults of
Pletsch et al. (2010), sug gest ing that pe tro leum gen er a tion in
basinal de pos its of the Zechstein Main Do lo mite started dur ing
the Early Tri as sic, at burial depth >1700 m. The Zechstein Main
Do lo mite source rocks en tered the oil win dow in the Late Tri as -
sic (basinal de pos its) with burial to 2000 m, and in the Early Ju -
ras sic (plat form de pos its) with burial to 1800–2200 m. The end
of gen er a tion was in the Late Tri as sic (ba sin) and in the Mid dle
Ju ras sic (plat form). In NW Po land, the Zechstein Main Do lo mite 
source rocks in Pomerania reached the early gen er a tion phase
dur ing the Early Tri as sic (ax ial part of the ba sin) and the Late
Tri as sic (plat form de pos its). Early gen er a tion started at burial
depths of >2500 m. The source rocks en tered the oil win dow
from Mid-Tri as sic to Cre ta ceous times when the burial depth
was >2700 m burial depth. Late gen er a tion took place from the
Early Tri as sic in the ba sin to the Late Cre ta ceous on the slope
and plat form, when the pe tro leum po ten tial of kerogen from the
Zechstein Main Do lo mite source rocks be came ex hausted
(Pletsch et al., 2010).

UNCERTAINTY OF TRANSFORMATION RATIO

The ex tent of the ad vance of hy dro car bon gen er a tion in
source rocks in this work is pre sented as the kerogen trans for -
ma tion ra tio. The TR de pends es sen tially on the ther mal ma tu -
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Fig. 11. Cal cu lated kerogen trans for ma tion ra tio of the Zechstein Main Do lo mite in the Late Cre ta ceous

TR – kerogen trans for ma tion ra tio; dot ted blue line shows plat form/bar ri ers ex tent ver sus the cur rent ex tent 
of the Zechstein Ba sin (mod i fied based on Wag ner, 1994, Dadlez et al., 1998; Peryt et al., 2010); 

green dots rep re sent oil and gas fields in the Zechstein Main Do lo mite



rity of the or ganic mat ter, al though a num ber of fac tors also in -
flu ence it. As a re sult, the re la tion of ther mal ma tu rity and burial
depth to TR is not al ways sim ple and un am big u ous (Aguilera,
2018). It seems that TR vari a tion most likely re flects or ganic fa -
cies vari a tions of the source rock, as each or ganic fa cies has a
dif fer ent trans for ma tion ra tio be hav iour caused by its chem i cal
ki net ics. In this work the most widely used ki netic model of Pep -
per and Corvi (1995) was ap plied. How ever, other ki netic mod -
els could give slightly dif fer ent re sults (Hantschel and Kauerauf, 
2009). There fore, fur ther re search on this topic should start
from de tailed as sess ment of chem i cal ki net ics re ac tions. In this
work the TR pat tern is based on the as sump tion of ho mo ge -
neous dis tri bu tion of or ganic mat ter in the source rock. How -
ever, vari a tions in TR could be in ter preted in terms of dif fer ent
organofacies in the source rock, strati graphic vari a tions (se -
quence stra tig ra phy), and vary ing depositional and pres er va -
tion con di tions of the or ganic mat ter (Tyson, 2001, 2005; Katz,
2005; Hantschel and Kauerauf, 2009). The hy dro car bon po ten -
tial of the source rock is mainly con trolled by the to tal or ganic
car bon con tent, type, and ma tu rity of the or ganic mat ter (Hunt,
1996; Bohacs et al., 2005). One of the main un cer tain ties in pe -
tro leum sys tem anal y sis is the dis tri bu tion of or ganic mat ter
within the source rock, both in terms of quan tity (TOC) and qual -
ity (hy dro gen in dex, HI). Re li able as sess ment of the or ganic
mat ter qual ity is cru cial for eval u at ing hy dro car bon gen er a -
tion/ex pul sion sce nar ios. Vari a tions in source-rock rich ness

and qual ity are the least well-known vari ables (e.g., Tyson,
2001; 2005; Katz, 2005; Hantschel and Kauerauf, 2009). In ba -
sin mod el ling, a con cep tual ap proach or sim ple mod els ap ply -
ing av er age geo chem i cal val ues de scrib ing source rock prop -
er ties are widely used (Hantschel and Kauerauf, 2009). How -
ever, these are of ten in suf fi cient, par tic u larly in ar eas with het -
er o ge neous geo log i cal con di tions and/or re flect ing vari able
depositional en vi ron ments. The ba sic prob lem in hy dro car bon
po ten tial as sess ment is that mostly pres ent-day val ues of TOC
and HI are used, caus ing un der es ti ma tion of ini tial hy dro car bon 
po ten tial, while es ti mates of ini tial source-rock dis tri bu tion,
thick ness, and qual ity are key in put pa ram e ters for hy dro car bon 
gen er a tion mod els. In ba sin mod els, these es ti mates are sup -
plied as maps cre ated by in ter po la tion be tween ob served well
data and ex trap o la tion of trends. Con cep tual or sim pli fied maps 
of av er age val ues are of ten used in fron tier ex plo ra tion ar eas
where well data are sparse. In the past, much ef fort has been
put into im prov ing the al go rithms de scrib ing the ther mal evo lu -
tion of bas ins and also im prov ing the ki netic schemes of trans -
for ma tion of dif fer ent as sem blages of or ganic mat ter into hy dro -
car bons (Hantschel and Kauerauf, 2009). How ever, hy dro car -
bons ex pelled from a source rock are not only de pend ent on
kerogen trans for ma tion. The spa tial dis tri bu tion and qual ity of
or ganic mat ter also play an im por tant role in de ter min ing the
com po si tion and vol ume of hy dro car bons avail able for mi gra -
tion (Mann and Zweigel, 2008; TÝmmer¯s and Mann, 2008).
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Fig. 12. Cal cu lated kerogen trans for ma tion ra tio de vel op ment of Up per Tri as sic strata 
(for the bot tom of the Up per Tri as sic, T3) in the Late Cre ta ceous

TR – kerogen trans for ma tion ra tio
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COMPARISON WITH ADJACENT AREAS OF THE SPB

The Pol ish Ba sin con sists of the most east ern part of the
SPB, ex tend ing from the UK to Po land (Van Wees et al., 2000;
Maystrenko et al., 2008; Doornenbal and Stevenson, 2010).
There fore, an ob vi ous com par i son is with the North Sea Ba sin
and ad ja cent ar eas. Re cent sum ma ries of the pe tro leum sys -
tems of the SPB area were pub lished by Pletsch et al. (2010)
and by Kilhams et al. (2018a). Sim i lar Zechstein-sourced oil
and gas fields are known from Po land, Ger many, and from the
UK in the North Sea area (e.g., Pletsch et al., 2010; Peryt et al.,
2010; Reijers, 2012). Whereas, in the Me so zoic suc ces sion of
the North Sea Ba sin and ad ja cent ar eas, the amount of or ganic
mat ter de pos ited in the sed i ments is greater than in the Pol ish
Ba sin. More over, the Me so zoic de pos its of the North Sea ba sin
ex pe ri enced higher tem per a tures in many zones, which in turn
led to a greater de gree of ther mal ma tu rity of the or ganic mat -
ter, thus a greater trans for ma tion of the kerogen to wards the
gen er a tion of hy dro car bons (Cornford, 1998; Pletsch et al.,
2010; Reijers, 2012). In the North Sea area, the burial his tory of
the source rock, which was con di tioned by sig nif i cant sub si -
dence in the Ce no zoic, played a fun da men tal role in the de vel -
op ment of hy dro car bon gen er a tion pro cesses. De spite Late
Cre ta ceous tec tonic in ver sion and Paleogene ero sion in some
ar eas, the max i mum palaeotemperature oc curs now a days in at 
least the Late Ce no zoic (Cornford, 1998; Pletsch et al., 2010).

The pri mary source rocks in the North Sea area are ma ture
Up per Ju ras sic–low er most Cre ta ceous ma rine shales of the
Farsund, Mandal, Kimmeridge Clay, Heather For ma tions and
equiv a lents (Cornford, 1998; Justwan et al., 2005; Pletsch et
al., 2010; Petersen et al., 2008, 2017). De po si tion of these
source in ter vals was con tem po ra ne ous with Late Ju ras sic
synrift fault ac tiv ity and their postrift sub si dence, which led to
ther mal mat u ra tion, and pe tro leum gen er a tion and mi gra tion
from the early Ce no zoic to the pres ent day. In the North Sea
area, hy dro car bon gen er a tion has been ini ti ated in most zones
in the last sev eral mil lion years. It formed the de vel op ing pe tro -
leum sys tem, where extensional fault blocks cre ated traps con -
tain ing res er voir-seal pairs that re ceived their pe tro leum charge 
from neigh bour ing kitchen ar eas (Bur ley, 1993; Cornford,
1998). The main source rock of the Kimmeridge Clay For ma tion 
ac tively gen er ated hy dro car bons, which then un der went in -
tense ex pul sion in var i ous zones of the North Sea Ba sin at tem -
per a tures >95°C and at a burial depths of >3 km (Cornford,
1998). These hy dro car bons mi grated to the near est res er voir
rocks: in the north ern and cen tral part of the North Sea ba sin to
the Ju ras sic sand stones (Vi king graben), and in the south ern
part to the car bon ate for ma tions of the Up per Cre ta ceous. The
vast ma jor ity of oil and gas fields oc cur in the im me di ate vi cin ity
of the ac tively gen er at ing Kimmeridge Clay For ma tion
(Cornford, 1998). Pe tro leum de pos its lo cated far ther from this
zone (e.g., Beatrice, Bream) show dif fer ent geo chem i cal char -
ac ter is tics, be cause their source was De vo nian lac us trine
mudstones and Mid dle Ju ras sic paralic coals (Pe ters et al.,
1989; Cornford, 1998). Mid-Ju ras sic coals are also the source
of the Harald nat u ral gas field in the Dan ish sec tor (Pletsch et
al., 2010; Petersen et al., 2008, 2017). Al though the most im -
por tant ef fec tive source rock in the North Sea ba sin is un doubt -
edly the Kimmeridge Clay For ma tion, the hy dro car bons in sev -
eral res er voirs de rive from other source rocks. High TOC char -
ac ter izes also parts of the Lower and Mid dle Ju ras sic,
Zechstein, Car bon if er ous, and the Mid dle De vo nian sed i men -
tary se quences (Cornford, 1998; Underhill and Rich ard son,
2022). In ad di tion, the Up per Tri as sic (Raethian) of the Dutch
part of the Vi king graben is con sid ered a mod er ately ef fec tive
source rock (Clark-Lowes et al., 1987). Whereas, in the Paris

Ba sin, the Up per Tri as sic car bon ate-clay de pos its can also be
an ef fec tive source rock (Cornford, 1998). Mi gra tion in the North 
Sea Ba sin was rel a tively short, lim ited to drain age zones of lo -
cal struc tures (Cornford, 1998; Pletsch et al., 2010; Petersen
and Hertle, 2018; Schovsbo and Jakobsen, 2019).

In the North Sea ba sin, Tri as sic de pos its have mild gen er a -
tion po ten tial (Cornford, 1998). How ever, in cer tain zones north
of 60°N oc cur ma rine strata that show source rock char ac ter is -
tics. Oil and gas dis cov er ies in the south ern Barents Sea were
sourced by Mid dle Tri as sic shales, which are also con sid ered
as po ten tial oil-prone source rocks in the north ern Barents Sea.
The or ganic rich ness and pe tro leum gen er a tion po ten tial of
source rocks in crease up wards from the Early to Mid dle Tri as -
sic. Good to ex cel lent source rocks with dom i nantly type II
kerogen oc cur in the south ern Barents Sea (Steinkobbe For ma -
tion; Isaksen and Bohacs, 1995) and in east Svalbard
(Botneheia For ma tion; Vigran et al., 2008; Krajewski, 2013).
Mid-Tri as sic black shales of the Botneheia For ma tion
(~80–170 m-thick) con tain or ganic mat ter (3.0–5.5% TOC) of
mixed oil-gas-gen er at ing type (type II/III). The de gree of ther -
mal ma tu rity of these shales ranges from im ma ture to the peak
of the oil win dow (MÝrk and BjorÝy 1984; Cornford, 1998;
Wesenlund et al., 2021). Lower to Mid dle Tri as sic shales, which 
are proven source rocks on Svalbard, gen er ated pe tro leum, but 
the tim ing of gen er a tion and ex pul sion vary con sid er ably de -
pend ing on the amount of burial (Lutz et al., 2021). Ba sin mod -
el ling of the Hammerfest Ba sin of the Barents Sea in di cates that 
the Mid dle Tri as sic source rocks ex pelled pe tro leum as early as 
Early Cre ta ceous time, with to tal ex pelled pe tro leum es ti mated
to be ~62 Gt (Rodrigues Duran et al., 2013b). Geo chem i cal
anal y ses of pe tro leum from the Goliat field sup port a Tri as sic
source con tri bu tion to its Tri as sic res er voirs (Rodrigues Duran
et al., 2013a).

These find ings al lows to as sume that also in the Pol ish Ba -
sin there ex ist some un rec og nized ef fec tive source rocks. It is
im pos si ble to dis tin guish a sin gle fac tor that de ter mines the lack 
of dis cov ered hy dro car bon de pos its in the Me so zoic strata of
the Pol ish Ba sin. Al though the amount of geo chem i cal data is
in suf fi cient to draw fi nal con clu sions, it seems that in the Tri as -
sic strata in the deeply bur ied zones of the cen tral part of the
MPT i.e., in the Kujawy, the Mogilno–£ódŸ De pres sion and ad -
ja cent ar eas, the pro cesses of gen er at ing of hy dro car bons de -
vel oped in the Me so zoic. In the Zechstein Main Do lo mite
source rocks, hy dro car bon gen er a tion de vel oped as (i) a sin -
gle-stage pro cess, in which full gen er a tion of hy dro car bons oc -
curred in the Tri as sic; or (ii) a two-stage pro cess, in which most
hy dro car bons were gen er ated by the end of the Ju ras sic, with fi -
nal gen er a tion com pleted in the Late Cre ta ceous. In the re -
main ing ar eas of the Pol ish Ba sin, there were not enough fa -
vour able con di tions for the de vel op ment of hy dro car bon gen er -
a tion. The main phase of hy dro car bon gen er a tion most likely
oc curred in the Late Tri as sic to the Late Ju ras sic. The Cre ta -
ceous strata should be ex cluded from po ten tial source rocks
due to in suf fi cient ther mal trans for ma tion of the or ganic mat ter.
The Kimmeridgian strata, the rich est in or ganic mat ter, prob a bly 
did not en ter the oil win dow in most parts of the Pol ish Ba sin
(Kosakowski et al., 2015; Wiêc³aw, 2016). The Lower-Mid dle
Ju ras sic strata, pre dom i nantly con tain type III or ganic mat ter
which is suf fi ciently trans formed, but has a humic char ac ter -
mainly gas-form ing. As a re sult, mainly gas eous hy dro car bons
were gen er ated, and to a lesser ex tent liq uid (Kosakowski et al., 
2015; Wiêc³aw, 2016). In the area of the Pol ish Ba sin, the de -
gree of kerogen trans for ma tion has re mained un changed since
the end of the Cre ta ceous. More over, as a re sult of sig nif i cant
Late Cre ta ceous tec tonic in ver sion, a large pro por tion of the hy -
dro car bons gen er ated were prob a bly de stroyed. For fur ther
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anal y sis of a pos si ble Me so zoic pe tro leum sys tem, hy dro car -
bon mi gra tion routes also need to be quan ti fied, and it is nec es -
sary to pre cisely de fine the ef fec tive source rocks that ac tively
gen er ated hy dro car bons be fore the Late Cre ta ceous in ver sion.

CONCLUSIONS

One-di men sional ther mal ma tu rity mod el ling has been per -
formed as sum ing that heat trans fer was by con duc tion, in
steady-state ther mal con di tions, and the heat came from the
base ment but not from ra dio genic heat sources within sed i men -
tary rocks ana lysed. The ki netic mod els of hy dro car bon gen er a -
tion ap plied (Pep per and Corvi, 1995) are among the most
widely used in ba sin mod el ling stud ies; other ki netic mod els
would give slightly dif fer ent re sults.

The most im por tant re sults of the ther mal ma tu rity mod el -
ling can be sum ma rized as fol lows: The max i mum burial depth 
of Zechstein Main Do lo mite and Up per Tri as sic strata reached 
>5 km dur ing the Late Cre ta ceous. The high est kerogen trans -
for ma tion ra tio oc curred in zones of max i mum ther mal ma tu -
rity of the or ganic mat ter. The thermogenic gen er a tion of hy -
dro car bons from the Zechstein Main Do lo mite source rocks
took place from the early Tri as sic through out the Me so zoic up
to the Late Cre ta ceous. TR reached dif fer ent val ues in the

range ~10 to 100%. Hy dro car bon gen er a tion fol lowed two
stages: (i) a sin gle-stage pro cess, in which full gen er a tion of
hy dro car bons oc curred in the Tri as sic; and (ii) a two-stage
pro cess, in which most hy dro car bons were gen er ated by the
end of the Ju ras sic, with gen er a tion com pleted in the Late
Cre ta ceous. The source rocks of the Up per Tri as sic gen er -
ated hy dro car bons in the Ju ras sic and Cre ta ceous; how ever,
most of the trans for ma tion into hy dro car bons oc curred up to
the Late Ju ras sic. TR in the Up per Tri as sic source rocks is
gen er ally lower than in the Zechstein Main Do lo mite due to
lesser burial. In the Up per Tri as sic source rocks, the high est
TR val ues (>50%) were cal cu lated along the MPT axis, in the
area be tween the bore holes Pi³a IG 1 and Piotrków Try bu -
nalski IG 1, while the most pro nounced zone is in the
Kroœniewice Trough (i.e., Kroœniewice IG 1 to Budziszewice
IG 1 area), where TR lo cally reached >90%. Hy dro car bon
gen er a tion con tin ued un til the Late Cre ta ceous, and was com -
pleted with the tec tonic in ver sion of the Pol ish Ba sin. Changes 
in the burial depocentres in the cen tral part of the ba sin were
con trolled by tec ton ics.
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