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Based on geo chem i cal data of the Oligocene Menilite Shales in the Boryslav–Pokuttya, Skole (Skyba), Silesian (Krosno)
and Dukla units in the Carpathians, be tween Krosno and Styi towns, 1D mod el ling of gen er a tion and ex pul sion pro cesses of
hy dro car bons has been car ried out. These strata are char ac ter ized by mostly high or ganic mat ter con tent, the to tal or ganic
car bon (TOC) con tent reach ing up to 26 wt.%. The high est hy dro car bon po ten tial was re corded in the Boryslav–Pokuttya and 
Skole units. Or ganic mat ter in the Skole (Skyba) Unit is im ma ture; in turn, in the Boryslav–Pokuttya, Silesian (Krosno) and
Dukla units it is ma ture enough for gen er at ing hy dro car bons. Re sults of the mod el ling re veal that dur ing the de po si tion of
flysch in all the above men tioned Outer Carpathian units the Menilite source rocks did not reach a level of ther mal ma tu rity
high enough to gen er ate hy dro car bons. Con di tions of hy dro car bon gen er a tion were ob tained in the thrust ing stage of the
Outer Carpathians. In gen eral, the pro cess of hy dro car bon gen er a tion be gan at depths of less than 2 km in the Pol ish part,
and about 4 km in the Ukrai nian part. The kerogen trans for ma tion level reached from 10% to to com plete trans for ma tion as in 
the Suche Rzeki IG 1 well.The re sults of the mod el ling of hy dro car bon gen er a tion and ex pul sion from the source rocks of all
the units re veal that the high est ma tu rity and the high est gen er a tion po ten tial were ob tained by the Menilite Shales in the
Silesian and Dukla units. 
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INTRODUCTION

The Pol ish and Ukrai nian Carpathian orogen be longs to
one of the larg est pe tro leum prov inces of Cen tral Eu rope, con -
sti tut ing one of the old est pe tro leum-pro duc ing re gions in the
world (Kotarba and Peryt, 2011, with ref er ences therein). The
Oligocene Menilite Shales are con sid ered to be the most im por -
tant source rock (see e.g., Kotarba and Koltun, 2005; Kotarba
et al., 2007). They are a unique lithofacial unit of the Carpathian  
re gion ow ing to the claystone-sil ica char ac ter of the strata
(Kotlarczyk and Leœniak, 1990) and rel a tively high or ganic mat -
ter con tent of up to 26% (e.g., Bessereau et al., 1996; Kotarba
and Koltun, 2005; Kosakowski et al., 2009). Some re sults of
geo chem i cal anal y sis of the Menilite Shales in the Outer
Carpathians have al ready been given by sev eral au thors (e.g.,
Koltun, 1992; ten Ha ven et al., 1993; Kruge et al., 1996; Koltun
et al., 1998; Köster et al., 1998a; Kotarba et al., 2007). Nev er -
the less, the ki net ics of kerogen trans for ma tion was in ves ti gated 
only by few (Curtis et al., 2004; Lewan et al., 2006). 

This pa per sum ma rizes the geo chem i cal char ac ter is tics of
the Menilite Shales of the area lo cated be tween the towns of
Krosno and Stryi (Fig. 1), with spe cial ref er ence to its or ganic
mat ter, depositional palaeoenvironment and hy dro car bon
source rock as sess ment based on pub lished geo chem i cal data
rep re sent ing 719 sam ples from 28 wells and 42 ex po sures (Fig. 
1; Matyasik, 2000; Curtis et al., 2004; Kotarba et al., 2007;
Kosakowski et al., 2009). In this pa per, 16 per formed anal y ses
of el e men tal com po si tion were used for cal cu la tion of ki netic
pa ram e ters of kerogen. Es ti mates of ki netic pa ram e ters were
cal cu lated us ing an in di rect method based on or ganic sul fur
con tent in kerogen (e.g., Lewan and Ru ble, 2002; Lewan et al.,
2006; Wiêc³aw et al., 2010).

Burial his tory, ther mal ma tu rity, and tim ing of hy dro car bon
gen er a tion and ex pul sion were mod elled for the Oliogocene
Menilite Shales in the Boryslav–Pokuttya, Skole (Skyba),
Silesian (Krosno) and Dukla units at 12 well lo ca tions (Fig. 1).
The gen er a tion anal y sis was car ried out by one-di men sional
nu mer i cal mod el ling us ing BasinModTM. 

OUTLINE OF GEOLOGY

The Carpathian Arc is a con stit u ent of the Al pine orogenic
belt (Fig. 1). The Outer Carpathians are bounded on the north
and north-east by the East ern Eu ro pean Plat form, on the east
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by the Moesian Plat form, and by the In ner Carpathians on the
south (Oszczypko, 2006). The Outer Carpathians con sist of a
num ber of tec tonic units thrust over one an other form ing a sys -
tem of nappes (Fig. 2; ¯ytko, 1999). 

The Pol ish and Ukrai nian sec tors of the Outer Carpathians
com prise the fol low ing tec tonic units (from north-east to
south-west): Carpathian Foredeep, Skyba (Skole) Unit, Krosno
(Silesian) Unit, Dukla Unit, Magura Unit, Marmarosh Unit and
Pieniny Klippen Belt. The Carpathian Foredeep con sists of
three units (Vul et al., 1998). The outer, Bilche–Volytsya Unit is
made up of un folded Mio cene molasse, the cen tral Sambir Unit
is rep re sented by folded molasse, and the in ner most part of the
Foredeep, the Boryslav–Pokuttya Unit, in cludes a flysch se -
quence cov ered by molasse. The Bilche–Volytsya is the main
gas-bear ing unit of the Ukrai nian Carpathians (Kurovets et al.,
2004; Kotarba et al., 2011, with ref er ences therein), while the
ma jor oil fields in the area oc cur in the Boryslav–Pokuttya Unit.

The flysch suc ces sion of the Carpathians is mainly rep re -
sented by Lower Cre ta ceous to Lower Mio cene siliciclastic
rocks. It com prises two main or ganic-rich in ter vals – the Lower 
Cre ta ceous Shypot and Spas Beds and the Oligocene–Lower
Mio cene Menilite Shales (Kotlarczyk and Leœniak, 1990;
Koltun et al., 1998; Bieñkowska, 2004; Kotlarczyk et al., 2006;
Sotak, 2010; Salata and Uchman, 2012). The lat ter rep re sent
the prin ci pal source-rock suc ces sion in both the Pol ish and
Ukrai nian Carpathians (Koltun, 1992; Lafargue et al., 1994;
Koltun et al., 1998; Kotarba and Koltun, 2005), while the Lower 
Cre ta ceous rocks might also con trib ute to pe tro leum ac cu mu -
la tions in the area. 

The Menilite Shales reach their max i mum thick ness within
the outer tec tonic units, namely in the Boryslav–Pokuttya and
the ex ter nal part of the Skyba units. Here they are sub di vided
into three parts – the 250 to 500 m thick or ganic-rich Lower
Menilite Shales (Kulchytsky, 1986; Andreyeva-Grigorovich et
al., 1986), the 200 m-thick or ganic-lean Mid dle Menilite Shales,
and up to 1200 m-thick or ganic-rich Up per Menilite Shales. As
the lat ter oc cur in lo cal ized ar eas, just the Lower Menilite
Shales rep re sent the main source-rock level in the area and are 
the main sub ject of this study. The thick ness of the Lower
Menilite Shales de creases to wards the more in ter nal part of the
Flysch Belt, be ing sub sti tuted in the in ner part of the Skyba Unit
and in Krosno (Silesian) Unit from their top by the or ganic-lean
sand stones and siltstones of the Krosno Beds. Their pe tro leum
po ten tial de creases in the same di rec tion (Koltun et al., 1998;
Kotarba et al., 2007). 

BORYSLAV–POKUTTYA UNIT

The Boryslav–Pokuttya Unit is com posed of sev eral su per -
im posed nappes, each of them com pris ing the Up per Cre ta -
ceous to Lower Mio cene flysch suc ces sion cov ered by Mio cene 
molasse (Fig. 2). This pe cu liar struc ture pro vides fa vour able
con di tions for both pe tro leum for ma tion and ac cu mu la tion. Ow -
ing to the com plex overthrust struc ture, the or ganic-rich Menilite 
Shales oc cur at a wide range of depths, from the sur face to
depths ex ceed ing 8 km, which cov ers the whole “oil win dow”.
The mul ti ple sand stone beds and faults serve as mi gra tion
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Fig. 1. Geo log i cal sketch map of the Pol ish and Ukrai nian Carpathians in the San and Stryi rivers re gion show ing
ma jor tec tonic units and the lo ca tion of rock sam ples and mod elled wells

B.-P. Unit – Boryslav–Pokuttya Unit; A–A’ – cross-sec tion shown in Fig ure 2
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path ways, thick sand stones in the flysch suc ces sion as the res -
er voirs, while folds form suit able traps. Mul ti ple shale beds as
well as salt-bear ing molasse de pos its seal the pe tro leum ac cu -
mu la tions. For these rea sons the Boryslav–Pokuttya Unit is es -
pe cially in ter est ing for pe tro leum gen er a tion mod el ling. 

SKOLE (SKYBA) UNIT

The ex ter nal part of this unit  is stratigraphically sim i lar to the
Boryslav–Pokuttya Unit, dif fer ing from it by the pres ence of
Lower Cre ta ceous beds in its flysch suc ces sion (Fig. 2). How -
ever, the lack of the com plex of su per im posed nappes and of the
molasse suc ces sion makes it less suit able for pe tro leum for ma -
tion and ac cu mu la tion. None the less, the ex is tence of oil fields in
this unit proves its pe tro leum po ten tial, es pe cially in view of the
ex ist ing fields in this unit in Po land (Karnkowski, 1999).  

SILESIAN (KROSNO) UNIT

Al though the Krosno (Silesian) Unit dif fers from the pre vi -
ous ones by the re duced thick ness and pe tro leum po ten tial of
the Menilite Shales, the proven gas ac cu mu la tions in the
Oligocene suc ces sion as well as the pres ence of a num ber of
pe tro leum fields in this unit in Po land (Karnkowski, 1999) show
the ne ces sity of in ves ti ga tion of the pe tro leum gen er a tion pro -
cesses in this area (Fig. 2). 

DUKLA UNIT

The Dukla Unit is one of the most south ern tec tonic units of
the Pol ish Outer Carpathians and has not yet been stud ied in
de tail be cause it is over lain by the Magura Unit. The strati -
graphic pro file of the Dukla Unit is sim i lar to that of the Silesian
Unit – from Up per Cre ta ceous to Oligocene (Fig. 2; e.g., Ciurej
and Haczewski, 2012). How ever, to date, hy dro car bon ac cu -
mu la tions have only been dis cov ered in the Oligocene
Cergowa sand stones (Karnkowski, 1999). This type of sand -
stone is well-doc u mented from quarry ex po sures (e.g.,
Dirnerová et al., 2012) and oc curs only in the Menilite Shales in
the tec tonic win dows oc cur ring in front of the Magura Unit. 

MATERIALS

Re sults of geo chem i cal anal y ses of 719 sam ples from 28
wells and 42 ex po sures from the Pol ish and Ukrai nian parts of
the Outer Carpathians have been gath ered (Fig. 1). Most of the
re sults of geo chem i cal stud ies used in in ter pre ta tion co mes
from pre vi ous works, mainly Kosakowski et al. (2009). For this
pa per, Rock-Eval py rol y sis of 50 rock sam ples and el e men tal
anal y sis of 10 rock sam ples was per formed.

From the Boryslav–Pokuttya Unit only 92 sam ples from the
Menilite Shales were col lected. Those sam ples were taken
from fron tier ex po sures in four ex po sures in the Pol ish part, and
from the Dobromil ex po sure in the Ukrai nian part of the
Boryslav–Pokuttya Unit (Ap pen dix 1 and Fig. 1). Ad di tional
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Fig. 2. Geo log i cal cross-sec tion through the Pol ish and Ukrai nian Carpathians 
(Maækowski et al., 2009; Kuœmierek, 2010, mod i fied)

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1086
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sam ples wre col lected from 16 wells from the Ukrai nian part of
the Boryslav-Pokuttya Unit (Ap pen dix 1 and Fig. 1). 

A to tal of 390 sam ples has been taken from the Skole
(Skyba) Unit in 16 ex po sures and 6 wells in Po land and 6 ex po -
sures and 2 wells in Ukraine (Ap pen dix 1 and Fig. 1). 

From the Silesian (Krosno) Unit, geo chem i cal re sults of 110
sam ples were de rived from the 9 ex po sures and from 3 wells in
Po land and 15 sam ples from the Yavora and Smozhe ex po -
sures, and the Borynya-2 well in Ukraine (Ap pen dix 1 and Fig. 1).

The Menilite Shales in the Dukla Unit were char ac ter ized
us ing data from 57 sam ples from 6 ex po sures (Ap pen dix 1 and
Fig. 1).

ANALYTICAL PROCEDURE OF ELEMENTAL
ANALYSIS

The re sults of geo chem i cal anal y ses were de rived mostly
from pre vi ous stud ies. For the pur pose of this pa per only the el e -
men tal com po si tion of dis persed or ganic mat ter (O, C, H, N and
S) was de ter mined us ing a Carlo Erba 1108 el e men tal analyser.
Kerogens were iso lated by hy dro flu oric and hy dro chlo ric acid di -
ges tion fol lowed by heavy liq uid sep a ra tion (ZnBr2 so lu tion, den -
sity 2.1 g/cm3). To tal iron was mea sured on a Perkin-Elmer
Plasma 40 ICP-AES in stru ment af ter di gest ing the ash from the
burned kerogen (815°C, 30 min) with hy dro chlo ric acid. The or -
ganic sul phur con tent in kerogen was cal cu lated as the dif fer -
ence be tween to tal and py ritic sul phur. The ox y gen con tent was
cal cu lated as the dif fer ence be tween 100% tak ing into ac count
the O, C, H, N, S, mois ture and ash con tents.

MODELLING PROCEDURE

Burial and ther mal his to ries, hy dro car bon gen er a tion and
ex pul sion were re con structed by means of the BasinMod™ 1D
com puter mod el ling pro gram of Platte River As so ci ates, U.S.A.
(Kosakowski et al., 2010; Kosakowski and Wróbel, 2011).

To as sess the amount of gen er ated and ex pelled hy dro car -
bons from the Menilite source rocks the fol low ing data were
quan ti fied: event def i ni tion (de po si tion, ero sion), pres ent and
orig i nal thick nesses, li thol ogy of strata, pres ent gra di ents and
palaeogradients (Maækowski et al., 2009; Kosakowski et al.,
2009). In put pa ram e ters for the mod el ling in clude geo chem i cal
data such as re con structed TOC and kerogen type. Ma tu rity was 
cal cu lated us ing the EASY%Ro model (Swee ney and Burnham,
1990), whereas for hy dro car bon gen er a tion and ex pul sion mod -
el ling the LLNL model (Burnham et al., 1987) was ap plied. Ma tu -
rity mod el ling was cal i brated tak ing ad van tage of Rock-Eval Tmax

tem per a ture and vitrinite reflectance Ro data pub lished by Koltun
(1992), Matyasik (2000), Kotarba et al. (2007), Maækowski et al.
(2009) and Kosakowski et al. (2009). The ki netic pa ram e ters of
kerogen (Ea and A0) for the mod el ling were cal cu lated ac cord ing
to pro ce dures de scribed by Lewan and Ru ble (2002).

SOURCE ROCK CHARACTERISTICS AND KINETIC
PARAMETERS OF KEROGEN OF MENILITE

SHALES 

Re sults of pre vi ous pa pers and new an a lyt i cal data show
that or ganic mat ter con tent usu ally ranges from 4 to 8 wt.%
TOC, lo cally ex ceed ing 26 wt.% (e.g., Bessereau et al., 1996;

Kruge et al., 1996; Köster et al., 1998a; Kotarba and Koltun,
2005; Kotarba et al., 2007; Kosakowski et al., 2009), and the
Menilite Shales are con sid ered to be the main source rock for
Carpathian oils (ten Ha ven et al., 1993; Bessereau et al., 1996;
Kruge et al., 1996; Curtis et al., 2004; Kotarba et al., 2005,
2007). The pe tro leum po ten tial of this for ma tion is high est in the 
Boryslav–Pokuttya Unit in the Ukrai nian area and in the Skole
(Skyba) Unit. In the Pol ish part of the Silesian (Krosno) Unit, it is
mod er ate and much lower than in its Ukrai nian part, and it drops 
con sid er ably in the Dukla Unit (Kotarba et al., 2007). The
Menilite Shales in the study area con tain vary ing mix tures of dif -
fer ent types of kerogen (Koltun, 1992; Koltun et al., 1998; Curtis 
et al., 2004; Kotarba et al., 2006). Type II kerogen pre vails, al gal 
Type I kerogen oc curs spo rad i cally while Type III kerogen with
ter res trial or ganic mat ter pre dom i nance is lo cally sig nif i cant
(Koltun et al., 1998; Köster et al., 1998b; Curtis et al., 2004;
Kotarba et al., 2007). In the Skole (Skyba) Unit and in the north -
ern part of the Silesian (Krosno) Unit the or ganic mat ter is ther -
mally im ma ture to mar gin ally ma ture (Kotarba et al., 2007). By
con trast, or ganic mat ter de pos ited in the Boryslav–Pokuttya
and in the south ern part of  the Silesian (Krosno) Unit is ma ture
(the low-tem per a ture stage of the thermogenic pro cess; Koltun, 
1992; Kotarba and Koltun, 2005). 

This pa per pres ents the char ac ter is tics of the Menilite
Shales in par tic u lar zones for which re con struc tion of hy dro car -
bon gen er a tion and ex pul sion pro cesses was car ried out on the
ba sis of cal cu lated ki netic pa ram e ters of kerogen (Ea and A0).

BORYSLAV–POKUTTYA UNIT

The Menilite Shales in the Boryslav–Pokuttya Unit (B-P Unit)
were char ac ter ized us ing 33 ex po sure sam ples from its fron tal
part (Knia¿yce–Pac³aw area) and 59 bore hole sam ples from the
Pivdenny Monastyrets and Novoshidnytsia–Pivnichna Zavo da
ar eas, where the B-P Unit has been en coun tered un der the
Skyba Unit (Figs. 1 and 2). The Menilite Shales are char ac ter ized 
by a wide range of or ganic car bon con tent (0.84–16.0 wt.%; Ta -
ble 1). The mean value for dif fer ent ar eas are high
(4.1–4.7 wt.%), and reach 7.6 wt.% in the Knia¿yce–Pac³aw area 
(Ta ble 1).

Equally high vari abil ity and high mean val ues can be ob -
served in the hy dro car bon con tent S1 + S2. In the Knia -
¿yce–Pac³aw area the hy dro car bon con tent shows a wide range,
from 11.0 to 96.0 mg HC/g rock with an av er age of 31.5 mg HC/g
rock (Ta ble 1 and Fig. 3A). In the Pivdenny Monastyrets area the
hy dro car bon con tent is a lit tle lower, but also high, from 0.87 to
48.2 mg HC/g rock, with the av er age equal to 18.5 mg HC/g rock
(Ta ble 1 and Fig. 3A). Much higher amounts of hy dro car bons are 
ob served in the Novoshidnytsia–Pivnichna Zavoda area, where
the sum of S1 + S2 reaches 74.3 mg HC/g rock. De spite the wider 
range in the hy dro car bon con tent, the mean value is close to that
of the Pivdenny Mona styrets area and is equal to 16.9 mg HC/g
rock (Ta ble 1). Both TOC con tent and the hy dro car bons in di cate
a good and even ex cel lent source rock qual ity of the Menilite
Shales (Fig. 3A). 

The good qual ity of the Menilite Shales is also shown by val -
ues of the hy dro gen in dex (HI). In the for mer area its av er age is
339 mg HC/g TOC and in the lat ter ar eas, with sim i lar vari abil ity, 
it ranges from ap prox i mately 100 to over 700 mg HC/g TOC
(Ta ble 1 and Fig. 4A).

The HI in di cates the pres ence of Type II kerogen with lo cal
ad mix tures of Type III kerogen (Figs. 4A and 5). The high HI
(500–700 mg HC/g TOC) even sug gests the pres ence of Type I 
kerogen.
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  Av er age tem per a ture Tmax val ues (415, 429 and 439°C)
show that the or ganic mat ter is  im ma ture or in the ini tial phase
of the “oil win dow” (Ta ble 1 and Fig. 4A; Koltun et al., 1998;
Kotarba et al., 2007). The el e men tal anal y sis of or ganic mat ter
is con sis tent with such a ma tu rity (Ta ble 2 and Fig. 5).

In con sid er ation of the low or ganic mat ter ma tu rity it was as -
sumed that TOC con tent did not change dur ing trans for ma tion
or changed only to a low de gree. At this level of trans for ma tion,
the ini tial TOC con tent is ca. 5.5 wt.% (Ta ble 3). The TOCo

there was as sessed from cor re la tion be tween re sid ual TOC
and the kerogen trans for ma tion de gree as given in Cornford
(1994). The TOCo cal cu la tion  was also sup ple mented with
mea sure ment of re sid ual TOC and the atomic H/C ra tio
(Baskin, 1997).

The ki netic type of or ganic mat ter was de ter mined from or -
ganic sul phur mea sure ments on sam ples from the Pivdenny
Monastyrets-5 well (Ta ble 2). Based on these data, ki netic pa -
ram e ters of kerogen (Ea and A0) were cal cu lated (Lewan and
Ru ble, 2002). The low-sul phur kerogen (Hunt et al., 1991) is
char ac ter ized by ac ti va tion en ergy Ea of 60.6 kcal/mol and Ao of 
2.69  ´ 1029 1/Ma, and 55.3 kcal/mol and 4.85 ´ 1027 1/Ma, in
the Pivdenny Monastyrets area and the Novoshidnytsia–Pivni -
chna Zavoda area, re spec tively (Ta ble 4). 

SKOLE (SKYBA) UNIT

The Menilite Shales in the Skole Unit and their equiv a lents
in the Ukrai nian part of the Skyba Unit are much better sam pled 
and char ac ter ized than in the re main ing units of the Outer
Carpathians. In to tal, 417 sam ples were col lected from this unit, 
of which 73 sam ples were taken in its Ukrai nian part (Ta ble 5).
In the Ukrai nian part the an a lyt i cal ma te rial was taken at ex po -
sures in the bor der land (Fig. 1). The sam ples were also col -
lected from the Vierkhno Maslovetska-1 and -20 wells. The
Menilite Shales in the Skyba Unit are char ac ter ized by very high 
TOC (av er age TOC 6.7 and 9.0 wt.%) and hy dro car bon con -
tents (29.6 and 35.8 mg HC/g rock; Ta ble 5) in di cat ing very
good and ex cel lent source qual ity (Fig. 3B). 

The hy dro car bon po ten tial of those strata var ies across a
wide range – from 150 to 654 mg HC/g TOC, with an av er age of
343 mg HC/g TOC. The oil-prone Type II kerogen pre vails, with
lo cal ad mix tures of Type I and Type III kerogens (Figs. 4B
and 5). The Tmax val ues from 409 to 433°C (Tmax av er age
421°C) in di cate im ma tu rity of the strata in ves ti gated (Ta ble 5
and Fig. 4B). Be cause of the low stage of trans for ma tion it was
as sumed that the pres ent TOC con tent is its orig i nal value (Ta -
ble 3). Ki netic pa ram e ters of kerogen dis persed in this re gion
were de ter mined for sam ples col lected from the above men -
tioned ex po sures. Based on these data the ac ti va tion en ergy is
52.6 kcal/mol and the pre-ex po nen tial fac tor is 6.63 ́  1026 1/Ma
(Ta ble 4).

In the Pol ish part of the study area the Menilite Shales were
col lected from a large area, from ¯yznów up to the Brzegi
Dolne–Kroœcienko–Leszczyny bor der land  (Fig. 1). 

In the ¯yznów area (the ¯yznów 8 well, Wy¿ne, Hy¿ne
Straszydle and Futoma ex po sures; Fig. 1) the Menilite Shales
also con tain large amounts of TOC (0.7 to 17.2 wt.%; Ta ble 5
and Fig. 3B). The av er age TOC con tent is as high as 6.3 wt.%.
Sim i larly, the hy dro car bon con tent ranges from 1.2 to 129.7 mg
HC/g rock, with the av er age of 23.5 mg HC/g rock (Ta ble 5 and
Fig. 3B). The HI ranges from 94 to 731 mg HC/g TOC (av er age
of 318 mg HC/g TOC). These val ues in di cate the pres ence of
Type II kerogen and a sig nif i cant pro por tion of ter res trial Type III 
kerogen (Figs. 4B and 5). Or ganic mat ter in the ¯yznów area is
im ma ture (av er age Tmax 412°C; Ta ble 5 and Fig. 4B). There -
fore, the ini tial TOC con tent did not change dur ing trans for ma -
tion (Ta ble 3). Ki netic pa ram e ters of kerogen dis persed in this
area were de ter mined for sam ples col lected from the ¯yznów 8
well and they are 53.7 kcal/mol and 1.49 ́  1027 1/Ma (Ta ble 4).

In the Dydnia–Paszowa area (Fig. 1) TOC con tents range
from 0.2 to about 15 wt.%, with av er age amounts of 7.3 wt.%
(Ta ble 5 and Fig. 3B). A sim i lar vari abil ity is ob served in the hy -
dro car bon con tent (0.27–80.3 mg HC/g rock) and HI val ues
(84–718 mg HC/g TOC; Ta ble 5 and Figs. 3B, 4B). Mean val ues
of the hy dro car bon con tent in this area are slightly lower than in
the ad ja cent area and amount to 14.6 mg HC/g rock, and those
of the HI to 292 mg HC/g TOC. The HI val ues in di cate the pres -

1D modelling of hydrocarbon generation and expulsion from Oligocene Menilite source rocks in the San and Stryi rivers region 311

T a  b l e  1

Rock-Eval char ac ter is tics and hy dro car bon po ten tial of the Menilite Shales

Tec tonic Unit BORYSLAV–POKUTTYA

Area Knia¿yce–Pac³aw Pivdenny
Monastyrets

Novoskhidnytsya–

Pivnichna Zavoda

To tal or ganic car bon 

TOC [wt.%]

2.68 to 16.0   (24)

       7.6           (4)

0.84 to 14.0  (11)

       4.7         (5)

1.00 to 12.5  (57)

       7.6         (13)

Tmax

[oC]

398 to 434   (24)

     415          (4)

415 to 438   (11)

     429          (5)

421 to 461  (57)

      439       (13)

S2

[mg HC/g rock]

10.5 to 85.0  (24)

     31.5         (4)

0.81 to 46.8  (11)

      17.3         (5)

0.42 to 71.9  (57)

      15.5        (13)

S1 + S2

[mg HC/g rock]

11.0 to 96.0  (24)

     32.9         (4)

0.87 to 48.2  (11)

      18.5         (5)

0.60 to 74.3  (57)

      16.9        (13)

Pro duc tion in dex

(PI)

0.01 to 0.15  (24)

     0.05         (4)

0.02 to 0.16  (11)

      0.09         (5)

0.02 to 0.37  (57)

      0.13        (13)

Hy dro gen in dex (HI)

[mg HC/g TOC]

167 to 732  (24)

     402         (4)

96 to 572  (11)

      363         (5)

87 to 647  (57)

      314        (13)

Tmax – tem per a ture max i mum of S2 peak; S2 – re sid ual pe tro leum po ten tial; range and mean value of
geo chem i cal pa ram e ters are given (num ber of sam ples in pa ren the sis); num ber of sam pled sites in
de nom i na tor; data af ter Koltun (1992), Koltun et al. (1998), Matyasik (2000), Kotarba and Koltun
(2005), Kotarba et al. (2007), Wiêc³aw et al. (2008) and Kosakowski et al. (2009)



ence of Type II kerogen with a sig nif i cant pro por tion of ter res trial
Type III kerogen (Figs. 4B and 5). Or ganic mat ter is im ma ture or
at an ini tial stage of low-tem per a ture thermogenic al ter ation
(Tmax: 406–444°C, av er age 420°C; Ta ble 5  and Fig. 4B). Ki netic
pa ram e ters of kerogen dis persed in this area were de ter mined
for sam ples col lected from the Krêpak and Tyrawa Solna ex po -
sures and from the Rozpucie 1 well. They are rep re sented by an
ac ti va tion en ergy of 57.0 kcal/mol and a pre-ex po nen tial fac tor of 
1.78 ´ 1028 1/Ma (Ta ble 4). 

In the Brzegi Dolne–Leszczyny area, the Menilite Shales
are char ac ter ized by the best geo chem i cal prop er ties in the
Skole Unit. The av er age TOC and hy dro car bon con tent are
very high and amount to 7.9 wt.% and 42.3 mg HC/g rock, re -
spec tively (Ta ble 5). The HI ranges from 161 to 736 mg HC/g
TOC (av er age 494 mg HC/g TOC), which sug gests the pres -
ence of oil-prone Type II kerogen with lo cal ad mix tures of
Type I and Type III kerogens (Figs. 4B and 5). Tmax val ues from 
409 to 444°C (av er age 418°C) in di cate a ma tu rity level as in
the other ar eas of the Skole Unit (Ta ble 5 and Fig. 4B). Ki netic

pa ram e ters, based on sam ples col lected from the Kroœcienko
ex po sure (Fig. 1), are: Ea – 50.9 kcal/mol and Ao – 1.84 ´ 1026

1/Ma (Ta ble 4).

SILESIAN (KROSNO) UNIT

In the Silesian Unit the Menilite Shales were char ac ter ized
in the Sanok, Suche Rzeki–Ustrzyki and Borynya–Smozhe ar -
eas (Fig. 1; Ciurej and Haczewski, 2012). In both ar eas the geo -
chem i cal val ues and in di ces are sim i lar (Fig. 3C). The av er age
TOC con tent is  4.7 and 4.1 wt.%, re spec tively (Ta ble 6). There
are very high max i mum con tents in ex po sure sam ples in the
Sanok (17.3 wt.%) and Suche Rzeki–Ustrzyki area (20.2 wt.%;
Ta ble 6). Sam ples from wells typ i cally con tain lower amounts of
TOC (max i mum 4.2 wt.% in the Suche Rzeki IG 1 well; Fig. 1).
Like wise, wide vari a tions in the hy dro car bon con tent can be ob -
served, from 0.3 to 167.5 mg HC/g rock in the later, with av er -
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Fig. 3. Pe tro leum source qual ity di a gram for Menilte Shales in the (A) Boryslav–Pokuttya Unit, 
(B) Skole (Skyba) Unit, (C) Silesian (Krosno) Unit and (D) Dukla Unit 

Clas si fi ca tion af ter Hunt (1996) and Pe ters and Cassa (2002)



ages equal to 23.7 and with av er ages equal to 23.7 and 18.6,
re spec tively (Ta ble 6). 

The HI of the Menilite Shales is very high (max i mum
784 mg HC/g TOC: at the Monastyrzec ex po sure; Fig. 4C), with 
av er age val ues of 416 mg HC/g TOC in the Sanok and 313 mg
HC/g TOC in the Suche Rzeki–Ustrzyki area (Ta ble 6). The
mean val ues are con sid er ably low ered in sam ples from wells,
due to high ma tu rity in di cat ing the ini tial stage of the “oil win -
dow” (Tmax av er age 435 and 442°C, re spec tively; Ta ble 6 and
Fig. 4C). Oil-prone Type II kerogen pre dom i nates (Fig. 4C). In
the Sanok area ini tial TOC0 con tent cal cu lated ac cord ing to the

Cornford (1994) model for Type II kerogen
is ca. 6.0 wt.%. The ki netic pa ram e ters of
kero gen were de ter mined based on the or -
ganic sul phur con tent in im ma ture sam ples
col lected from an ex po sure at Rudawka Ry -
manowska. The ac ti va tion en ergy for this
kerogen is 58.6 kcal/mol and the pre-ex po -
nen tial fac tor is 6.06 ´ 1028 1/Ma (Ta ble 4).

In the Suche Rzeki–Ustrzyki area the
TOC and hy dro car bon con tents are sim i lar.
The av er age TOC and hy dro car bon con -
tents amount to 3.9 wt.% and 18.6 mg HC/g
rock, re spec tively (Ta ble 6 and Fig. 3C).
The HI in the Suche Rzeki–Ustrzyki area is
low (av er age HI: 313 mg HC/g TOC), due to
high ma tu rity (Tmax av er age 442°C; Ta ble 6
and Fig. 4C). 

Oil-prone Type II kerogen dom i nates,
with lo cal ad mix tures of Type I and Type III
kerogens (Fig. 4C). The cal cu lated ini tial
TOC0 con tent is ca. 7.2 wt.% (Ta ble 3). Tak -
ing into ac count one type of or ganic mat ter
in the Silesian Unit (Curtis et al., 2004), ki -
netic pa ram e ters of kerogen were de ter -
mined based on sam ples col lected from the
ex po sure in Monastyets (Ta ble 3 and Fig.
1). The cal cu lated ki netic pa ram e ters of
kerogen (Ea and A0) are as fol lows: ac ti va -
tion en ergy 57.6 kcal/mol and pre-ex po nen -
tial fac tor 2.93 ´ 1028 1/Ma (Ta ble 4).

In the Borynya–Smozhe area the av er -
age TOC con tent is 4.1 wt.% and the re sid -
ual hy dro car bon po ten tial is 3.7 mg HC/g
rock (Ta ble 6). The HI of those strata is very
low (av er age 10 mg HC/g TOC; Fig. 4C).
High val ues of Tmax in di cate the fi nal stage of 
low-tem per a ture thermogenic al ter ation
(Ta ble 6 and Fig. 4C). Tak ing into ac count
the 50% pro por tion of Type II and III kero -
gens pres ent in the or ganic mat ter, the ini tial 
TOC0 con tent is ca. 8.0 wt.% (Ta ble 3). Due
to the high ma tu rity it is immposible to de ter -
mine the ki netic type of this or ganic mat ter.
Im ma ture sam ples in the Krosno (Silesian)
Unit were found at the Jawor ex po sure (Fig.
1; Kotarba et al., 2007). El e men tal anal y sis
of this kerogen in di cates the pres ence of
low-sul phur Type II kerogen (Ta ble 2 and
Fig. 4). This kerogen is char ac ter ized by an
ac ti va tion en ergy of 59.0 kcal/mol and a
pre-ex po nen tial fac tor of 8.27 ´ 1028 1/Ma
(Ta ble 4).

DUKLA UNIT

Al though TOC con tents var ies in a range sim i lar to those of
the other units (0.7–11.0 wt.%), the Menilite Shales of the Dukla 
Unit re veal the low est av er age TOC con tent (3.5 wt.%; Ta ble 6
and Fig. 3D; Kosakowski et al., 2009). Similarily, ranges for the
hy dro car bon con tent and HI are sim i lar, but the mean val ues
are lower than in any other nappe and are 14.4 mg HC/g rock
and 328 mg HC/g TOC, re spec tively (Ta ble 6 and Figs. 3D,
4D). Oil-prone Type II kerogen occurrs in this unit (Fig. 4D). The 
tem per a ture Tmax val ues ranges from 422 to 449°C (av er age
439°C; Ta ble 6) show that the or ganic mat ter is in the ini tial and
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Fig. 4. Rock-Eval hy dro gen in dex ver sus Tmax tem per a ture for rec og ni tion of ge -
netic type and ma tu rity of or ganic mat ter of the Menilite Shales in (A)
Boryslav–Pokuttya, (B) Skole (Skyba), (C) Silesian (Krosno) and (D) Dukla units;
ma tu rity paths of kerogen af ter Espitalie et al. (1985)



main stages of the “oil win dow” (Fig. 4D). The ini tial TOC0 con -
tent cal cu lated ac cord ing to the Cornford (1994) model for Type 
II kerogen is ca. 5.0 wt.% (Ta ble 3). Tak ing into ac count the
Type II of or ganic mat ter, the ki netic pa ram e ters of kerogen (Ea

and A0) are: ac ti va tion en ergy 48.9 kcal/mol, pre-ex po nen tial
fac tor 3.87 ´ 1025 1/Ma (Ta ble 4).

BURIAL AND THERMAL HISTORY OF POLISH
AND UKRAINIAN CARPATHIANS 

The burial and ther mal his tory of the Outer Carpathians was 
unique and com pli cated, as shown by pre vi ous stud ies (Roca et 
al., 1995; Œwierczewska and Tokarski, 1998; Oszczypko, 1999; 
Zuchiewicz et al., 2002; Jarosiñski, 2005; Œwierczewska, 2005;
Poprawa and Malata, 2006; Malinowski et al., 2008; Kuœmie -
rek, 2010; Sieniawska et al., 2010; Golonka, 2011). It is dif fi cult
to es tab lish the time-sub si dence his tory, which is nec es sary for
mod el ling of the ther mal ma tu rity of kerogen and hy dro car bon
gen er a tion. Only the pre-overthrusting his tory is rel a tively sim -
ple, as it was mainly con trolled by sub si dence and was gen er -
ally sim i lar across the whole Carpathian Ba sin. 

Dif fer ences in the burial his tory, vis i ble in the var ied ther mal
ma tu rity of the kerogen, man i fested them selves only at the
stage of for ma tion of the Outer Carpathians. The ba sic burial
fac tors at this stage were re lated to the thrust-fold ing pro -
cesses. Un for tu nately, their com plex ity re sulted in the burial
his tory of the flysch suc ces sions, and thus the Menilite Shales,
be ing dif fer ent for each nappe.

BURIAL AND THERMAL HISTORY 
OF THE BORYSLAV–POKUTTYA UNIT

Mod el ling of hy dro car bon gen er a tion and ex pul sion in the
Boryslav–Pokuttya Unit (Ukrai nian Carpathian Foredeep) was
per formed for three wells: Pivdenny Monastyrets-5, Novoshi -
dnytsia-2, and Pivnichna Zavoda-1 (Fig. 1). 

Two overthrust tec tonic units, the Skyba and Borys -
lav–Pokuttya nappes, are vis i ble in the Pivdenny Monastyrets-5 
well flysch pro file (Fig. 6A). Ad di tion ally, a sys tem of in ter nal
overthusts can be ob served in the Boryslav–Pokuttya Unit, con -
sid er ably com pli cat ing the in ter nal struc ture of the unit. The
Menilite Shales are lo cated in two up per thrust slices at a depth
of 4728 to 4858 m and 4931 to 5060 m, re spec tively (Fig. 6A). 

 The tec tonic struc ture is much more com pli cated in the
Novoskhidnytsya-2 well (Figs. 1, 2 and 6B), where four nappes
were drilled. The Menilite Shales are lo cated in the top of the
Skyba Unit (1648–1760 m), and in the mid dle and lower thrust
slices in the Boryslav–Pokuttya Unit (5223–5245 m and
5475–6020 m; Fig. 6B).

A sim i larly com pli cated tec tonic struc ture can be ob served
in the 5810 m Pivnichna Zavoda-1 well, lo cated in the ex ter nal
part of the Skyba Unit (Fig. 1). The well passes through three
nappes, each com pris ing a flysch suc ces sion over lain by Mio -
cene molasse (Koltun et al., 1998). The Menilite Shales oc cur at 
the top of the Skyba nappe (821–5810 m) and in three thrust
slices in the un der ly ing Boryslav–Pokuttya nappe
(3487–3687 m, 4780–4888 m, 5390–5810 m).

The orig i nal thick ness of the Menilite Shales in the
Boryslav–Pokuttya Unit reached slightly more than 1000 m, the
over ly ing molasse de pos its are up to 2500 m thick in ar eas with
a com plete suc ces sion (Andreyeva-Grigirovich et al., 1986;
Vialov et al., 1988; Koltun, 1992; Koltun et al., 1998). The ini tial
de po si tion of the Menilite Shales in the Boryslav–Pokuttya Unit
was as sumed, for all mod elled wells, to have oc curred 35 mil -
lion of years ago (Fig. 6C, D). The ero sion of the Menilite Shales 
sup pos edly oc curred at 21 Ma, the ac cu mu la tion of Molasse
be gan at 20 Ma and their ero sion be gan at 19 Ma (Kuœmierek,
1994; Koltun, 1998; Kotarba and Koltun, 2005). The mag ni tude
of ero sion of the Menilite Shales and the Mio cene at this stage
of evo lu tion are dif fi cult to de ter mine. When mod el ling the burial 
his tory, av er age val ues were as sumed for the ero sion of the
Menilite Shales of 500 m and for ero sion of Mio cene strata of
1500 m, re spec tively (Kuœmierek, 1994; Koltun, 1998; Kotarba
and Koltun, 2005). The sec ond as sump tion ac counts for the
sub si dence pro cesses tak ing place af ter the be gin ning of the
overthrusting. The geo log i cal ev i dence sug gests that the
overthrusting in the Carpathian Foredeep had be gun at 18 Ma
and the most in tense move ments, in clud ing the main sub si -
dence ep i sode, con tin ued un til the late Sarmatian (10 Ma;
Koltun et al., 1998). There is, how ever, in suf fi cient ev i dence to
eval u ate spe cific amounts ero sion of the flysch for ma tions.
From 10 Ma till the pres ent time some up lift and some rem nant
thrust ing ep i sodes have been in ferred (Kuœmierek et al., 2001;
Maækowski et al., 2009), but their mag ni tude and du ra tion are
un known. 

The ther mal his tory of the Outer Carpathians is poorly con -
strained. Data ex ist only of tem per a ture mea sure ments in wells
and in for ma tion about pres ent ther mal gra di ents (Koltun, 1992;
Kuœmierek and Maækowski, 1995; Koltun et al., 1998). The
model of ther mal evo lu tion pro posed by the above au thors
shows an in crease in palaeogeothermal gra di ent val ues at the
pre-thrust ing stage and its pro gres sive chill ing at the orogenic
and post- orogenic stages. A sim i lar change of the ther mal field
was in ferred for the Boryslav–Pokuttya Unit wells. The palaeo -
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Fig. 5. (H/C)at ver sus (O/C)at for rec og ni tion of kerogen 
type in Menilite Shales 

Ge netic bound aries af ter Hunt (1996)



geo thermal gra di ent in the wells con sid ered was in ferred in re -
la tion to the pres ent-day av er age, i.e. 24°C/km (Koltun et al.,
1998). This gra di ent was cor rected for in di vid ual wells on the
ba sis of the re sults of downhole tem per a ture mea sure ments.
The downhole tem per a ture in the Pivdenny Monastyrets-5 well
was 109°C at a depth of 4500 m, and 141°C in the Novo -
skhidnytsya-2 well at a depth of 6000 m (Y. Koltun, unpubl.). In
the Pivnichna Zavoda-1 well the fol low ing tem per a tures were
mea sured: 119°C at a depth of 4800 m, 132°C at 5032 m, and
147°C at 5750 m (Y. Koltun, unpubl.). With the re sults of these
downhole tem per a ture  mea sure ments it was pos si ble to cor -
rect the pres ent-day geo ther mal gra di ent val ues in the Pivden -
ny Monastyrets-5 and Novoskhidnytsya-2 wells to 22°C/km. 

On the ba sis of these geo ther mal gra di ent val ues, their pro -
por tional in crease to 26–28°C/km was as sumed at the sed i -
men ta tion stage, and a pro gres sive de crease to 24–26°C/km at 
the thrust ing stage and to 18–22°C/km at the post-thrust ing
stage.

For fur ther anal y ses of the gen er a tion and ex pul sion of hy -
dro car bons a model with the best-fit pre dicted ther mal in di ca tor
val ues (Tmax and Ro) to downhole mea sure ments was as -
sumed. 

BURIAL AND THERMAL HISTORY
OF THE SKOLE (SKYBA) UNIT

In the Skole (Skyba) Unit burial and ther mal his tory re con -
struc tions were per formed for 6 wells: the ¯yznów 8, Rozpucie
1, Brzegi Dolne IG 1 and Leszczyny 1 wells in Po land and the
Novoskhidnytsya-2 and Pivnichna Zavoda-1 wells in Ukraine
(Figs. 1 and 2). 

In these wells the Skole Unit is com posed of sev eral folded
thrust slices where the flysch suc ces sion con sists of the Lower
Cre ta ceous Spas Beds to the Oligocene Menilite-Krosno Beds. 

The Rozpucie 1 well passed through part of a tec tonic fold,
where the Menilite Shales oc curred at a depth of 1550 m to con -
tinue to the bot tom of the well (2321 m deep; Fig. 7A). The
Menilite Shales are over lain by the Lower and Mid dle Krosno
Beds. A sim i larly com pli cated tec tonic struc ture of the
Carpathians can be ob served in the Brzegi Dolne IG 1 and
Leszczyny 1 wells (Fig. 1). In the Brzegi Dolne IG 1 well the
Menilite Shales were pen e trated from 0 to 331.5 m and 2891 to
3193 m (Fig. 7B). In the Leszczyny 1 well the Menilite Shales
were pen e trated from 2970 to 3032 m. The wells pen e trated a
flysch suc ces sion rep re sent ing the Up per Cre ta ceous–Pale -
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T a  b l e  2

To tal sul phur and to tal iron con tents, and el e men tal com po si tion of kerogen from the Menilite Shales

Well/Out crop Depth [m]*
Sam ple No.

Sto tal 

[wt.%]

Feto tal 

[wt.%]

El e men tal com po si tion

[wt.%. daf]
Atomic Ra tios

C H O N S H/C O/C N/C S/C

Boryslav–Pokuttya Unit–Pivdenny Monastyrets area

Pivdenny
Monastyrets-5 4947.5 10.8 8.1 78.7 6.1 10.8 2.1 2.2 0.94 0.10 0.023 0.010

Boryslav–Pokuttya Unit–Novoskhidnytsya–Pivnichna Zavoda area

Nyzhni Popeli 1 3363   8.9 4.9 75.7 7.6 10.0 2.5 3.9 1.20 0.10 0.029 0.020

Skole Unit–¯yznów area

¯yznów 8**** 1206.6 14.7 9.9 69.6 6.4 17.8 1.8 4.4 1.11 0.19 0.023 0.023

Skole Unit–Dydnia–Paszowa area

Krêpak** 59 12.6  8.82 73.8 6.4 13.9 2.6 3.3 1.04 0.14 0.030 0.017

Rozpucie 1 2061 16.5 13.9  77.5 6.8 12.1 2.6 0.9 1.06 0.12 0.029 0.004

Tyrawa Solna** 51 12.2   9.12 74.6 6.1 15.0 2.0 2.4 0.97 0.15 0.023 0.012

Tyrawa Solna 52 10.4 4.9 70.9 5.3 15.5 1.9 6.4 0.90 0.16 0.023 0.034

Skole Unit–Brzegi Dolne–Leszczyny area

Kroœcienko 240 10.13 4.7 70.4 7.1 14.7 2.3 5.5 1.21 0.16 0.028 0.029

Dobromil**** 612   9.71 0.46 59.1 5.9 23.5 1.4 10.1 1.21 0.30 0.020 0.064

Skyba Unit–Boryslav area

Boryslav 1 13.9  8.5 71.4 7.3 14.0 1.9 5.5 1.23 0.15 0.022 0.029

Verkhe Synevydne 122  5.3  1.0 72.8 7.9 12.8 1.9 4.6 1.31 0.13 0.022 0.024

Silesian Unit–Suche Rzeki–Ustrzyki area

Monasterzec 252 12.21  8.8 75.5 8.7 10.8 2.3 2.7 1.38 0.11 0.026 0.013

Monasterzec 261 12.31   8.4 74.7 6.3 13.1 2.2 3.8 1.01 0.13 0.025 0.019

Silesian Unit–Sanok area

Rudawka
Rymanowska*** 45(2) 15.8 12.1 80.0 8.4   6.2 2.4 3.0 1.26 0.06 0.026 0.014

Krosno Unit–Borynya–Smozhe area

Yavora 1 13.5 10.2 75.3 7.7 12.3 2.0 2.6 1.23 0.12 0.023 0.013

Dukla Unit

Komañcza**** 348 13.67   8.12 68.8 7.4 15.3 2.5 6.1 1.28 0.17 0.031 0.033

* – depth for well and sam ple num ber for ex po sure; daf – dry, ash-free ba sis; ** – data from Curtis et al. (2004); *** – data from Lewan et al.
(2006); **** – data from Wiêc³aw et al. (2008)



ogene to Oligocene strata com posed of the Inoceramian Beds,
Var ie gated Sha les, Hi ero glyphic Beds and Krosno Beds. The
to tal depths were 5440 m in the Brzegi Dolne IG 1 well (Fig. 7B)
and 4739.4 m in the Leszczyny 1 well. The ¯yznów 8 well is
very shal low, the Menilite Shales oc curred there from 550 m to
the to tal depth of 1210 m.

The mod elled wells in the Ukrai nian part of the Carpathians
are lo cated in the mar ginal part of the Skyba Unit, at the bor der
with the Boryslav–Pokuttya Unit (Fig. 1). The pri mary thick ness

of the Menilite Shales in the Skole (Skyba) Unit is very
vari able. In the Pol ish part the Menilites reach 550 m
in thick ness (Kuœmierek, 1990), and in the Ukrai nian
part they are 1000 m thick (Andreyeva-Grigorovich et
al., 1986; Vialov et al., 1988). The ini tial time of de po si -
tion of the Menilite Shales in the Skole Unit was as -
sumed to be 33.7–28.0 Ma and the end of de po si tion
26.4–27.2 Ma, re spec tively (Fig. 7C, D; Kuœmierek,
1994). In the Skyba Unit the time of de po si tion was as -
sumed to be the same as for the Menilite Shales in the
Bory slav–Pokuttya Unit, e.g., 35–21 Ma (Fig. 6C, D;
Koltun et al., 1998; Kotarba and Koltun, 2005). The
ero sion of the Menilite Shales is es ti mated at
20.5–21.0 Ma, and the mag ni tude of ero sion of the
Menilite Shales and flysch/Mio cene cover is as sumed
to be 500 m as a max i mum in Ukraine. The geo log i cal
ev i dence sug gests that the overthrusting had be gun at 
20.5 Ma in the Pol ish part of the Carpathians and 18
Ma in the Ukrai nian part, re spec tively (Figs. 6C, D and
7C, D; Kuœmierek et al., 1995; Koltun et al., 1998). The 
most in tense move ments, and hence the main sub si -
dence ep i sode, con tin ued un til 15–10 Ma. As in the
Boryslav–Pokut tya Unit, there is not enough ev i dence
to eval u ate the spe cific quan tity of eroded parts of
some flysch for ma tions. At the post-thrust ing stage
some up lift and some rem nant thrust ing ep i sodes are
as sumed. But there is no con straint on their rate and

du ra tion. 
The ther mal his tory of the Skole (Skyba) Unit is anal o gous

to that of the Boryslav–Pokuttya Unit (Koltun, 1992; Koltun et
al., 1998; Kuœmierek et al., 1995). The ther mal evo lu tion model
as sumed for the Boryslav–Pokuttya Unit wells was ap plied also
in this case. The pres ent-day geo ther mal gra di ent in the Skole
Unit ranges be tween 18 and 24°C/km (Kuœmierek et al., 1995;
Maækowski et al., 2009). Ow ing to the lack of downhole tem per -
a ture mea sure ments, the pres ent ther mal gra di ents were as -
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T a  b l e  3

Mean TOC con tents and HI val ues in studie ar eas, and orig i nal
 TOC con tent (TOCo)

Tec tonic unit/area
TOCmean 

[wt.%]

HImean 

[mg HC/g TOC]

TOC0 

[wt.%]

Boryslav–Pokuttya Unit

Pivdenny Monastyrets 4.7 360 4.7

Novoskhidnytsya–Pivnichna
Zavoda 4.5 340 5.5

Skole (Skyba) Unit

¯yznów 3.3 285 3.3

Dydnia–Paszowa 4.2 292 4.2

Brzegi Dolne–Leszczyny
8.7 531 8.7

5.0 500 5.0

Boryslav 10.4 360 10.4  

Krosno (Silesian) Unit

Sanok 3.8 460 6.0

Suche Rzeki–Ustrzyki 3.2 217 7.2

Borynya–Smozhe 3.9   10 8.0

Dukla Unit

3.2 350 5.0

For ex pla na tions see Ta ble 1

T a  b l e  4

Ki netic pa ram e ters of Menilite Shale based on a model con sid er ing sul phur con tents in kerogen
(Lewan and Ru ble, 2002)

Tec tonic unit/area
Atomic ra tio

(S/C)

Mole frac tion

S/(S+C)

Ea 

[kcal/mol]
log A0

A0

[1/Ma]

Boryslav–Pokuttya Unit

Pivdenny Monastyrets-5 0.010 0.010 60.6 19.487 2.69E+29

Novoskhidnytsya-2 0.020 0.020 55.3 17.743 4.85E+27

Pivnichna Zavoda-1 0.020 0.020 55.4 17.744 4.85E+27

Skole (Skyba) Unit

¯yznów 8 0.023 0.023 53.7 17.231 1.49E+27

Leszczyny 1 0.064 0.060 34.0 10.750 4.94E+20

Brzegi Dolne IG 1 0.017 0.017 57.0 18.308 1.78E+28

Rozpucie 1 0.029 0.028 50.9 16.323 1.84E+26

Pivnichna Zavoda-1 0.026 0.025 52.6 16.879 6.63E+26

Silesian (Krosno) Unit

Rymanów 1 0.014 0.014 58.6 18.840 6.06E+28

Wetlina 7 0.016 0.016 57.6 18.524 2.93E+28

Suche Rzeki IG 1 0.016 0.016 57.7 18.525 2.93E+28

Borynya-2 0.013 0.013 59.0 18.975 8.28E+28

Dukla Unit

Jaœliska 2 0.033 0.032 48.9 15.645 3.87E+25

Ea – ac ti va tion en ergy, A0 – pre-ex po nen tial fac tor



sumed to be 23°C/km for both the wells ana lysed in the Pol ish
part of the Carpathians. 

Based on the geo ther mal gra di ent val ues, their pro por tional 
in crease to 33–25°C/km was as sumed at the sed i men ta tion
stage, with pro gres sive de crease to 30–24°C/km at the thrust -
ing stage and 21–24°C/km at the post-thrust ing stage.

BURIAL AND THERMAL HISTORY 
OF SILESIAN (KROSNO) UNIT

In the Silesian (Krosno) Unit burial and ther mal his tory re -
con struc tions were per formed in four wells: Rymanów 1,
Wetlina 7, Suche Rzeki IG 1, and Borynya-2 (Fig. 1). 

The Wetlina 7 well passed through part of a tec tonic fold,
where the Menilite Shales oc curred at a depth in ter val of 1735
to 2797 m (Fig. 8A, C). The Menilite Shales are over lain  with
the Tran si tion Beds. A more com pli cated Carpathian tec tonic
struc ture can be ob served in the Suche Rzeki IG 1 and
Rymanów 1 wells. In the Suche Dolne IG 1 well the Menilite
Shales oc cur in the low er most part, at a depth of 3150 to

3502 m. In the Rymanów 1 well the Menilite Shales oc cur in the
mid dle fold, at a depth of 2495 to 3152 m and 3317 to 3670 m.

 In the Krosno nappe, the source rocks ap pear in the Lower
Holovets’ko For ma tion, equiv a lent to the Menilite Shales and
Tran si tion for ma tions in the Skyba and Boryslav–Pokuttya
units. The geo log i cal pro file of the Borynya-2 well is very com -
pli cated (Fig. 1). This for ma tion oc curs at the depths of
10–230 m, 2650–3102, and 4430–5230 m (Fig. 8B). 

The re sults of Rock Eval Tmax show a much more ad vanced
ther mal ma tu rity of  kerogen in the Menilite Shales (Fig. 8C, D).
The re sults in di cate a deeper depth of burial and/or higher
palaeothermal gra di ents.

In the Suche Rzeki IG 1 well the pres ent-day geo ther mal
gra di ent was cal cu lated us ing a tem per a ture of 85.2°C at
2955 m depth, that is 85.2°C. In the Borynya-2 well the pres -
ent-day geo ther mal gra di ent was cal cu lated us ing the re sults of
downhole tem per a ture val ues mea sured for the fol low ing
depths: 4073 m – 112°C, 4647 m – 131°C, and 4805 m –
132°C, re spec tively. With the re sults of downhole tem per a tures
it was pos si ble to as sess the val ues of the pres ent-day geo ther -
mal gra di ent in the Suche Rzeki IG 1 well and Borynya-2 well to
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T a  b l e  5

Rock-Eval char ac ter is tics and hy dro car bon po ten tial of the Menilite Shales

Tec tonic Unit SKOLE (SKYBA)

Area ¯yznów Dydnia–Paszowa
Brzegi Dolne–

Leszczyny
Pivdenny

Monastyrets Boryslav

To tal or ganic car bon
TOC [wt.%]

0.68 to 17.2   (72)

       7.3           (7)

0.21 to 14.8   (239)

       7.3           (10)

1.20 to 13.5  (33)

       7.9           (6)

1.20 to 26.2  (46)

       6.7           (6)

1.81 to 20.8  (27)

       9.0           (4)

Tmax

[oC]

395 to 428   (72)

     412          (7)

406 to 444   (239)

     420          (10)

409 to 444   (33)

     418          (6)

410 to 433   (46)

     424          (6)

409 to 428   (27)

     417          (4)

S2

[mg HC/g rock]

1.15 to 125.8  (72)

     22.5         (7)

0.22 to 77.1  (239)

     14.1         (10)

3.41 to 91.8  (33)

     41.4        (6)

1.90 to 134.6  (46)

     28.3         (6)

4.11 to 77.5  (27)

     34.9        (4)

S1 + S2

[mg HC/g rock]

1.18 to 129.7  (72)

       23.5         (7)

0.27 to 80.3  (239)

       14.6         (10)

3.62 to 94.1   (33)

       42.3         (6)

2.00 to 145.7  (46)

       29.6         (6)

4.71 to 79.2  (27)

       35.8        (4)

Pro duc tion in dex

(PI)

0.01 to 0.15  (72)

     0.05         (7)

0.01 to 0.44  (239)

     0.05         (10)

0.01 to 0.44  (33)

     0.02         (6)

0.01 to 0.08  (46)

     0.03         (6)

0.02 to 0.04  (27)

     0.03         (4)

Hy dro gen in dex (HI)

[mg HC/g TOC]

94 to 731      (72)

     342           (7)

84 to 718     (239)

     297          (10)

161 to 736      (33)

     494           (6)

159 to 650     (46)

     408           (6)

150 to 654     (27)

     408           (4)

Ex pla na tions as in Ta ble 1

T a  b l e  6

Rock-Eval char ac ter is tics and hy dro car bon po ten tial of the Menilite Shales

Tec tonic Unit SILESIAN (KROSNO)

DUKLA
Area Sanok

Suche Rzeki

–Ustrzyki

Borynya –

Smozhe

To tal or ganic car bon
TOC [wt.%]

1.36 to 17.3   (38)

       4.7           (3)

0.42 to 20.2   (100)

       3.9           (12)

1.90 to 7.81   (15)

       4.1           (3)

0.67 to 11.0   (15)

       3.5           (3)

Tmax

[oC]

427 to 445   (38)

     435          (3)

416 to 593   (100)

     442          (12)

422 to 589   (15)

     530          (3)

422 to 449   (15)

     439          (3)

S2

[mg HC/g rock]

3.61 to 103.7  (38)

       22.3         (3)

0.18 to 158.5  (100)

       17.8         (12)

0.15 to 46.7  (15)

       3.7         (3)

0.52 to 63.4  (15)

      13.4         (3)

S1 + S2

[mg HC/g rock]

4.01 to 106.9  (38)

       23.7         (3)

0.30 to 167.5  (100)

       18.6         (12)

0.19 to 47.9  (15)

       3.8         (3)

0.21 to 68.8  (15)

       14.4         (3)

Pro duc tion in dex

(PI)

0.04 to 0.67 (38)

     0.27         (3)

0.02 to 0.45 (100)

     0.09         (12)

0.03 to 0.43 (15)

     0.20         (3)

0.02 to 0.42 (15)

     0.08         (3)

Hy dro gen in dex (HI)

[mg HC/g TOC]

153 to 617     (38)

     416            (3)

15 to 784      (100)

     313           (12)

5 to 599      (15)

     54           (3)

78 to 681      (15)

     328           (3)

Ex pla na tions as in Ta ble 1



be 26°C/km. Due to the lack of downhole tem per a ture mea -
sure ments, the pres ent ther mal gra di ents were as sumed at a
level of 26°C/km for the Rymanów 1 and Wetlina 7 wells.

Based on the above geo ther mal gra di ent val ues, their pro -
por tional in crease to 30–52°C/km at the sed i men ta tion stage
was in ferred, and it pro gres sively de creased to 41–25°C/km at
the thrust ing stage and to 36–25°C/km at the post-thrust ing
stage.

BURIAL AND THERMAL HISTORY
OF THE DUKLA UNIT

Mod el ling of hy dro car bon gen er a tion and ex pul sion in the
Dukla Unit was per formed for the Jaœliska 2 well (Fig. 1). 

The Menilite Shales oc cur in two up per thrust slices
(1755–2286 m, and 2709–2769 m; Fig. 9A). 

The re sults of Rock Eval Tmax from the Komañcza and
Maniów ex po sures used for cal i bra tion of ther mal ma tu rity
show dif fer ent ma tu ri ties, from the early to the main phases of
the “oil win dow” (Fig. 9B). The re sults un equiv o cally in di cate the 

var ied burial his tory of the Menilite Shales in the Dukla Unit. For
re con struc tion of the burial his tory in the Jaœliska 2 well, Rock
Eval data from the Komañcza ex po sure were used.

Be cause of the lack of downhole tem per a ture mea sure -
ments, the pres ent ther mal gra di ents were in ferred at a level of 
25°C/km for the well ana lysed. Based on the above geo ther -
mal gra di ent val ues, their pro por tional in crease to 25.5°C/km
at the sed i men ta tion stage was in ferred, with pro gres sive in -
crease to 29.5°C/km at the thrust ing stage and 25°C/km at
post-thrust ing stage.

MODELLING OF GENERATION AND EXPULSION
OF HYDROCARBONS

BORYSLAV–POKUTTYA UNIT

The thick ness of the Menilite Shales in the Bory -
slav–Pokuttya Unit in the wells ana lysed var ies from 22 m to
420 m. These rocks have a very good to ex cel lent hy dro car bon
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Fig. 6. Geo log i cal pro file and burial his tory with ther mal evo lu tion of the Menilite Shales in (A and
C) Pivdenny Monastyrets-5 and (B and D) Novoskhidnytsya-2 wells in the Boryslav–Pokuttya Unit

Cr2 – Up per Cre ta ceous, Pg – Paleogene, M – Mio cene, B-P Unit – Boryslav–Pokuttya Unit



po ten tial. They have ma tu rity of about 0.5 to 1.1% vitrinite
reflectance (Fig. 10A). 

The model showed that a tem per a ture ex ceed ing 100°C
was achieved at 16–12 Ma at lev els deeper than 4000 m (Fig.
6C, D). This tem per a ture cor re sponds to the on set of hy dro car -
bon gen er a tion (the early “oil win dow”). The max i mum tem per -
a tures of 120–140°C were reached at the post-thrust ing stage
(Fig. 6D). The his tory of hy dro car bon gen er a tion and ex pul sion
was ana lysed by means of com puter mod el ling with an as -
sumed 10% sat u ra tion level and in di vid ual ki netic pa ram e ters.
The main con trols on ma tu rity, trans for ma tion of or ganic mat ter
and hy dro car bon gen er a tion in the study area were rapid sub si -
dence, and thrust ing and fold ing of the nappes (Figs. 5 and 9A). 
The ma tu rity level reached up to 1.1% Ro and the trans for ma -
tion ra tio reached up to 40% (Fig. 11A). 

Hy dro car bon gen er a tion within the Menilite Shales source
rocks in the wells mod elled com menced at the be gin ning of
overthrusting of the nappes. Oil and gas ex pul sion started at the
post-thrust ing stage in the Novoskhidnytsya-2 and Pivnichna
Zavoda-1 wells. In the Pivdenny Monastyrets-5 well ex pul sion
has not been ini ti ated (Fig. 12A). For the above ma tu rity model,
the cal cu lated amount of gen er a tion po ten tial for the Menilite
Shales reaches 135 mg HC/g TOC in the Novoskhi dnytsya-2
well and 110 mg HC/g TOC in the Pivnichna Zavo da-1 well (Fig.

12). The ex pelled oil and gas rep re sented 60% in the Novo -
skhidnytsya-2 well and 80% in the Pivnichna Zavoda-1 well.

SKOLE (SKYBA) UNIT

The TOC con tent and hy dro car bon po ten tial of the Menilite
Shales in the Skole (Skyba) Unit is high, but ma tu rity and trans -
for ma tion of kerogen are in suf fi cient to start gen er a tion of hy -
dro car bons (Fig. 11A). The ma tu rity of kerogen in the Rozpu cie
1 well is a lit tle higher than 0.5% Ro but ki net ics of trans for ma -
tion of kerogen is in suf fi cient for gen er a tion (Figs. 9A and 10A).
The op po site sit u a tion can be ob served in the Leszczyny 1 well, 
where ma tu rity is be low 0.5% Ro, but the ki netic re ac tions al low
for gen er a tion of hy dro car bons (Figs. 9A and 10A).

SILESIAN (KROSNO) UNIT

The Menilite source rocks in the Silesian (Krosno) Unit also
have a very good to ex cel lent hy dro car bon po ten tial, but they
have a higher ma tu rity level of about 1.3–1.5% Ro. Their thick -
ness var ies from 352 to 1062 m. The his tory of hy dro car bon
gen er a tion and ex pul sion was mod elled in the Rymanów 1,
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Fig. 7. Geo log i cal pro file and burial his tory with ther mal evo lu tion of the Menilite Shales in (A and C)
Rozpucie 1 and (B and D) Brzegi Dolne IG 1 wells in the Skole (Skyba) Unit

Cr1 – Lower Cre ta ceous, E – Eocene, Om – Oligocene (Menilite Shales), Ok – Oligocene (Krosno Beds); 
for other ex pla na tions see Fig ure 6
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Fig. 8. Geo log i cal pro file and burial his tory with ther mal evo lu tion of the Menilite Shales in (A and C)
Wetlina 7 and (B and D) Borynya-2 wells in the Silesian (Krosno) Unit

Og – Oligocene (Holovets’ko Beds), Ov – Oligocene (Verkhovyna Beds); for other ex pla na tions see Fig ure 6

Fig. 9. Geo log i cal pro file and burial his tory with ther mal evo lu tion of the Menilite Shales in Jaœliska 2 well
 in the Dukla Unit

For ex pla na tions see Fig ure 8



Wetlina 7, Suche Rzeki IG 1 and
Borynya-2 wells (Fig. 1). The on set of hy -
dro car bon gen er a tion (the early “oil win -
dow”) was achieved at 23–21 Ma in the
Pol ish part of the Silesian Nappe, and 16
Ma in the Ukrai nian part (Fig. 10B). Max i -
mum tem per a tures of 160°C were
reached at the end of the thrust ing stage
(Fig. 8C, D). The his tory of hy dro car bon
gen er a tion and ex pul sion was ana lysed by 
means of com puter mod el ling with an as -
sumed 10% sat u ra tion level and in di vid ual
ki netic pa ram e ters. The trans for ma tion ra -
tio reached 50% in the Rymanów 1 well
and 80% in the Wetlina 7 well (Fig. 11B).
Kerogen in the Suche Rzeki IG 1 well has
been com pletely trans formed (Fig. 11B).
In the Borynya-2 well the hy dro car bon
gen er a tion within the Menilite source rocks 
com menced at the ini tial stage of
overthrusting of nappes (Fig. 11B). For the 
above trans for ma tion ra tios, the cal cu lated 
amount of gen er a tion po ten tial for the
Menilite Shales reached 500 mg HC/g
TOC in the Suche Rzeki IG 1 well, 390 mg
HC/g TOC in the Wetlina 7 well, 250 mg
HC/g TOC in the Rymanów 1 well and 225
mg HC/g TOC in the Borynya-2 well (Fig.
13). The ex pelled oil and gas there rep re -
sented up to 95%.
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Fig. 10. Evo lu tion of ma tu rity of Menilite source rocks in mod elled wells

Fig. 11. Trans for ma tion of kerogen in Menilite source rocks



DUKLA UNIT

The thick nesses of the Menilite Shales in the Jaœliska 2 well
are 491 m in the first fold and 60 m in the sec ond one (Fig. 9A).
The Menilite Shales show very good hy dro car bon po ten tial.
They have ma tu rity of about 0.4–1.0% Ro. Jarmo³owicz-Szulc
et al. (2012) pro vide ev i dence of even higher ma tu rity of or ganic 
mat ter, which in di cates greater abil ity to gen er ate hy dro car -

bons. They con tain mainly oil-prone, Type
II or ganic mat ter. As in the other units, the
ma jor con trol on ma tu rity and trans for ma -
tion of or ganic mat ter was rapid sub si -
dence, and thrust ing and fold ing of the
nappes (Figs. 8B and 9B). The ma tu rity
level reached up to 0.7% Ro and kerogen
was to tally trans formed to hy dro car bons
(Fig. 11B). The model showed that the on -
set of hy dro car bon gen er a tion (the early “oil 
win dow”) was achieved at 21 Ma, at about
2000 m burial depth and at a tem per a ture
of 80°C. The main and late gen er a tion
(25–90% of trans for ma tion of kerogen),
were reached at 1Ma at the 2200–2600 m
burial depth at tem per a tures be low 100°C.
Oil and gas ex pul sion started at the end of
the thrust ing stage and de vel oped at the
post-thrust ing stage. For the above trans -
for ma tion the cal cu lated amount of gen er a -
tion po ten tial for the source rocks reaches
about 550 mg HC/g TOC. The ex pelled oil
and gas there rep re sented 75%.

CONCLUSIONS

1D mod el ling of hy dro car bon gen er a tion 
and ex pul sion pro cesses for the Menilite
Sha les source rocks was per for med in four
tec tonic units of the Pol ish and Ukrai nian
parts of the Outer Carpathians: the Bory -
slav–Pokuttya, Skole (Skyba), Silesian (Kro -
sno) and Dukla units. Re sults of the mod el -
ling re veal that at the sed i men tary stage, be -
fore tec tonic re build ing of the ba sin, the
Menilite Shales did not reach a level of ther -
mal ma tu rity high enough to gen er ate hy dro -
car bons. The burial his tory at the thrus t ing
stage dif fer en ti ated the ther mal ma tu rity of
kerogen, thus dif fer en ti at ing the pro cess of
gen er a tion and ex pul sion of hy dro car bons in 
the Menilite Shales within all the above men -
tioned units. 

Hy dro car bon gen er a tion within source
rocks in the Boryslav–Pokuttya Unit was ini -
ti ated at the pre lim i nary stage of the Outer
Carpathian units overthrusting, at a depth
ex ceed ing 4 km. Such a depth had been
rea ched be tween 15 Ma in the Pivnichna
Zavoda area and 10 Ma in the Pivdenny
Monastyrets area. De pend ing on the depth
of burial of the Menilite Shales, the kerogen
trans for ma tion level is from about 10 to over 

80%. The quan tity of gen er ated hy dro car bons may even reach
135 mg HC/g TOC.

Gen er ally, the Menilite Shales in the Skole (Skyba) Unit
were not suf fi ciently ma ture to ini ti ate hy dro car bon gen er a tion
pro cesses.

The Menilite Shales in the Krosno and Dukla units have
the high est de gree of ther mal trans for ma tion. The ini tial con di -
tions of hy dro car bon gen er a tion were ob tained in the Pol ish
part at some 21 Ma, at a depth ex ceed ing 2 km. In the Ukrai -
nian part of this unit, the be gin ning of hy dro car bon gen er a tion
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Fig. 12. Cu mu la tive amount of gen er ated hy dro car bons from or ganic mat ter of
Menilite Shales in the Boryslav–Pokuttya Unit in (A) Pivdenny Monastyrets-5, (B)

Novoskhidnytsia-2 and (C) Pivnichna Zavoda-1 wells

Fig. 13. Cu mu la tive amount of
gen er ated hy dro car bons from
or ganic mat ter of Menilite Shales 
in the Silesian (Krosno) Unit in
(A) Suche Rzeki IG 1, (B) Wetlina
7 and (C) Borynya-2 wells.

For ex pla na tions see Fig ure 12



dates back to about 16 Ma, at a depth of about 4 km. De pend -
ing on the depth of burial of the Menilite Shales, the de gree of
kerogen trans for ma tion was from about 20% in the Borynya-2
well to com plete trans for ma tion in the Suche Rzeki IG 1 well.
The quan tity of hy dro car bons gen er ated was as much as
550 mg HC/g TOC.

The anal y sis of hy dro car bon gen er a tion and ex pul sion from
the source rocks of all the units re veals that the high est ma tu rity
and the high est po ten tial were ob tained by the Menilite Shales
from the Silesian and Dukla units. This is the place where the
ear li est gen er a tion pro cesses started, and where the level of
kerogen trans for ma tion and the ex pul sion po ten tial were high est.
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