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Vitrinite reflectance anal y ses and 1-D ther mal ma tu rity mod el ing of the Pa leo zoic-Me so zoic sec tion of the Miechów Trough
have al lowed in ter pre ta tion of the ther mal his tory that in flu enced hy dro car bon gen er a tion. The ther mal ma tu rity of or ganic
mat ter dis persed in the Lower Pa leo zoic to Me so zoic sed i men tary suc ces sions is in the range of 0.49 to 3.06% of mean ran -
dom vitrinite reflectance. The es ti mated max i mum palaeotemperatures of the rocks an a lyzed are in the range from ~70 to
~290°C. The Variscan ther mal re gime was dif fer ent to the Me so zoic one. At least two fluid flow events might be iden ti fied.
The max i mum palaeotemperature (~120–290°C) in the Si lu rian to Lower Car bon if er ous sed i men tary suc ces sion was
achieved in the late Car bon if er ous to early Perm ian. The Late Variscan tec tonic ac tiv ity may have been trig gered by in -
creased heat flow that was, at least partly, con nected with fluid cir cu la tion. The max i mum palaeotemperature (~70–150°C) of 
the Zechstein to Ju ras sic sed i men tary suc ces sion was achieved dur ing the Mid-Late Ju ras sic. This was likely caused by a
hot fluid flow event. The hy dro car bon po ten tial of Pa leo zoic source rocks was ex hausted be fore the Up per Ju ras sic and
Cenomanian res er voir rocks and traps were formed. Con se quently, the ma jor ity of hy dro car bons gen er ated dur ing the
pre-Late Ju ras sic stages were lost.

Key words: vitrinite reflectance, ther mal ma tu rity mod el ing, Pol ish Ba sin, Carpathians Foredeep, pe tro leum or i gin, hy dro car -
bon gen er a tion.

INTRODUCTION

A re port on the lat est bal ance of min eral re sources de pos its
in Po land, pub lished by the Pol ish Geo log i cal Sur vey, es ti mates 
re serves to tal ing ~142 BCM (5 TCF) of nat u ral gas in 306 fields, 
and ~22 MTOE (157 MMBOE) of crude oil in 87 fields (cf.
Wójcik et al., 2022). One of the im por tant ar eas of oil and gas
de pos its in Po land is the Carpathian Foredeep and its Pa leo -
zoic-Me so zoic sub strate (Karnkowski, 2007). The Miechów
Trough, some times called the Nida Trough or Nida De pres sion, 
is de vel oped as the south ern part of the Pol ish Ba sin. The
Miechów Trough in its south ern part is over lain by Mio cene
strata of the Carpathians Foredeep, where thermogenic oil and
gas ac cu mu la tions oc cur mainly in Up per Ju ras sic car bon ates
and Cenomanian sand stones (e.g., Brzezowiec, Grobla-
 P³awowice, and £¹kta fields) in the Me so zoic base ment (e.g.,
Gliniak et al., 2005; Górka et al., 2007; S³onka and Krzywiec,
2020). These oil and gas fields were likely charged by Pa leo zoic 
source rocks (e.g., Wiêc³aw et al., 2011; Kotarba et al., 2017) or
by the Menilite Beds of the Outer Carpathians (Ten Ha ven et
al., 1993; Curtis et al., 2004; Lewan et al., 2006; Nemèok and
Henk, 2006; Botor, 2021). There are also gas fields in the

autochthonous Mio cene strata of the Carpathian Foredeep
which con tain al most ex clu sively bac te rial gases (e.g., see re -
cent sum mary in Kotarba et al., 2017 and fur ther ref er ences).
How ever, no pe tro leum de pos its are known in the area north of
the Mio cene ex tent, de spite many oil shows (Fig. 1; e.g.,
Jurkiewicz, 1975; Górka et al., 2007). The ab sence of a Mio -
cene seal (Fig. 1) seems to be an im por tant fac tor that dras ti -
cally re duces pros pects in this area (Papiernik et al., 2007).

Vitrinite reflectance (VR) is com monly ap plied as a
palaeotemperature in di ca tor in sed i men tary rocks and it serves
as a cal i bra tion tool in nu mer i cal mod el ing of the ther mal his to -
ries of sed i men tary bas ins (e.g., Waples et al., 1992a, b;
Hantschel and Kauerauf, 2009; Hartkopf-Fröder et al., 2015;
Zieliñska, 2017; Waliczek et al., 2019, 2021; Kalinowski and
Gurba, 2020; Zieliñska et al., 2023). Since the early pub li ca tion
of Waples (1980) the nu mer i cal sim u la tion of sub si dence,
burial, and the ther mal his to ries of sed i men tary bas ins be came
a widely used method in ge ol ogy (Hantschel and Kauerauf,
2009 and ref er ences therein). It is ap plied in pe tro leum ex plo ra -
tion, where pro cesses such as hy dro car bon gen er a tion, mi gra -
tion and ac cu mu la tion are stud ied (e.g., Waples et al., 1992a, b; 
Verweij et al., 2012; Botor et al., 2019). Such mod el ing tech -
niques are also used to solve ba sic geo log i cal ques tions such
as the con trols on palaeothermal re gimes, tec tonic in ver sion,
and orogenic pro cesses (e.g., Resak et al., 2008; Narkiewicz et
al., 2010; Suchý et al., 2019; £uszczak et al., 2020; Zieliñska et
al., 2023). This study re con structs the re gional palaeo -
temperature pat tern and burial evo lu tion of the Miechów
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Trough by means of VR data. It en ables rec og ni tion of par tic u -
larly im por tant and ba sic el e ments of the pe tro leum sys tem
such as tem per a ture and pres sure and its in flu ence on the ther -
mal ma tu rity of or ganic mat ter and hy dro car bon (HC) gen er a -
tion. Com bined VR anal y sis and ther mal ma tu rity mod el ing was 
ap plied to es tab lish the burial and ther mal his tory of the study
area.

GEOLOGICAL SETTING

The study area is lo cated within the cen tral part of the
Miechów Trough (Figs. 1 and 2). To the SW the Miechów
Trough passes grad u ally into the Silesian-Kraków Homocline,
and to the NE into the Holy Cross Moun tains (HCM) be ing a
seg ment of the Mid-Pol ish Anticlinorium. The Miechów Trough
forms the south-east ern seg ment of the Szczecin–Miechów
Synclinorium (¯elaŸniewicz et al., 2011), for ma tion of which
was com pleted dur ing the Late Cre ta ceous–Paleogene tec -
tonic in ver sion of the Perm ian-Me so zoic Pol ish Ba sin (e.g.,
Dadlez et al., 1995; Krzywiec, 2002; Resak et al., 2008;
Krzywiec et al., 2018). The Perm ian–Me so zoic Pol ish Ba sin
formed the east ern most part of a sys tem of epicontinental bas -
ins in west ern and cen tral Eu rope (Scheck-Wenderoth et al.,
2008). Its most sub sid ing ax ial part – the Mid-Pol ish Trough –
de vel oped along the NW- to SE-trending Teisseyre-Tornquist
Zone (Mazur et al., 2015). Tec tonic in ver sion of the Pol ish Ba -
sin was as so ci ated with up lift and ex hu ma tion of the ax ial part
of the ba sin, which was trans formed into a re gional an ti cli nal
struc ture – the Mid-Pol ish Swell (e.g., ¯elaŸniewicz et al.,
2011). Due to in ver sion-re lated de vel op ment of the Mid-Pol ish
Swell, two re gional units were formed along both its flanks, in -
clud ing the south-west ern Szczecin–Miechów Synclinorium
(e.g., Dadlez et al., 2000; ̄ elaŸniewicz et al., 2011). The Perm -
ian-Me so zoic suc ces sion in the study area con sists of
Zechstein evaporite de pos its, Tri as sic clastic rocks, car bon ates 
and an hyd rites, and Ju ras sic siliciclastic and car bon ate rocks,
Albian-Cenomanian sand stones and Turonian to Lower
Maastrichtian marls, chalks and lime stones (Jurkiewicz, 1975;
Moryc, 2006b, 2014; Jurkowska, 2016). The south east ern part
of Miechów Trough is over lain by the Mio cene strata of the
Carpathian Foredeep (e.g., Oszczypko et al., 2006).

The base ment of the Perm ian-Me so zoic Miechów Trough
is built of up per Pro tero zoic–Car bon if er ous rocks which are a
part of the Ma³opolska Block (Bu³a et al., 1997, 2015), which ex -
tends be tween the Up per Silesian and £ysogóry blocks (Figs. 1
and 2). The pre-De vo nian sed i men tary cover has been in -
tensely de formed and even, in the case of the Ediacaran rocks,
partly meta mor phosed (Bu³a et al., 2015). The fi nal fold ing was
prob a bly as so ci ated with late Cal edo nian terrane ac cre tion
around the Si lu rian–De vo nian bound ary (Narkiewicz et al.,
2020). The late Pro tero zoic–Pa leo zoic suc ces sions of the SW
part of the Ma³opolska Block (base ment of the Miechów
Trough) in clude Pro tero zoic (Ediacaran), Or do vi cian
(Tremadocian-Caradocian), Si lu rian (Llandovery-Lud low), De -
vo nian (Emsian-Famennian) and Car bon if er ous (Visean to
Lower Namurian) rocks (Jurkiewicz, 1975; Moryc, 2006a, b,
2014; Bu³a et al., 2015). In the study area, Car bon if er ous strata
were found in in ter vals of the Wêgrzynów IG 1, P¹gów IG 1 and
Milianów IG 1 bore holes. In Wêgrzynów IG 1 these are car bon -
ate and clastic rocks of the Tournaisian and Visean, in P¹gów
IG 1 there are siltstones and sand stones of the Visean, and in
Milianów IG 1 mudstone-sand stone strata of the Visean and
Lower Namurian were pen e trated (Jurkiewicz, 1974, 1975,
1976a, b, 1980, 1990). Malec (2015) showed, based on cono -
dont stra tig ra phy, the pres ence of ero sional strati graphic gaps

(Bretonnian phase) be tween the De vo nian and the Car bon if er -
ous in the Pagów IG 1 and Wêgrzynów IG 1 pro files.

The extensional re gime pre vail ing in the Pol ish part of the
south ern Euramerica mar gin dur ing most of the De vo nian can
be ex plained by slab-pull forces re lated to north-di rected
subduction of the Rheic oce anic plate (Narkiewicz, 2007, 2020). 
The extensional De vo nian re gime was in ter rupted by Bretonian
tectonism in the be gin ning of the Car bon if er ous (Narkiewicz,
2007, 2020). Strati graphic con den sa tion and gaps span ning the 
up per most De vo nian and lower part of the Tournaisian have
been noted in the Kielce area of the HCM (Szulczewski, 1995)
and in the Up per Silesian re gion (Be³ka, 1993). A sed i men tary
dis con ti nu ity at the base of the Mis sis sip pian, com monly la -
belled the Bretonian un con formity, has been pos tu lated also in
the south ern part of the Ma³opolska Block (e.g., ¯aba, 1999;
Moryc, 2006a, b). Con tin u ous sed i men ta tion across the De vo -
nian–Car bon if er ous bound ary has been doc u mented so far
only lo cally in the HCM (Malec, 2015). How ever in some places
in the HCM, con ti nu ity be tween De vo nian and Car bon if er ous is
pres ent, for ex am ple in the Kowala quarry, and in the south ern
flank of the Ga³êzice syncline (Rakociñski et al., 2021).

The early Bashkirian (late Namurian A) was a time of
non-de po si tion and ero sion over the en tire Variscan fore land
area (e.g., Narkiewicz, 2020). K-Ar and Ar-Ar iso to pic ages
have cor rob o rated the oc cur rence of mi nor mafic magmatism
(lam pro phyres and diabases) in the HCM (Migaszewski, 2002;
Nawrocki et al., 2013). Ac cord ing to Lamarche et al. (2003a) the 
lon gi tu di nal dis con ti nu ities may rep re sent in verted nor mal faults 
that de vel oped due to De vo nian ex ten sion. The Variscan struc -
ture of the MB south of the HCM dis plays faulted folds with an
am pli tude sim i lar to those in the HCM, but with a con sid er ably
larger wave length (Jurkiewicz, 1975; Papiernik et al., 2007;
Bu³a et al., 2015). The re sults of palaeomagnetic stud ies im -
pose rather wide con straints on the tim ing of the Late Pa leo zoic
de for ma tion in the HCM: from the Visean, when an early fold ing
phase oc curred, to the early Perm ian mark ing the ter mi na tion of 
Variscan tectonism (Lamarche et al., 2003a; Szaniawski,
2008). Thus, the de for ma tion might have started near the
Visean–Serpukhovian bound ary (~330 Ma) within a
compressional re gime which led to tec tonic in ver sion and ex hu -
ma tion of the MB in clud ing the study area (see fur ther dis cus -
sion in Narkiewicz, 2020).

Dur ing the late Car bon if er ous to early Perm ian, in tense
granitoid magmatism de vel oped within a wide belt along the
Kraków-Lubliniec Fault Zone (KLFZ), which is a part of the ma -
jor Ham burg–Kraków–Dobrogea trans con ti nen tal strike-slip
tec tonic zone (e.g., ̄ aba, 1999). The KLFZ de lin eates a bound -
ary be tween the Up per Silesian Block and the Ma³opolska Block 
which is a thinned mar ginal part of Baltica (Bu³a et al., 1997;
¯aba, 1999; ¯elaŸniewicz et al., 2016, and ref er ences therein).
The KLFZ is also a part of the Trans-Eu ro pean Su ture Zone
(TESZ; ¯elaŸniewicz et al., 2016), one of the most im por tant
com pos ite su ture zones in Eu rope (Ziegler, 1986; Pha raoh,
1999). The fault cross cuts and off sets all Pa leo zoic and older
rock units, in clud ing the Perm ian strata (Bu³a et al., 1997; ̄ aba,
1999). Ig ne ous rocks that oc cur along the KLFZ are the prod -
ucts of bi modal magmatism, as so ci ated ei ther with crustal
thick en ing (S³aby et al., 2010) or with the dextral wrench re gime
and fault ac tiv ity on the TESZ (¯elaŸniewicz et al., 2016).
Magmatism spanned a nar row time pe riod  be tween 304 and
293 Ma (Mikulski et al., 2019). Late Car bon if er ous to early
Perm ian bi modal magmatism was likely re lated to the tran si tion
from a post-collisional to within-plate set ting along the SW mar -
gin of the East-Eu ro pean Craton (Mikulski et al., 2019).
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PREVIOUS STUDIES OF THERMAL HISTORY

The ther mal his tory of the en tire south-west ern part of
Ma³opolska Block is dis cussed be low, be cause data is sparse
on the ther mal evo lu tion of the Miechów Trough. How ever, a re -
cently pub lished pa per, on the ap pli ca tion of palynofacies anal -
y sis and the Ther mal Al ter ation In dex (TAI) to de ter mine the de -
gree of or ganic mat ter ther mal ma tu rity in the Up per Perm ian

and Tri as sic de pos its in the north ern part of the Miechów
Trough, gave new in sights into the ther mal evo lu tion of the
study area (Fija³kowska-Mader, 2020). In the Up per Perm ian
for ma tions, the VR val ues are in the range of 0.47–0.90%
(Grotek, 2000, 2008; Fija³kowska-Mader, 2020). In the Tri as sic
strata, VR var ies within lim its of 0.2–0.6% (Fija³kowska-Mader,
2020) and is slightly lower than the value 0.5–1.1% re ported by
Grotek (2000, 2008). In the Miechów Trough, the rel a tively low
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Fig. 1A – lo ca tion of the bore holes ana lysed on a sim pli fied geo log i cal map of the study area with out Ce no zoic de pos its (mod i fied
af ter Dadlez et al., 2000). In set in the up per right cor ner shows the ap prox i mate po si tion of the study area; B – sketch map of the
main tec tonic units of the sub-Perm ian base ment of south ern Po land and the sur round ing area (mod i fied af ter Mazur and
Jarosiñski, 2006; Nawrocki and Poprawa, 2006; Mazur et al., 2018)

K-LF – Kraków-Lubliniec Fault

https://doi.org/10.18668/NG.2020.08.01
https://doi.org/10.18668/NG.2020.08.01
https://doi.org/10.18668/NG.2020.08.01


cono dont CAI val ues of 1 in the Tri as sic rocks in di cates that the
Pa leo zoic strata must have reached their ther mal ma tu rity, of
CAI 2–4.5, ear lier, most likely in the late Car bon if er ous (Malec,
2015). Such low val ues of ther mal ma tu rity in di ca tors in di cate
rel a tively low diagenesis tem per a tures (gen er ally <100°C) in
the Me so zoic suc ces sion of the study area and much higher
tem per a tures in the Pa leo zoic strata.

Gen er ally, be cause the Pa leo zoic-Ce no zoic de vel op ment
of the Miechów Trough is sim i lar to that of the HCM area or at
least the south ern part of it, i.e. the Kielce Unit, the ther mal evo -
lu tion of both ar eas is sim i lar. In the HCM most au thors agree
about the key role of the Holy Cross Fault (HCF) in con trol ling
the Variscan ther mal re gime within the re gion (Be³ka, 1990;
Marynowski et al., 2002; Poprawa et al., 2005) and en hanc ing
Car bon if er ous-Perm ian advective heat flow through fluid mi gra -
tion (Migaszewski and Ha³as,1996; Poprawa et al., 2005;
Narkiewicz et al., 2010; Naglik et al., 2016). In the HCM, burial
and ex hu ma tion events of dif fer ent mag ni tudes can be re lated
to HCF polyphase ac tiv ity. In par tic u lar, Variscan de for ma tion in 
the late Car bon if er ous (e.g., Lamarche et al., 2003a;
Narkiewicz, 2007) was po ten tially ca pa ble of pro duc ing a tec -
tonic over bur den which might have led to tem per a ture in crease
and changed or ganic ther mal ma tu rity. In the HCM, ther mal
ma tu rity dis tri bu tion data in the pre-Perm ian ver sus youn ger
strata points to a prom i nent role of late Pa leo zoic heat flow
(Be³ka, 1990; Narkiewicz et al., 2010; Malec, 2015; Narkiewicz,
2017). A late Variscan cool ing event af fect ing Pa leo zoic se -
quences, re corded by zir con he lium ages (Botor et al., 2018),
marks the end of an im por tant ther mal over print re lated to
Variscan tec tonic de vel op ment (e.g., Lamarche et al., 1999,
2003a; Konon, 2006, 2007). This event may have been trig -
gered by in creased heat flow that was, at least partly, cou pled
with fluid cir cu la tion along the HCF (e.g., Narkiewicz et al.,
2010). Dur ing the Me so zoic, due to sed i men tary burial, the in -
crease in tem per a ture across most of the HCM re veals sub si -
dence of the Mid-Pol ish Trough. The mid dle part of the HCM
(on both side of the HCF, in the Kielce and £ysogóry Units) re -
cords a rapid cool ing event re lated to tec tonic in ver sion of the
Pol ish Ba sin (e.g., Dadlez et al., 1995; Krzywiec, 2002;
Lamarche et al., 2003a, b; Scheck-Wenderoth et al., 2008), that 

started in the Cenomanian to early Campanian (~100–90 Ma in
£ysogóry, ~90 Ma, in the Kielce Unit, Botor et al., 2018;
~82–91 Ma in Radwanów IG 1 pro file, £uszczak et al., 2020).
This rapid rate cool ing is also em pha sized by a small time lag
be tween ap a tite fis sion-track (109 Ma) and ap a tite he lium ages
(91 Ma) in the same sur face sam ples (Dêbniak) from the cen tral 
part of the HCM (Botor et al., 2018). How ever, tec tonic in ver -
sion was much less ob vi ous along the SW mar gin of the HCM
(i.e. Kowala and Ostrówka area), where slow cool ing took place
through out the Me so zoic with only a mi nor cool ing rate ac cel er -
a tion from the lat est Cre ta ceous (Botor et al., 2018). The NE
Me so zoic cover of the HCM also shows a dom i nance of slow
cool ing in the late Me so zoic to Paleogene (Cattà, 2014). There -
fore, it seems that in the Miechów Trough lo cated much far ther
to wards west, no sig nif i cant tec tonic in ver sion oc curred dur ing
the Late Cre ta ceous-Paleogene. In the Kowala out crop sec tion
(SW HCM), the early ma ture char ac ter of the or ganic mat ter in -
di cates max i mum burial tem per a tures lower than 80°C (Be³ka,
1990). Low ma tu rity is cor rob o rated by vitrinite reflectance val -
ues of ~0.50–0.55% VR (Marynowski et al., 2001), the tem per -
a ture of max i mum re lease of hy dro car bons (Joachimski et al.,
2001; Marynowski et al., 2007, 2010) as well as the cono dont
CAI in dex (Joachimski et al., 2001). How ever, based on
smectite illitization, the tem per a ture was es ti mated at ~130°C
(Œrodoñ and Trela, 2012). There fore, there is a sig nif i cant dis -
crep ancy be tween the max i mum tem per a ture es ti mated from
or ganic and min eral in di ces. In con sis ten cies be tween smectite
illitisation data and those from or ganic mat ter are com mon. A
sim i lar pat tern is seen in Ediacaran rocks of the East Eu ro pean
craton (Derkowski et al., 2021). Since zir con he lium ages for a
ben ton ite ho ri zon in the Kowala sec tion are re set, this was con -
sid ered as ev i dence of lo cal short-term hy dro ther mal fluid flow,
which did not change the ther mal ma tu rity of the or ganic mat ter, 
but in flu enced the min eral re cord of these rocks (Botor et al.,
2018). Al though illite K-Ar ages from the Kowala ex po sure were
es ti mated by Zwing (2003) in the range of 315–292 Ma, Œrodoñ
and Trela (2012) pub lished illite K-Ar ages in the range of 192 to 
228 Ma, sup port ing a Ju ras sic diagenetic over print. As sum ing
max i mum heat ing only in the Cre ta ceous as was pro posed by
Schito et al. (2017) did not give any good re sults for the
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Fig. 2. Sim pli fied cross-sec tion through the south ern part of the study area (af ter Dudek et al., 2003; Florek et al., 2006)
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thermochronological dataset (Botor et al., 2018). An al ter na tive
model pro posed by many au thors (e.g., Be³ka, 1990;
Narkiewicz, 2002; Narkiewicz et al., 2010; Botor et al., 2018)
pro poses that the main heat ing in ter val of the De vo nian to early
Car bon if er ous sed i men tary suc ces sions oc curred in the late
Car bon if er ous and/or early Perm ian, ex cept for the Kajetanów
area where an ad di tional pre-Tri as sic ther mal event was sug -
gested by Marynowski et al. (2002).

SOURCE ROCKS IN THE STUDY AREA

Pe tro leum source rocks in the study area com prise in ter vals 
oc cur ring within the Or do vi cian, Si lu rian, De vo nian and Lower
Car bon if er ous. Due to their low ther mal ma tu rity, Me so zoic
rocks are not thought to be source rocks de spite the fact that
some, such as Ju ras sic strata, con tain sig nif i cant amounts of
or ganic car bon (Kosakowski et al., 2012; Kotarba et al., 2017).
Or do vi cian and Si lu rian source rocks are an im por tant source of 
hy dro car bons, both con ven tional and un con ven tional, in the
East Eu ro pean Craton and in Pa leo zoic-Me so zoic base ment of
the Carpathians Foredeep (Pletsch et al., 2010; Wiêc³aw et al.,
2011, 2012; Kotarba et al., 2017; Botor et al., 2019; Papiernik et 
al., 2019). In the Holy Cross Mts., Si lu rian claystones con tain up 
to ~3% TOC (Smolarek et al., 2014, 2017a, b), while claystones 
of the Lower Car bon if er ous Zarêby For ma tion have mean TOC
con tents of ~2.8% (Malec et al., 2010). How ever, their ther mal
ma tu rity is not higher than the oil win dow zone. In the Kielce re -
gion, Schito et al. (2017) also re ported TOC con tents higher
than 1% which, how ever, are lim ited to the Si lu rian and Or do vi -
cian rocks of the Bardo syncline and Mid dle De vo nian strata,
where the high est TOC val ues of ~5 and 9% were mea sured in
in di vid ual sam ples. Mid dle-Up per De vo nian and Lower Car -
bon if er ous rocks are im por tant sources of hy dro car bons in sev -
eral ar eas of the Pa leo zoic-Me so zoic base ment of the
Carpathians Foredeep (e.g., Dudek et al., 2003; Kotarba et al.,
2017). Geo chem i cal data showed ini tial TOC in source rocks of
the Pa leo zoic base ment of the Carpathian Foredeep to be
~1.2-3.5% for siliciclastic Or do vi cian and Si lu rian rocks, 1.2%
for Mid dle-Up per De vo nian car bon ates and 1.3% for Lower
Car bon if er ous siliciclastic rocks (Wiêc³aw et al., 2011). Kerogen 
type is mainly type II oil-prone low-sul phur in the Or do vi cian and 
Si lu rian rocks, and type II with and ad mix ture of type III in the
Mid dle-Up per De vo nian and Lower Car bon if er ous rocks. The
thick ness of these source rocks is ~40–50 m for the Si lu rian and 
up to 100–150 m for Lower Car bon if er ous and Or do vi cian
siliciclastic rocks, and up to 200 m for the De vo nian suc ces sion
(Dudek et al., 2003; Wiêc³aw et al., 2011; Kotarba et al., 2017).
The Up per Ju ras sic car bon ate and the Cenomanian sand stone
res er voirs (e.g., in the Grobla, Rajsko, Rylowa and
Wierzchos³awice oil and gas fields) con tain geochemically very
sim i lar hy dro car bons. These were gen er ated by thermogenic
pro cesses and mi grated, prob a bly through fault zones, from
source rocks in cluded in the Lower Car bon if er ous and Mid -
dle-Up per De vo nian as well as in Or do vi cian to Si lu rian strata
(Kotarba et al., 2017). How ever, there is an al ter na tive pos si bil -
ity for the or i gin of these hy dro car bons. Based on nu mer i cal
mod el ing Nemèok and Henk (2006) have shown that it is pos si -
ble that the hy dro car bons mi grated from the Oligocene Menilite
Beds of the Outer Carpathians. More over, geo chem i cal data
also show that oils in the Me so zoic base ment are sim i lar to
many oils in the West ern Outer Carpathians. Some biomarkers
such as oleane, de rived from an gio sperm plants, show that the
source rocks for this oils have to in clude Cre ta ceous or youn ger
rocks. The high sul phur con tent in the oils can be re lated to high 
sul phur II type kerogen doc u mented in the lower Menilite Beds

(ten Ha ven et al., 1993; Curtis et al., 2004; Lewan et al., 2006).
Due to the high sul phur con tent, such kerogen was able to gen -
er ate oil much ear lier and faster than that of typ i cal low-S-II type 
(Curtis et al., 2004; Lewan et al., 2006). Re cently, Botor (2021)
showed that in the fron tal Carpathian orogenic wedge, the un -
der ly ing Pa leo zoic source rocks at tained max i mum heat ing in
the Late Tri as sic to Early Ju ras sic in ter val, that trig gered a ma -
jor phase of hy dro car bon gen er a tion. The hy dro car bon po ten -
tial of the Pa leo zoic source rocks was de pleted be fore the Up -
per Ju ras sic and Cenomanian res er voir rocks and traps were
formed. Con se quently, the ma jor ity of the hy dro car bons gen er -
ated dur ing the pre-Ju ras sic stages were al ready dis persed.

METHODS AND SAMPLES

Mean ran dom VR was ana lysed in 40 sam ples from 6 bore -
holes in the Miechów Trough (Jaronowice IG 1, Milianów IG 1,
P¹gów IG 1, Potok Ma³y IG 1, Wêgrzynów IG 1, W³oszczowa
IG 1), though only 32 sam ples con tained suf fi cient or ganic ma -
te rial for ef fec tive de ter mi na tion. This dataset has en abled the
anal y sis of ther mal ma tu rity ver sus depth re la tion ships by both
ba sin and strati graphic in ter val. De tailed geo log i cal in for ma tion
on these bore holes were given by Jurkiewicz (1974, 1975,
1976a, b, 1980, 1990).

ORGANIC PARTICLE REFLECTANCE
MEASUREMENTS

In De vo nian and youn ger strata the ther mal ma tu rity of or -
ganic mat ter is widely based on vitrinite reflectance; how ever,
Lower Pa leo zoic strata do not con tain vitrinite. There fore, ther -
mal ma tu rity in such sed i ments is based on zooclasts and solid
bi tu men. In this work 3 Si lu rian zooclast sam ples and 29 vitrinite 
sam ples were ana lysed to de ter mine VR (Ta ble 1). The rock
sam ples were cut per pen dic u lar to the bed ding and from these
rock pieces pol ished slides were pre pared for VR mea sure -
ments. Mean ran dom VR was mea sured to de ter mine the ther -
mal ma tu rity of the sam ples ana lysed. VR mea sure ments were
per formed us ing a Zeiss mi cro scope for in ci dent light, a
50×/0.85 Epiplan–Neofluar oil im mer sion ob jec tive and a
546 nm fil ter, Zeiss im mer sion oil ne = 1.518, at a tem per a ture of 
23°C. Min eral stan dards of known reflectance were used for
cal i bra tion: sap phire (0.590%), yt trium-alu minium gar net
(0.901%), gad o lin ium-gal lium gar net (1.718%), cu bic zir co nium 
(3.130%) and stron tium-ti tan ate (5.390%). The mi cro scop i cal
anal y ses closely fol lowed the guide lines pub lished by Tay lor et
al. (1998) and Hackley et al. (2015).

In con trast to the tra di tional con cepts that con sider or ganic
mat u ra tion as a func tion of both max i mum burial tem per a ture
and ef fec tive heat ing time (e.g., Hantschel and Kauerauf,
2009), the time–in de pend ent ap proach (Barker and Pawlewicz, 
1994) has ob tained gen eral ac cep tance for re con struct ing ther -
mal his to ries of ar eas char ac ter ized by com plex geo log i cal his -
to ries (e.g., Barker and Pawlewicz, 1994; Tobin and Claxton,
2000; Frings et al., 2004; Cavailhes et al., 2018; Kalinowski and 
Gurba, 2020). While the ap pli ca tion of time–tem per a ture mod -
els is lim ited to sed i men tary bas ins with well-known burial and
ther mal his to ries, the time-in de pend ent method based on sev -
eral cor re la tions be tween VR and max i mum tem per a ture can
be ap plied to com plex orogenic se quences (e.g., Laughland
and Under wood, 1993) and hy dro ther mal sys tems (e.g.,
Barker, 1983). Ex cel lent cor re la tions be tween fluid–in clu sion
ho mog e ni za tion tem per a ture and vitrinite reflectance in di cate
tem per a ture as the ma jor con trol on or ganic mat u ra tion (e.g.,
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Barker and Pawlewicz, 1994; Tobin and Claxton, 2000). VR
was used as an in put pa ram e ter for the cal cu la tion of peak tem -
per a ture af ter Barker and Pawlewicz (1994). In the pres ent
study, the for mula Tem per a ture 1 = (lnVR + 1.68)/0.0124 for
the burial heat ing model and Tem per a ture 2 = (lnVR +
1.19)/0.00782 for the hy dro ther mal heat ing model af ter Barker
and Pawlewicz (1994) was ap plied. The for mu las are cal i brated 
up to 7% VR (Barker and Pawlewicz, 1994).

PETROMOD MODELING TECHNIQUE

Ther mal ma tu rity mod el ing was per formed us ing the 1-D
PetroMod soft ware (Schlumberger, ver. 9.0; for de tails see
Hantschel and Kauerauf, 2009). The nu mer i cal mod el ing tech -
niques ap plied en abled the sim u la tion of the com plex set of in -
ter act ing phys i cal and chem i cal pro cesses that took place dur -
ing the evo lu tion of the sed i men tary ba sin. The be gin ning point
for the mod el ing is a con cep tual model (Waples et al., 1992a, b; 
Hantschel and Kauerauf, 2009), which iden ti fies the geo log i cal

evo lu tion of the study area, in clud ing geo log i cal, geo phys i cal,
and geo chem i cal data. A discretized nu mer i cal model, which
rep re sents the con cep tual model, is then ap plied for sim u la tion
pur poses (Waples et al., 1992a, b; Hantschel and Kauerauf,
2009). The geo log i cal his tory of an in di vid ual bore hole sec tion
is cal cu lated us ing the fi nite dif fer ence method. Strati graphic
events, scaled in time, es tab lish the struc ture of the model and
con trol the data in put. The data set for each event con sists 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,
heat flow and rock ther mal prop er ties. Petrophysical pa ram e -
ters, such as po ros ity, den sity and ther mal con duc tiv ity, are
then clas si fied on the ba sis of li thol ogy. Af ter each sim u la tion
run, the cal cu lated re sults are com pared with the mea sured val -
ues to cal i brate the model and test its geo log i cal con sis tency.
Cal i bra tion is usu ally per formed by vary ing the palaeo-heat flow 
or the orig i nal thick ness of the now-eroded sed i men tary units
(Waples et al., 1992a, b; Hantschel and Kauerauf, 2009). Ini -
tially, heat flow es ti mates for the past stages of ba sin evo lu tion
are given on the ba sis of the tec tonic set ting (Hantschel and
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Bore hole Depth (m) Stra tig ra phy VR (%) STD No T1 (°C) T2 (°C) 

Jaronowice IG 1

1367.5 Bathonian 0.53 0.03 51 84.3 70.9

1737.4 Up per Tri as sic 0.64 0.03 55 99.5 95.1

2005.2 Emsian 0.97 0.05 99 133.1 148.3

2131.4 Lower Si lu rian 1.05 0.09 63 139.4 158.4

2216.2 Lower Si lu rian 1.00 0.04 60 135.5 152.2

Milianów IG 1

2276.5 Visean-Lower Namurian 2.35 0.12 138 204.4 261.4

2458.7 Visean-Lower Namurian 2.39 0.13 152 205.7 263.6

3220.1 Visean-Lower Namurian 3.06 0.11 100 225.7 295.2

P¹gów IG 1

587.5 Coniacian-Turonian 0.56 0.07 86 88.7 78.1

1469.2 Bajocian 0.62 0.07 100 96.9 91.1

1501.6 Lower Ju ras sic 0.65 0.09 110 100.7 97.1

1887.1 Up per Tri as sic 0.70 0.07 100 106.7 106.6

2593.1 Zechstein 1.11 0.08 100 143.9 165.5

2664.2 Visean 2.88 0.14 82 220.8 287.4

2780.2 Visean 2.88 0.14 80 220.8 287.4

2995.8 Famennian 2.99 0.13 62 223.8 292.2

Potok Ma³y IG 1

1608.5 Up per Tri as sic 0.64 0.04 78 99.5 95.1

1700.0 Up per Tri as sic 0.82 0.07 98 119.5 126.8

1789.0 Lower Tri as sic 1.00 0.06 56 1350 1520

Wêgrzynów IG 1

1070.4 Visean 0.66 0.05 102 101.9 99.1

1369.7 Visean 0.70 0.04 78 106.7 106.6

1549.7 Famennian 0.85 0.08 77 122.4 131.4

2175.9 Frasnian 0.99 0.08 69 134.7 150.9

2447.4 Frasnian 1.20 0.08 57 150.2 175.5

2524.2 Givetian 1.56 0.09 86 171.4 209.4

3015.7 Eifelian 2.75 0.08 91 217.1 281.5

W³oszczowa IG 1

955.5 Kimmeridgian 0.49 0.04 55 77.9 60.9

1593.6 Bathonian 0.52 0.03 64 82.7 68.6

1615.9 Bathonian 0.53 0.05 72 84.3 70.9

2147.5 Up per Tri as sic 0.77 0.06 53 114.4 118.7

2251.1 Mid dle Tri as sic 0.80 0.07 58 117.5 123.6

2594.6 Si lu rian 0.92 0.09 62 128.6 141.5

VR (%) – mean ran dom vitrinite reflectance, STD – stan dard de vi a tion, No – num ber of mea sure ments per sam ple, T1 – max i mum tem per a -
ture cal cu lated from VR data for burial model (Barker and Pawlewicz, 1994), T2 – max i mum tem per a ture cal cu lated from VR data for hy dro -
ther mal model (Barker and Pawlewicz, 1994)

T a  b l e  1

Mean ran dom vitrinite reflectance data for the sam ples from the Miechów Ba sin
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Kauerauf, 2009). In the sub se quent it er a tions, the palaeoheat
flow val ues are mod i fied through the mod el ing pro ce dure to
achieve the best fit be tween the cal cu lated model and the mea -
sured cal i bra tion pa ram e ters. Heat flow val ues are the best
con strained for tim ing of the max i mum tem per a ture, which usu -
ally links to the max i mum sed i men tary burial (Hantschel and
Kauerauf, 2009). The backstripping method, which also in -
cludes a decompaction cor rec tion, was ap plied to es tab lish the
burial his tory. Petrophysical pa ram e ters were used based on
the PetroMod li brary ac cord ing to lithological types iden ti fied in
the bore holes ana lysed (Botor, 2023). Mod els were cal i brated
us ing mea sured val ues of mean ran dom vitrinite reflectance.
The VR in mod el ing was cal cu lated us ing the al go rithm of
Swee ney and Burnham (1990). Sev eral tests of the change of
heat flow over time, ero sion/ex hu ma tion of over bur den, and a
com bi na tion of both, were per formed. The cal cu lated VR val ues 
were com pared with the mea sured VR val ues, and the com -
puter model was ad justed un til the best fit of the VR ver sus
depth was achieved. A broader dis cus sion of the ap plied ma tu -
rity mod el ing method is pro vided else where (Waples et al.,
1992a, b; Hantschel and Kauerauf 2009).

INPUT DATA IN MODELING

Among the six bore hole avail able for this study, only
W³oszczowa IG 1, Jaronowice IG 1 and P¹gów IG 1 have VR
data from both the Pa leo zoic and Me so zoic parts of the strati -
graphic sec tion (Ta ble 1). How ever, W³oszczowa IG 1, lo cated
in the cen tral part of the study area, is rep re sen ta tive of the
Miechów Trough. In the W³oszczowa IG 1 bore hole sec tion, the
VR dataset in cluded six sam ples from the Me so zoic and Pa leo -
zoic strata (Ta ble 1). While de vel op ing a nu mer i cal model, a

great num ber of un cer tain ties have to be dis cussed and eval u -
ated. Ma jor vari ables that in flu ence the ba sin model are re lated
to petrophysical prop er ties of the basinal de pos its, mode of
heat trans fer, cal i bra tion data and the al go rithm for the VR data
(Waples et al., 1992a, b; Hantschel and Kauerauf, 2009). Dur -
ing this study it was not pos si ble to mea sure the ther mal con -
duc tiv ity or heat ca pac ity of the ba sin de pos its due to sparse
sam ple ma te rial. There fore, these val ues were quan ti fied for all
for ma tions by com bi na tions of de fault rock prop erty data with
re spect to bore hole de scrip tions. The sur face palaeo tem -
perature was set au to mat i cally us ing the SWIT tool, which ex -
tracts a stan dard tem per a ture at sea level over geo log i cal time
for any given lo ca tion, based on the model of Wygrala (1989).
The pres ent-day sur face av er age tem per a ture is as sumed to
be 9°C. We did not con sider the palaeo-wa ter depth be cause
the pre dom i nant in flu ence on the ther mal evo lu tion is ex erted
by stra tal thick ness, as most of the sed i men ta tion in the study
area oc curred in shal low wa ter plat form en vi ron ments that did
not ex ceed 200 m (Jurkiewicz, 1975).

The strati graphic sec tion of the W³oszczowa IG 1 bore hole is
shown in Ta ble 2. In the sec tion, a sig nif i cant strati graphic un -
con formity oc curs be tween the Givetian (De vo nian) and Lower
Tri as sic strata (Ta ble 2). The next im por tant un con formity oc curs 
be tween the Up per Ju ras sic and the Lower/Up per Cre ta ceous,
and be tween the Up per Cre ta ceous and Mio cene. These gaps in 
the sed i men tary re cord al low dif fer ent hy poth e ses to be in ferred
re gard ing the burial his tory of the study area, as dis cussed be -
low. Geo ther mal gra di ents in the bore holes ana lysed range be -
tween 23 and 30°C/km. In the study area the av er age pres -
ent-day sur face heat flow is in the range of ~50–60 mW/m2 (e.g.,
Majorowicz et al., 2019 and the ref er ences therein). In
W³oszczowa IG 1, heat flow was cal cu lated at 54 mW/m2 based
on tem per a ture data from Jurkiewicz (1990).
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Event / stra tig ra phy Top 
(m)

Bot tom
(m)

Thick -
ness (m)

Ero sion
 (m)

De po si tion Ero sion
Li thol ogy

from (Ma) to (Ma) from (Ma) to (Ma)

Qua ter nary 0.00 10.00 10.00 2.00 0.00 SILTSTONE

Paleogene-Neo gene 10.00 10.00 0.00 55.00 2.00 none/hi a tus

Maastrichtian 10.00 303.00 293.00 200.00 72.00 65.00 65.00 55.00 MARL

Campanian 303.00 620.00 317.00 83.00 72.00 MARL

Santonian 620.00 726.00 106.00 86.00 83.00 MARL

Coniacian 726.00 780.00 54.00 89.00 86.00 MARL

Cenomanian 780.00 839.00 59.00 100.50 89.00 SANDSTONE

Albian 839.00 850.00 11.00 113.00 100.50 SANDsilty

Kimmeridgian 850.00 1060.00 210.00 400.00 157.00 145.00 145.00 113.00 LIMESTONE

Oxfordian 1060.00 1613.00 553.00 163.00 157.00 LIMESTONE

Bathonian 1613.00 1631.00 18.00 168.00 163.00 SILT&SAND

Bajocian 1631.00 1667.00 36.00 170.00 168.00 SILT&SAND

Lower Ju ras sic 1667.00 1703.00 36.00 201.00 170.00 SANDSTONE

Up per Tri as sic 1703.00 2338.00 635.00 237.00 201.00 SILTsandy

Perm ian 2338.00 2338.00 0.00 275.00 250.00 ANHYDRITE

Visean-Namurian 2338.00 2338.00 0.00 500.00 345.00 315.00 315.00 275.00 SAND&SILT

Up per De vo nian 2338.00 2338.00 0.00 800.00 382.00 359.00 359.00 345.00 LIMEdolom

Givetian 2338.00 2512.00 174.00 387.70 382.00 LIMESTONE

Emsian 2512.00 2541.00 29.00 407.60 387.70 SANDsilty

Si lu rian 2541.00 2618.00 77.00 100.00 425.00 419.00 419.00 408.00 SILTSTONE

In li thol ogy types the fol low ing sys tem was ap plied for ab bre vi a tions: e.g., SANDsilty (first li thol ogy in up per case and sec ond in lower case)
means 70% sand stone and 30% of siltstone; SILT&SAND (both lithologies in up per case) – 50% siltstone and 50% sand stone, petrophysical
prop er ties of li thol ogy is given in Botor (2023)

T a  b l e  2

In put data for the W³oszczowa IG 1 model
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RESULTS

In the bore holes ana lysed, VR val ues vary from 0.49 to
3.06% and in crease with depth (Ta ble 1). The num ber of VR
mea sure ments per sam ple range from 51 to 152, and stan dard
de vi a tion is low, usu ally be low 0.1. Only sam ples hav ing mean
VR val ues above 2.0% have a higher stan dard de vi a tion (up to
0.14). Es ti mated max i mum palaeotemperatures of the rocks
ana lysed based on VR val ues range from 78 to 225°C for a
burial-in duced model and from 71 to 295°C for a hy dro ther -
mal-in duced model (Ta ble 1; Barker and Pawlewicz, 1994).

In gen eral, VR data from the Pa leo zoic and Me so zoic sec -
tions of the Miechów Trough are de fined as hav ing low scat ter,
and show some trends re flect ing the ther mal evo lu tion of the
study area. This al lows in ter pre ta tion of VR pro files to char ac -
ter ize the ther mal his tory and the prev a lent heat trans fer mech -
a nisms within the ba sin. Cal cu lated peak palaeotemperatures
from the bore holes are used to com pute palaeogeothermal gra -
di ents and to es ti mate the mag ni tude of net ex hu ma tion at se -
lected lo ca tions. The mea sured VR val ues were plot ted on a
log a rith mic scale which al lowed estimatation of the ther mal ma -
tu rity gra di ent and the max i mum thick ness of the over bur den
(Yamaji, 1986; Con nolly, 1989; Frings et al., 2004). As sum ing
that the palaeo-sur face vitrinite (huminite) reflectance was
~0.25%VR (equiv a lent to a palaeo-sur face tem per a ture of
~25°C), the in ter sec tion of the re gres sion line at this point can
be used to pre dict the max i mum over bur den (Fig. 3).

In the P¹gów IG 1 bore hole, VR val ues change from 0.56%
in the Albian-Maastrichtian strata to 1.11% in the bot tom of the
Zechstein, whereas in Visean-Up per De vo nian strata or ganic
mat ter is overmatured, hav ing VR val ues in the range
2.88–2.99% (Fig. 3A). There is ob vi ous jump in VR val ues be -
tween the Visean-Up per De vo nian and Perm ian-Me so zoic sec -
tions. The VR data al lows es ti ma tion of post-Cre ta ceous ero -
sion to 1800 m, and post-Variscan ero sion as 1100 m. In par tic -
u lar, the post-Cre ta ceous ex hu ma tion seems to be too high
con sid er ing the mild tec tonic in ver sion in the Miechów Trough.
In the Milianów IG 1 bore hole, VR of 0.47–0.56% in the
Zechstein strata were noted by Grotek (2018). In the Tri as sic
strata, a VR value of 0.78% was mea sured (Grotek, 2018).
Such de crease from Tri as sic into Zechstein can be at trib uted
as fluid flow in flu ence. In Visean strata of the Milianów IG 1
bore hole, VR val ues are in the range 2.35 to 3.06%, com pa ra -
ble to those of the P¹gów IG 1 (Fig. 3B). There fore, a VR break
is in ferred in this sec tion. Post-Variscan ero sion needs to be
taken as 6000 m; oth er wise, a fluid flow event should be as -
sumed.

To wards the south of the Miechów Trough the next bore -
hole ana lysed is Jaronowice IG 1, in which VR val ues are in the
range from 0.53% in the Bathonian-Kimmeridgian to 1.05% in
the Emsian-Eifelian (Fig. 3C). How ever, the Or do vi cian-Si lu rian 
shows de creas ing vitrinite-like reflectance, to 1.0 and 0.98%.
Be cause the bot tom of the Tri as sic shows VR of 0.64%, and the 
De vo nian be low 0.97%, a VR break is in ferred as in the two pre -
vi ous bore holes (P¹gów IG 1 and Milianów IG 1). In the Potok
Ma³y IG 1 bore hole only a few VR sam ples were ob tained; from
0.64 to 0.82 % in the Tri as sic strata. These data are from the
depth in ter val of 1600–1800 m, sug gest ing the prob a ble in flu -
ence of hot flu ids (Fig. 3D). In the Wêgrzynów IG 1 bore hole,
VR data range from 0.66% in the Visean to 2.75% in the Eifelian 
(Fig. 3E). There is no ev i dent VR jump be tween Car bon if er ous
and De vo nian. How ever, the slightly dis persed and not fully lin -
ear VR pat tern might be re lated to overpressure de vel op ment
(Fig. 3E). In the W³oszczowa IG 1 bore hole, VR val ues are from 
0.49% in the Kimmeridgian to 0.92% in the Si lu rian and do not

shows any breaks (Fig. 3F). A sim i lar value 0.84% VR for Tri as -
sic strata was also re corded by Grotek (2018).

In the fol low ing step VR val ues were used as an in put pa -
ram e ter for the es ti ma tion of max i mum palaeotemperature af ter 
Barker and Pawlewicz (1994) ap proach. By plot ting these cal -
cu lated tem per a tures against depth, palaeogeothermal gra di -
ents for the time of the high est tem per a tures in the ba sin can be
also cal cu lated (Fig. 4). These cal cu la tion are based on as -
sump tion that ther mal con duc tiv ity of ex humed rocks is the
same as pre served in the sec tion ana lysed (Yamaji, 1986; Con -
nolly, 1989; Frings et al., 2004).

Con sid er ing all the bore holes ana lysed, the lin ear in crease
of pres ent-day tem per a ture shows an av er age geo ther mal gra -
di ent of 24°C/km with in di vid ual bore holes rang ing from 23 to
30°C/km (Fig. 4). Gen er ally, palaeotemperatures in the bore -
holes ana lysed show that it was hot ter in the past than to day.
Palaeogeothermal gra di ents were var ied in the Me so zoic and
Pa leo zoic. In the P¹gów IG 1 bore hole, the Zechstein-Me so zoic 
sec tion shows a palaeogeothermal gra di ent of 23°C/km, which
is lower than the pres ent-day one of 30°C/km (Fig. 4A). How -
ever, for a hy dro ther mal-in duced model, a palaeogeo thermal
gra di ent of 43°C/km was cal cu lated. Very high tem per a tures
(>200°C) cal cu lated in the Pagów IG 1 bore hole lead to an
over es ti ma tion of the es ti mated Variscan ero sion to over 10 km
– an un re al is tic value. In the Milianów IG 1 bore hole, the Car -
bon if er ous sec tion shows a paleogeothermal gra di ent of
22°C/km for a burial-in duced model and ~36°C/km for a hy dro -
ther mal-in duced model (Fig. 4B). Es ti mated Variscan ero sion is 
also very high (>8 km). In the Jaronowice IG 1 bore hole, the
Me so zoic sec tion sug gests ero sion ~800 m, and a palaeo -
geothermal gra di ent of 41°C/km for a burial-in duced model and
~65°C/km for a hy dro ther mal-in duced model (Fig. 4C). In the
Potok Ma³y IG 1 bore hole, VR-based data shows a
palaeogeothermal gra di ent of 200°C/km for a burial-in duced
model and ~316°C/km for a hy dro ther mal-in duced model that
oc curred af ter Tri as sic (Fig. 4D). Such high val ues seem to be
un re al is tic and strongly sug gest hy dro ther mal fluid in flu ence on
the ther mal ma tu rity of the or ganic mat ter. In the Wêgrzynów IG 
1 bore hole, VR-based data shows a palaeogeothermal gra di ent 
of 59°C/km for a burial-in duced model and 94°C/km for a hy dro -
ther mal-in duced model (Fig. 4E). These data sug gest Variscan
ero sion of ~2000 m; how ever, this pat tern of data in the bore -
hole sug gests fluid flow in flu ence in the Late Pa leo zoic. In the
W³oszczowa IG 1 bore hole, VR-based data shows a
palaeogeothermal gra di ent of 31°C/km for a burial-in duced
model and 50°C/km for a hy dro ther mal-in duced model in the
Me so zoic with post-Ju ras sic ero sion amount ing to 800 m
(Fig. 4F). Be cause Up per Cre ta ceous strata are doc u mented
up to the Maastrichtian, such an ero sion event was re lated
rather to the lat est Ju ras sic sec tion. In the Lower to Mid dle Ju -
ras sic sec tion lower VR val ues were ob served. Such a pat tern
can be at trib uted to a fluid flow event.

Dur ing ther mal mod el ing by means of PetroMod soft ware,
sev eral mod els were tested; among these, only a few are
shown to il lus trate the most prom i nent sce nar ios (Fig. 5). The
first model for the W³oszczowa IG 1 bore hole (1) as sumed a
heat flow of 62 mW/m2, con stant in time, which is the av er age
value for the crust (Allen and Allen, 2005). Ex hu ma tion was as -
sumed as the fol low ing: Up per Cre ta ceous 300 m, Up per Ju ras -
sic 400 m, Late De vo nian 700 m, and Car bon if er ous 500 m.
Such es ti mates rep re sent typ i cal val ues ac cepted in ad ja cent
ar eas (e.g., Narkiewicz et al., 2010; £uszczak et al., 2020). In
the sec ond model (2) heat flow was as sumed as 60 mW/m2

from the Si lu rian to the end of the Cre ta ceous, and ad just ing in
the Ce no zoic to the pres ent-day value of 54mW/m2. All other
pa ram e ters were left the same as in model 1. Both mod els 1
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Fig. 3. Depth vs. vitrinite reflectance pro files in the study area of the Miechów Trough

Stra tig ra phy based on Jurkiewicz (1974, 1975, 1976a, b, 1980, 1990). This anal y sis as sumes that the ther mal con duc tiv ity of the eroded
se quences was the same as that of the pre served se quences. Red hor i zon tal line rep re sents un con formity. Black hor i zon tal line

rep re sents con tin u ous sec tion. As sumed ini tial VR value is 0.25%
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Fig. 4. Fluid flow driven palaeotemperature pro files in the study area

Palaeotemperature val ues are cal cu lated based on Barker and Pawlewicz (1994): black dots – burial model; red dots – hy dro ther mal
model. Fluid flow-driven shape of palaeotemperature curves is based on Ziagos and Blackwell (1986). Pres ent-day tem per a ture data

from Jurkiewicz (1975, 1990). GTp – pres ent-day geo ther mal gra di ent. GT – palaeogeothermal gra di ent, E – ex hu ma tion/ero sion

https://doi.org/10.1016/0377-0273(86)90021-1


and 2 show cal cu lated VR val ues too low by com par i son with
the mea sured ones. The VR data in this bore hole in clude sam -
ples from the Si lu rian to the Kimmeridgian. Thus, the ma jor
event that in flu enced the ther mal ma tu rity pat tern in this bore -
hole needs to be Mid dle-Late Ju ras sic or post-Ju ras sic, par tic u -
larly for the Me so zoic sec tion. There fore, in model (3), Late Ju -
ras sic ero sion in creased to 1300 m. Such high val ues were also 
ac cepted as the max i mum val ues pos si ble for the Late Ju ras sic 
by £uszczak et al. (2020). Un for tu nately, this model gave over -
es ti ma tion of the VR. In the next model (4), Late Ju ras sic ex hu -
ma tion de creased to 1100 m. Such a model gave a rea son ably
good fit of mea sured vs. cal cu lated VR val ues, ex cept for two
Oxfordian val ues. How ever, 1 km of eroded Up per Ju ras sic de -
pos its in cluded the Oxfordian to Tithonian strata (£uszczak et
al., 2020). In the case of W³oszczowa IG 1, Oxfordian to
Kimmeridgian strata oc cur in the sec tion. There fore, such a
high value of Late Ju ras sic ero sion seems to be an over es ti -
mate. There fore, fi nally in model (5), ex tremely high heat flow
was as sumed as 140 mW/m2 in Mid dle-Late Ju ras sic times in
or der to sim u late a hot fluid flow event (Fig. 5). Up per Ju ras sic
ex hu ma tion was low ered to 450 m. All other pa ram e ters were
kept with out changes. This last model is thought to be the pre -
ferred best-fit model and is pre sented as the ul ti mate model
(Fig. 6). In this model, in crease of tem per a ture oc curred af ter
de po si tion of the youn gest sam pled in ter val. The growth of tem -
per a ture and ther mal ma tu rity in the W³oszczowa IG 1 bore hole
pro file took place mainly dur ing the Mid dle to Late Ju ras sic
(Fig. 7). Be cause high val ues of Late Ju ras sic ero sion can not
be in ferred, the only pos si bil ity to ex plain the dis tri bu tion of VR
in this sec tion is to as sume a Mid dle Ju ras sic hy dro ther mal
event.

Dur ing the nu mer i cal mod el ling it be came ob vi ous that
vary ing only sin gle in put data in the mod els would not pro vide
an ac cept able fit. Con se quently a num ber of dif fer ent com bi na -
tions of pa ram e ters, such as the max i mum sub si dence, or the
vari a tion of the max i mum heat flow val ues and their du ra tion
were con sid ered in nu mer ous model it er a tions to de ter mine the
sce nario with the best fit to the ther mal ma tu rity data. How ever,
as can be seen in Fig ure 5, there is no per fect ther mal model,
that might be able to fully sat isfy all mea sured VR data in a
given bore hole sec tion in the study area. The ma jor rea son for
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Fig. 5. The mean vitrinite reflectance data vs. cal cu lated
mod els for the W³oszczowa IG 1 bore hole sec tion

The first model (1) as sumed heat flow (HF) 62 mW/m2 con stant in
time. Ex hu ma tion: Up per Cre ta ceous 300 m, Up per Ju ras sic 400 m,
Late De vo nian 700 m, and Car bon if er ous 500 m. In model (2) HF is
as sumed as 60 mW/m2 up to the end of Cre ta ceous and then ad just -
ing to the pres ent-day value of 56 mW/m2. All other pa ram e ters were 
left the same as in model 1. In model (3)  Up per Ju ras sic ero sion was 
in creased to 1300 m. In model (4) Up per Ju ras sic ex hu ma tion was
de creased to 1100 m. Fi nally in model (5) ex tremely high HF was as -
sumed at 140 mW/m2 in Mid dle to Late Ju ras sic times in or der to
sim u late a hot fluid flow event and Up per Ju ras sic ero sion was as -
sumed to 450 m. All oth ers pa ram e ters were kept with out changes.
This last model is con sid ered as the best-fit model. Li thol ogy of ex -
humed rocks ap plied in all mod els: Up per Cre ta ceous – chalk, Up -
per Ju ras sic – Lime stone 70% and marls 30%, Car bon if er ous –
sand stone70%/shale 30%, De vo nian – Limestone70%shale30%

Fig. 6. Burial and ther mal his tory model for the W³oszczowa IG 1 bore hole

VR cal i bra tion was shown in Figure 5. HF in Mid-Late Ju ras sic was as sumed  as 140 mW/m2. Such a too-high HF value, con sid er ing the
tec tonic set ting of the study area, sug gests a hot fluid flow event. See fur ther ex pla na tion in the text
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this is the na ture of heat trans fer in the sec tions ana lysed, that
is fluid flow-driven diagenesis. The soft ware ap plied cal cu lated
only a con duc tive model of heat trans port, whereas in the
Miechów Ba sin advective heat trans port, me di ated by flu ids,
was the most im por tant fac tor. The non-lin ear VR pat tern in the
sed i men tary suc ces sions ana lysed strongly sup port the idea
that lat eral fluid flow events oc curred in the Miechów Trough.

DISCUSSION

Em pir i cally de rived meth ods of cal cu lat ing peak
palaeotemperature from VR (e.g., Barker and Pawlewicz,
1994) are com pared with com puter ki netic mod els (PetroMod
re sults for W³oszczowa IG 1 bore hole; Easy%Ro, Swee ney and 
Burnham, 1990) and, al though dif fer ing in de tail, within the res -
o lu tion of this dataset are shown to pro duce sim i lar trends. Lat -
eral vari a tions be tween bore holes in palaeogeothermal gra di -
ents based on VR data re corded in the Pa leo zoic and Me so zoic 
sec tions of the Miechów Trough seem con sis tent with a grav -
ity-driven hy dro ther mal sys tem dis charg ing heated flu ids (e.g.,
Lampe et al., 2001; Tóth, 2009; Incerpi et al., 2020). Gen er ally,
the tim ing of hy dro ther mal fluid flow is dif fi cult to con strain be -
cause of the multi-stage flow his tory of the frac ture path ways,
al though po ten tial pe ri ods of hot fluid flow in the Miechów
Trough in clude Late De vo nian-Lower Car bon if er ous, Late Car -
bon if er ous-Early Perm ian, Tri as sic and Ju ras sic times, and
Late Cre ta ceous to Paleogene. In gen eral, palaeogeothermal
gra di ents are sub stan tially higher in the Pa leo zoic sec tions than 
in the Me so zoic sec tions (Fig. 4). The ther mal ma tu rity of or -
ganic mat ter dis persed in the Lower Pa leo zoic to Me so zoic
sed i men tary suc ces sions is in the range of 0.49 to 3.06% of VR. 
The es ti mated max i mum palaeotemperatures of the rocks ana -
lysed range from ~70 to ~290°C. The Variscan ther mal re gime
was dif fer ent from the Me so zoic one. At least two fluid flow

events might be iden ti fied. The max i mum palaeotemperature
(~120–290°C) in the Si lu rian to Lower Car bon if er ous sed i men -
tary suc ces sion was achieved in the late Car bon if er ous to early
Perm ian. The Late Variscan tec tonic ac tiv ity may have been
trig gered by in creased heat flow that was, at least partly, cou -
pled with fluid cir cu la tion. The max i mum palaeotemperature
(~70–150°C) of the Zechstein to Ju ras sic sed i men tary suc ces -
sion was achieved dur ing the Mid dle to Late Ju ras sic. It was
likely caused by a hot fluid flow event. Ther mal mat u ra tion lev -
els of the Pa leo zoic sec tions are con sid ered to be the con se -
quence of burial, el e vated heat flow and a re gional advective
sys tem de vel oped dur ing late Car bon if er ous to early Perm ian
times rather than Me so zoic or Ce no zoic pro cesses, sim i larly as
in the HCM (Botor et al., 2018). In the Mid dle Ju ras sic, there
was likely a sec ond fluid flow event that caused ther mal mat u ra -
tion of the Zechstein and Tri as sic to Ju ras sic strata. Such a Ju -
ras sic hy dro ther mal event has been sug gested ear lier in the
cen tral part of the Pol ish Ba sin (Koz³owska and Poprawa, 2004, 
Zieliñski et al., 2012; Kuberska et al., 2021). There fore, it seems 
that such fluid flow pro cesses have a wider ex tent, in clud ing in
the Miechów Trough.

In the HCM car bon ate veins are widely known and  five
phases have been dis tin guished: A – Variscan (Visean/ Na -
murian), B – older post-Variscan (post-Namurian through
pre-Zechstein), C and D – youn ger post-Variscan (Perm ian/Tri -
as sic and mid dle/late Early Tri as sic), and E and F - Cim mer -
ian-Al pine (Late Ju ras sic and Late Cre ta ceous) (e.g.,
Migaszewski and Ha³as, 1996). These veins are re lated to
polyphase fluid flow events. How ever, the Ju ras sic hy dro ther -
mal events in par tic u lar, pres ent across all cen tral and West ern
Eu rope, are linked to far-field stress changes re lated to both
Tethys and At lan tic rift ing (e.g., Timar-Geng et al., 2004;
Bossennec et al., 2021). The Up per Ju ras sic de pos its in the
sub strate of the Carpathian Foredeep shows that there is a
com plete Late Ju ras sic suc ces sion (Matyja 2009). How ever,
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Fig. 7. Tem per a ture (A) and vitrinite reflectance (B) for the top of the Si lu rian strata in the W³oszczowa IG 1 model

The re sults of the best-fit model are shown (model 5 from Fig. 5). Max i mum in crease of tem per a ture in the Late Ju ras sic caused
in crease of vitrinite reflectance up to the level mea sured to day (0.92% VR, see Table 1). Fur ther ex pla na tion in the text

https://doi.org/10.1051/bsgf/2021027
https://doi.org/10.1111/ter.12336
https://doi.org/10.1111/bre.12370
https://doi.org/10.7306/2021.19
https://doi.org/10.1046/j.1468-8123.2001.11005.x
https://gq.pgi.gov.pl/article/view/7504
https://doi.org/10.1306/0C9B251F-1710-11D7-8645000102C1865D
https://doi.org/10.1306/04021211142


the thick ness of the Oxfordian and Kimmeridgian suc ces sion is
twice to three times smaller than pre vi ously as sumed (Matyja,
2009). There fore, a sig nif i cant Late Ju ras sic to Early Cre ta -
ceous ex hu ma tion is im pos si ble. In deed, in the Me so zoic his -
tory of the SE part of the Mid-Pol ish Trough sev eral phases of
tec tonic ex ten sion were iden ti fied, from Tri as sic/Early Ju ras sic
to Kimmeridgian, which were re lated mainly to the Holy Cross
Fault. Ex ten sion with dextral move ment along the Zawiercie
Fault was also found from the Kimmeridgian to Early Albian
(Gutowski and Koyi, 2007). The stage of rapid spread ing of the
Tethys Ocean and its sur round ing area oc curred at the Mid dle
to Late Ju ras sic tran si tion (e.g., Matyja, 2009). The range of the
spread ing was de ter mined mainly by palaeomagnetic data
(Lewandowski et al., 2005, 2006). Matyja and Wierzbowski
(2006) re ported the re la tion ship of these dy namic extensional
pro cesses around the Mid dle to Late Ju ras sic bound ary in the
outer bas ins of the Tethys Ocean. Extensional pro cesses could
have trig gered heat flow in crease in the crust (Allen and Allen, 
2005). More over, strike-slip faults and as so ci ated struc tures
were widely doc u mented in the HCM. The strike-slip fault sets
form a com plex net work, which de vel oped dur ing Late Pa leo -
zoic and Me so zoic time (Konon, 2007). The dam age zones of
ex humed strike-slip faults dis sect ing Ju ras sic car bon ates in the
SW part of the HCM area re vealed sec ond-or der faults and
frac tures infilled with syntectonic cal cite. The sub se quent de vel -
op ment of a struc tural pat tern of mi cro scopic fault-re lated struc -
tures and cal cite infills shows the ac tiv ity of faults
(Rybak-Ostrowska et al., 2020). These per me able fault-re lated
struc tures were likely im por tant path ways of fluid flow.
Microstructural, sta ble iso tope and fluid in clu sion data in di cate
that cal cite pre cip i tated pri mar ily dur ing strike-slip fault move -
ment (Rybak-Ostrowska et al., 2020).

Ad di tion ally, in some bore hole sec tions in the north ern part
of the mar gin of the HCM, the in flu ence of fluid flow seems also
to be an im por tant fac tor. The Ju ras sic to Lower Car bon if er ous
sec tion in the Nieœwiñ PIG 1 bore hole dis played VR val ues
rang ing from 0.56 to 1.73% VR (Grotek, 2018). In this sec tion at 
least two VR gra di ents can be iden ti fied in stead of one, and the
break be tween them oc curs within a con tin u ous sed i men tary
sec tion of the Mid dle Tri as sic. There fore, it ex cludes any ex hu -
ma tion re lated to un con formi ties, that might have in di cated the
in flu ence of post-Tri as sic fluid flow heat ing. In the Opoczno
PIG-2 bore hole, VR data from the Ju ras sic to the Lower Car -
bon if er ous (Swadowska, 2006) shows a rapid VR in crease from 
0.48% in the Ju ras sic to up to 1.6% in the Lower Tri as sic, fi nally
de creas ing in Zechstein strata (to 1.3% VR) in an al most
sub-ver ti cal pro file. Such a non-lin ear VR sec tion also sug gests
post-Tri as sic fluid flow. In the same sec tion, there is also a VR
jump at the un con formity be tween Zechstein (1.37%) and
Lower Car bon if er ous (2.44%) strata. There fore, pre-Perm ian
heat flow or/and burial caused sig nif i cant ther mal mat u ra tion of
Car bon if er ous or ganic mat ter. Gen er ally, map ping of VR data
from the NE area of the HCM, in clud ing some bore holes of the
Miechów Trough, shows ther mal ma tu rity in Tri as sic strata
(0.8–1.2% VR) which is higher than in Zechstein strata:
0.5–1.0% VR (Grotek, 2018). This strongly im plies that fluid
flow oc curred ex ten sively af ter the Tri as sic.

Re gional strati graphic ev i dence, com bined with ther mal
ma tu rity data and sup ported by ap a tite fis sion-track data, and
zir con he lium data in ad ja cent ar eas (Botor et al., 2018;
£uszczak et al., 2020), leads to the sug ges tion that at least two
phases of fluid flow events hap pened also in the Miechów
Trough: the first one dur ing late Car bon if er ous–early Perm ian
time and an other dur ing Ju ras sic time. This re sults of this study
match with the ther mal ma tu rity mod el ing re sults of Poprawa et
al. (2005) who de scribed ther mal ma tu rity depth pro files in the

Me so zoic suc ces sions of the HCM that sug gested a Late Ju -
ras sic phase of hot fluid mi gra tion, pre sum ably re lated to en -
hanced per me abil ity of faults and frac tures driven by ex ten sion. 
Poprawa et al. (2005), though, in ferred two dis crete phases of
fluid cir cu la tion: in the late Car bon if er ous to early Perm ian and
then in the Late Ju ras sic, while their model em pha sized that the 
late Ju ras sic event was mainly re spon si ble for the De vo -
nian-Car bon if er ous ther mal ma tu rity. How ever, in the bore hole
sec tions ana lysed, the VR pat tern break at the base of the
Perm ian un con formity is ev i dence against there be ing only one, 
late Me so zoic, ther mal event. More over, zir con he lium ages
from Or do vi cian to early Car bon if er ous strata show that a dis -
tinct cool ing event oc curred dur ing the tran si tion from the late
Car bon if er ous to early Perm ian (Botor et al., 2018). Fur ther -
more, in the SW part of the HCM (Kowala and Ostrówka
bentonites), the ap a tite fis sion track re cord in di cates slow cool -
ing through out the Me so zoic and Ce no zoic (Botor et al., 2018).

The study area of the Miechów Trough is sit u ated along the
KLFZ, which is likely part of the trans-Eu ro pean fault zone ex -
tend ing from Ham burg to the Black Sea area (¯aba, 1999).
Tectono-ther mal ac tiv ity along the KLFZ could have played an
im por tant role in the de vel op ment of the ther mal ma tu rity pat -
tern in the study area, par tic u larly in mat u ra tion of or ganic mat -
ter and pe tro leum gen er a tion within the pre-Perm ian de pos its
(e.g., Be³ka and Siewniak-Madej, 1996). In the bore holes of the
Miechów Trough ana lysed, the rel a tively low cono dont CAI val -
ues of 1 in the Tri as sic rocks in di cates that the De vo nian and
Lower Car bon if er ous strata must have reached their ther mal
ma tu rity ear lier, most likely in the late Car bon if er ous (Malec,
2015). The re gion ally dis trib uted low ther mal ma tu rity data (be -
low ~0.5% VR) in the Me so zoic de pos its are also ev i dence
against an in crease in ther mal ma tu rity within Pa leo zoic strata
af ter the Perm ian (Ko³coñ and Wag ner, 1983; Marynowski et
al., 2007; Marynowski and Wyszomirski, 2008; Rybicki et al.,
2016, 2017). Mio cene de pos its in the Carpathian Foredeep
also show low (be low 0.5% VR) ther mal ma tu rity (Szafran and
Wag ner, 1999, 2000; Wiêc³aw et al., 2011; Kotarba et al.,
2017). Cono dont CAI data from the Si lu rian strata on the SW
mar gin of the Ma³opolska Block dis play a rel a tively uni form
ther mal over print (CAI val ues of 4) caused by max i mum burial
in the early Penn syl va nian. The es ti mated max i mum tem per a -
tures of ~200–220°C can be ex plained by el e vated heat flow,
with a paleogeothermal gra di ent of ~60–70°C/km, as so ci ated
with extensional stage of de vel op ment of the KLFZ. This ther -
mal mat u ra tion level was lo cally en hanced (CAI val ues up to 8)
in the lat est Car bon if er ous to early Perm ian (~300 Ma, Mikulski
et al., 2019), due to the mag matic and hy dro ther mal ac tiv ity
caused by Variscan re gional ex ten sion (Be³ka and
Siewniak-Madej, 1996). Along the KLFZ there oc cur por -
phyry-type Mo-Cu-W ore de pos its (e.g., Oszczepalski et al.,
2010; Mikulski et al., 2019) of Variscan or i gin. A Variscan col li -
sion of con ti nent–con ti nent type be tween the Bo he mian Mas sif
and Brunovistulicum caused a re ac ti va tion of the Up per
Silesian Block and the Ma³opolska Block mar gins, lead ing to
wide spread magmatism along the KLFZ (Mikulski et al., 2019).
The magmatism in volved bi modal calc-al ka line rocks
(granitoids and dacitoides), ac com pa nied by al ka line vol ca nic
rocks of mafic-in ter me di ate com po si tion, e.g. lam pro phyres
and diabases (S³aby et al., 2010). Al though the geodynamic
model of struc tural evo lu tion of the KLFZ is still a mat ter of de -
bate, magma em place ment can be cor re lated with re gional
strike-slip tec tonic ac tiv ity (Mikulski et al., 2019).

Gen er ally, mul ti ple hy dro ther mal ac tiv i ties, mainly dur ing
the Ju ras sic, can be traced around the Palaeo-At lan tic all over
west ern and cen tral Eu rope, sug gest ing fluid cir cu la tion on a
wide re gional scale. With fluid tem per a tures in ex cess of
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~150–200°C at shal low crustal lev els, and con sid er ing per va -
sive heat ing of the base ment due to con ti nent-wide rift ing
events dur ing the open ing of the North-At lan tic, these hy dro -
ther mal events would have sub stan tially al tered the palaeo-
 ther mal field (e.g., Timar-Geng et al., 2004).

CONCLUSIONS

In te grated VR anal y sis and ther mal ma tu rity mod el ing were
ap plied to es tab lish the burial and ther mal evo lu tion of the
Miechów Trough. This al lowed the fol low ing con clu sions:

(1) The ther mal ma tu rity of or ganic mat ter dis persed in the
Lower Pa leo zoic to Cre ta ceous suc ces sion is in the range of
0.49 to 3.06% of mean ran dom VR. This al lowed es ti ma tion of
max i mum palaeotemperatures of the ana lysed rocks rang ing
from 78 to 225°C for a burial-in duced model and from 71 to
295°C for a hy dro ther mal-in duced model.

(2) The pre-Zechstein Variscan ther mal re gime was dif fer -
ent to the Me so zoic one. At least two fluid flow events might be
iden ti fied.

(3) The max i mum palaeotemperature (~120–290°C) in the
Si lu rian to lower Car bon if er ous sed i men tary suc ces sion was
achieved in the late Car bon if er ous to early Perm ian. The late
Variscan tec tonic ac tiv ity may have been trig gered by in -

creased heat flow that was, at least partly, cou pled with fluid cir -
cu la tion.

(4) The max i mum palaeotemperature (~70–150°C) of the
Zechstein to Ju ras sic sed i men tary suc ces sion was achieved
dur ing the Mid dle to Late Ju ras sic. It was likely caused by a hot
fluid flow event re lated to extensional tec ton ics.

(5) The hy dro car bon po ten tial of the Pa leo zoic source rocks 
was de pleted be fore the Up per Ju ras sic and Cenomanian res -
er voir rocks and traps were formed. Con se quently, the ma jor ity
of hy dro car bons gen er ated dur ing pre-Late Ju ras sic time were
lost.
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