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Ab stract: The quan tity, ge netic type, ma tu rity and hy dro car bon po ten tial of dis persed or ganic mat ter were
de ter mined for the com plete se quence of the autochthonous Mio cene rang ing from the Lower Badenian Sandy-
Cal car e ous Se ries to the Lower Sarmatian Up per Dashava For ma tion of the Bilche-Volytsia Unit. Geo chem i cal
anal y ses were con ducted on 78 core sam ples col lected from 11 wells in the Ukrai nian Carpathian Foredeep
be tween the Ukrai nian-Pol ish state bor der and the Stryi River. The most fa vour able source-rock pa ram e ters
char ac ter ize the Up per Badenian Kosiv For ma tion where the high est TOC con tents, from 0.44 to 2.01 wt%
(me dian 0.76 wt%), were found. Only slightly lower val ues were ob tained for the Lower and the Up per Dashava
for ma tions – from 0.01 to 1.45 wt% (me dian 0.72 wt%) and from 0.62 to 0.77 wt% (me dian 0.71 wt%),
re spec tively. In the Lower Badenian Sandy-Cal car e ous Se ries, the Lower Badenian Baraniv beds, and the Up per
Badenian Tyras For ma tion, the TOC con tent is lower and var ies from 0.00 to 0.77 wt%. Im ma ture type III
(ter res trial) kerogen dom i nates the ana lysed sec tions of the Kosiv and Dashava for ma tions. Ma rine or ganic mat ter
was de tected spo rad i cally, and only in the Up per Badenian Kosiv For ma tion in the vi cin ity of Kokhanivka, and in
the Up per Badenian Kosiv and Tyras for ma tions.
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IN TRO DUC TION

The ob jec tive of our study is to de fine the hy dro car bon
po ten tial of autochthonous Mio cene strata of the Bilche-
Volytsia Unit from the Ukrai nian Carpathian Foredeep be -
tween the Ukrai nian-Pol ish state bor der and the Stryi River
(Fig. 1). We ana lysed the to tal or ganic car bon (TOC) con tent, 
or ganic mat ter type, ther mal ma tu rity and hy dro car bon po -
ten tial of the Lower Badenian Sandy-Cal car e ous Se ries,
Lower Badenian Baraniv beds and Up per Badenian Tyras
For ma tion, Up per Badenian Kosiv For ma tion, and Lower
Sarmatian Lower and Up per Dashava for ma tions. Geo chem -
i cal char ac ter iza tion of the po ten tial source rocks was car ried
out by means of Rock-Eval anal y ses, bi tu men con tent and
com po si tion, ar o matic hy dro car bon and biomarkers anal y ses, 
sta ble car bon iso tope anal y ses of bi tu mens (frac tions thereof) 
and kerogen, and el e men tal anal y ses of kerogen.

As pre vi ous geo chem i cal stud ies re vealed (Kotarba et
al., 1987, 1998, 2005; Kotarba & Koltun, 2006 and ref er -
ences therein) the dis persed or ganic mat ter hosted within
the autochthonous Mio cene strata of the Pol ish Carpathian
Foredeep is gen er ally im ma ture and of ter res trial or i gin, and 
gen er ated al most ex clu sively mi cro bial meth ane. To date,
geo chem i cal stud ies of or ganic mat ter from the Ukrai nian
Carpathian Foredeep in cluded only the Rock-Eval anal y ses
of 24 sam ples from the Mio cene strata of the Bilche-Voly-
tsia Unit col lected from four wells in the cen tral and south -
east ern parts of the foredeep (Kotarba & Koltun, 2006).
These stud ies showed no sig nif i cant dif fer ences be tween
geo chem i cal pa ram e ters and in di ces from those of sam ples
ob tained in the Pol ish part of the foredeep (Kotarba et al.,
1998, 2005).



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

The Ukrai nian Carpathians form the cen tral seg ment of
the Carpathian arc lo cated be tween the Pol ish and the Ro -
ma nian Carpathians (Fig. 1) and con sists of sev eral tec tonic
units overthrust north east ward (Dolenko, 1962; Vialov,
1965; Glushko, 1968; Kruglov et al., 1985; Œl¹czka et al.,
2006). The Carpathian Foredeep is one of the larg est sed i -
men tary bas ins in Eu rope and in cludes an outer and an in ner 
sub-ba sin (Oszczypko, 1997). From a sedimentological
point of view, the folded Sambir Unit (Stebnik Unit in Po -
land) and the Boryslav-Pokuttya Unit be long to the in ner
sub-ba sin of the Carpathian Foredeep but for tec tonic rea -
sons both were in cluded in the Carpathian Overthrust. The
outer sub-ba sin (Bilche-Volytsia Unit) is filled with auto-
chthonous Mio cene sed i ments (Oszczypko, 1997; Osz-
czypko et al., 2006).

In the Ukrai nian part of the Carpathian orogen, most oil 
and gas fields are lo cated within the fron tal tec tonic units,
mainly in the Carpathian Foredeep. The foredeep in cludes
three tec tonic units, which dif fer in geo log i cal struc ture and
pe tro leum po ten tial. The Boryslav-Pokuttya Unit is the
fron tal nappe of the Carpathian Outer Belt. This is the main
oil-bear ing unit in the Ukrai nian Carpathians. It is cov ered
by folded molasse strata be long ing to the Sambir (Stebnik)
Unit, in which no hy dro car bons have been found up to now. 
The out er most Bilche-Volytsia Unit of the Carpathian Fore- 
deep hosts the main gas fields and its part be tween the
Polish-Ukrai nian state bor der and the Stryi River is the sub -
ject of this study (Fig. 1). In the south west, the Bilche-Voly- 
tsia Unit un der lies the Sambir (Stebnik) and the Boryslav-
Pokuttya units, and to the north east it cov ers a frag ment of
the East-Eu ro pean Plat form.

The Bilche-Volytsia Unit shows di verse strati graphic
se quences and vari able thick ness of Mio cene de pos its
(Shcherba et al., 1987). The autochthonous Mio cene strata
reach their max i mum thick ness (over 5 km) in the Kruke-
nychy De pres sion, close to the Pol ish-Ukrai nian state bor -
der (Kurovets et al., 2004). In the ex ter nal, north west ern
part of the unit the Mio cene strata rest upon Palaeozoic and
Me so zoic for ma tions. Fourty-four gas and gas-con den sate
de pos its and one oil de posit have been dis cov ered in the
Bilche-Volytsia Unit (Kotarba et al., 2011).

In the bot tom part of the Bilche-Volytsia Unit, var i ous
siliciclastic, of ten con glom er ates and brec cias, and car bon -
ate de pos its oc cur that are com monly re garded, in the un -
pub lished geo log i cal documentations, as well as in the syn -
the ses based on those documentations (e.g., Vul et al., 1998; 
Krups’kyy, 2001), to be of Karpatian and/or Palaeogene
age. Based on the re cent re gional strati graphic cor re la tions
and palaeogeographic re con struc tions, these de pos its are in -
cluded into the transgressive Lower Badenian Sandy-Cal -
car e ous Se ries (e.g., Andreyeva-Grigorovich et al., 1997;
Oszczypko et al., 2006). In the ana lysed well sec tions these
are mainly sand stones, up to sev eral tens of metres thick.
The Lower Badenian Baraniv beds, up to 80 m thick, are
rep re sented by claystones, sand stones and lime stones. The
Tyras For ma tion oc curs at the base of the Up per Badenian
suc ces sion (Andreyeva-Grigorovich et al., 1997, 2008),
which is com posed mainly of evaporites, up to 50 m thick.
Above this co mes the Up per Badenian Kosiv For ma tion, up
to 1,500 m thick, which com prises mainly clayey strata with 
sand stone in ter ca la tions. The Lower Sarmatian strata are
rep re sented by the Dashava For ma tion, which in cludes
sandstone with claystone in ter ca la tions. It is sub di vided into 
the lower part of about 3,000 m max i mum thick ness and the
up per part, up to about 1,900 m thick (Shcherba et al.,
1987). The char ac ter is tic fea ture of the Lower Sarmatian
suc ces sion is the pres ence of a num ber of sand stones ex -
tend ing over a vast area. These sand stones are eas ily iden ti -
fied in the well-logs and are best-cor re lated in the north -
west ern part of the Bilche-Volytsia Unit. These sand stone
ho ri zons are the gas res er voirs. Seals are pro vided by clayey 
lay ers. This con fig u ra tion of the Lower Sarmatian suc ces -
sion al lowed Vishniakov et al. (1979) to sub di vide them
into a num ber of cy cles, which in clude sand stone ho ri zons
and em bed ded clayey lay ers. In to tal, 17 cy cles were dis tin -
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Fig. 1. Sketch map of ma jor tec tonic units of the NE part of the
Ukrai nian Carpathian re gion with the lo ca tion of gas sam pling
sites. EEP – East Eu ro pean Plat form, B-V – Bilche-Volytsia Unit
(outer part of the Ukrai nian Carpathian Foredeep). SA – Sambir
(Stebnik) Unit, B-P – Boryslav-Pokuttya Unit, OC – Outer
(Flysch) Carpathians



guished in the Lower Dashava For ma tion and an other 14
were found in the Up per Dashava For ma tion (Kurovets et
al., 2004). Gas fields oc cur in all the sand stone ho ri zons,
ex cept for the up per four. More over, gas fields were dis cov -
ered in all other Mio cene strati graphic units in the Lower
and Up per Badenian. Gas res er voirs in the Badenian and
Sarmatian suc ces sions are sand stone and siltstone lay ers,
usu ally from 0.1 to 2 m (some times up to 5 m) thick.

SAM PLING STRAT EGY

Rock sam ples were taken from cores rep re sent ing all
rec og nized strata in the study area. A to tal of 78 core sam -
ples were col lected from the fol low ing strati graphic units:
Lower Badenian Sandy-Cal car e ous Se ries – 2 sam ples,
Lower Badenian Baraniv beds – 3 sam ples, Up per Lower
Badenian Tyras Formation – 5 sam ples, Up per Badenian
Kosiv Formation – 9 sam ples, Lower Sarmatian Lower Das- 
hava For ma tion – 51 sam ples, and Lower Sarmatian Up per
Dashava Formation – 8 sam ples. Cores orig i nated from 11

wells: Bortyatyn-1 (Bn-1), Chornokuntsi-1 (Ch-1), Kokha-
nivka-26 (Kh-26), Kokhanivka-30 (Kh-30), Lanivka-1
(Lv-1), Moryantsi-1 (Mi-1), Pivdenne Girs’ke-1 (PG-1),
Podiltsi-1 (Pt-1), Susoliv-1 (Su-1), Voloshcha-1 (Vo-1),
and Yuriyiv-1 (Yu-1) (Fig. 1). All 78 sam ples were ana -
lysed by Rock-Eval py rol y sis (Ta ble 1) and 13 se lected
sam ples for their biomarker dis tri bu tions (Ta bles 2–4), el e -
men tal com po si tion of kerogen (Ta ble 5) and sta ble car bon
iso tope com po si tion of bi tu mens and their frac tions (Ta-
ble 6).

AN A LYT I CAL METH ODS

Prep a ra tion of core sam ples and an a lyt i cal, geo chem i -
cal meth ods as Rock-Eval, ex trac tion, frac tion anal y sis, sta -
ble car bon iso tope anal y sis of kerogen, bi tu mens and their
frac tions, el e men tal com po si tion (C, H, N and S) of iso lated 
kerogen, and sat u rated and ar o matic hy dro car bon frac tions
from the bi tu mens by GC-MS anal y sis were de scribed in
an other pa per in this vol ume (Wiêc³aw et al., 2011).
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S.-C. – Sandy-Cal car e ous,  L. – Lower, U. – Up per, Fm. – For ma tion, TOC – to tal or ganic car bon, Tmax – max i mum tem per a ture of S2 peak, S1 – oil and gas
yield (mg HC/g rock), S2 – re sid ual pe tro leum po ten tial, PI – pro duc tion in dex, HI – hy dro gen in dex, BR – bi tu men ra tio,  Range of geo chem i cal pa ram e ters 
is given as nu mer a tor, mean and me dian val ues in de nom i na tor. Me dian val ues in square brack ets. In pa ren the ses: num ber of sam ples (nu mer a tor) and num -
ber of sam pled bore holes (de nom i na tor)



 RE SULTS AND DIS CUS SION

In the autochthonous Mio cene se quence of the Bilche-
Volytsia Unit from the Ukrai nian Carpathian Foredeep, the
Kosiv For ma tion, the Lower Dashava For ma tion and the
Up per Dashava For ma tion reach 1,500, 3,000 and 1,900
metres of thick ness, re spec tively. Older Mio cene rocks
(Lower Badenian Sandy-Cal car e ous Se ries, Lower Bade-
nian Baraniv beds and Up per Badenian Tyras For ma tion)
are con sid er ably less thick (sev eral tens of metres) and con -
tain much more sand stones, while the Tyras For ma tion also
con tains evap o rates. Thus, these units are less in ter est ing as
po ten tial source rocks, and far fewer sam ples were col lected 
(Ta ble 1).
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Fig. 2. His to grams of to tal or ganic car bon con tent, re sid ual hy dro car bon po ten tial, hy dro gen in dex, Tmax tem per a ture; num ber of sam -
ples, and me dian val ues of in di vid ual geo chem i cal pa ram e ters and in di ces for autochthonous Mio cene strata of the Bilche-Volytsia Unit.
Me dian val ues are given in bold and ital ics. L. – Lower, U. – Up per, Fm. – For ma tion

Fig. 3. Hy dro gen in dex (HI) ver sus Rock-Eval Tmax tem per a ture for: (A) Sandy-Cal car e ous Se ries, Baraniv beds, Tyras and Kosiv for -
ma tions (Badenian), and (B) Lower and Up per Dashava For ma tions (Sarmatian) of autochthonous Mio cene strata from the Bilche-
Volytsia Unit. Ma tu rity paths of in di vid ual kerogen types af ter Espitalié et al. (1985). S.-C. – Sandy-Cal car e ous Se ries, L. – Lower, U. –
Up per, Fm. – For ma tion



The Lower Badenian Sandy-Cal car e ous Se ries
and Baraniv beds, and the Up per Badenian Tyras

For ma tion

In the Lower Badenian Sandy-Cal car e ous Se ries, the
Lower Badenian Baraniv beds and the Up per Badenian
Tyras For ma tion, the TOC con tents range from 0.00 to 0.77
wt% (Ta ble 1, Fig. 2). The val ues of Rock-Eval hy dro gen
in dex (HI), ox y gen in dex (OI), Tmax and re sid ual hy dro car -
bon po ten tial (S2) (Ta ble 1, Figs 2–6) in di cate that ter res -
trial, gas-prone or ganic mat ter oc curs in this part of the
Mio cene se quence. Lo cally, in the Tyras For ma tion ma rine,
oil-prone kerogen is pres ent.

The n-al kanes and isoprenoids ex tracted from one sam -
ple (Kokhanivka-26/1091/4) col lected from the Lower Ba-
denian Baraniv beds are dom i nated by short-chain hy dro-
car bons ev i denc ing in put of ma rine or ganic mat ter, while
those from the Up per Badenian Tyras For ma tion are dom i -
nated by long-chain hy dro car bons (Fig. 7) in di cat ing a ter -
res trial or i gin (e.g., Pe ters et al., 2005). The terrigenous/
aquatic ra tio (TARHC) for the sin gle sam ple col lected from
Baraniv beds equals 1.1 (Ta ble 2) sug gest ing a dom i nant
terrigenous or ganic mat ter con tent (Meyers, 1997). This
value is over es ti mated and is the re sult of par tial evap o ra -
tion of nC15 (Fig. 7) pres ent in the de nom i na tor of the ra -
tio’s for mula (Ta ble 2). Tak ing into con sid er ation n-al kanes 
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Fig. 4. Hy dro gen in dex (HI) ver sus ox y gen in dex (OI) for: (A) Lower Badenian Sandy-Cal car e ous Se ries and Baraniv beds, Up per
Badenian Tyras and Kosiv for ma tions, and (B) Lower and Up per Dashava for ma tions (Sarmatian) of autochthonous Mio cene strata from
the Bilche-Volytsia Unit. Ma tu rity paths of in di vid ual kerogen types af ter Espitalié et al. (1985). S.-C. – Sandy-Cal car e ous Se ries, L. –
Lower, U. – Up per, Fm. – For ma tion

Fig. 5. Re sid ual pe tro leum po ten tial S2 ver sus to tal or ganic car bon (TOC) con tent re veal ing the kerogen type in: (A) Lower Badenian
Sandy-Cal car e ous Se ries and Baraniv beds, Up per Badenian Tyras and Kosiv for ma tions, and (B) Lower and Up per Dashava for ma tions
(Sarmatian) of autochthonous Mio cene strata from the Bilche-Volytsia Unit. Ge netic bound aries af ter Lang ford & Blanc-Valleron (1990). 
S.-C. – Sandy-Cal car e ous Se ries, L. – Lower, U. – Up per, Fm. – For ma tion



with 17, 18 and 19 (short) and 27, 28 and 29 (long) car bon
at oms in chain, re spec tively (Ta ble 2), long- to-short hy dro -
car bon ra tio (LTSHC) elim i nates the even tual prob lems of
par tial nC15 evap o ra tion. For the sam ple Bortyatyn-1/1800
this ra tio equals 0.7 in di cat ing the pres ence of ma rine or -
ganic mat ter. A value of CPI17-23 ra tio <1 sug gests de po si -
tion of source ma te rial for these com pounds in evaporites
(Bray & Ev ans, 1961). Many evap o rate ho ri zons oc cur ring
in the Badenian strata were de scribed by, for in stance,
Oszczypko et al. (2006). In creased con cen tra tions of
phytane in the sam ple Kokhanivka-26/1091/4 (Fig. 7) may
be con nected with co-elu tion of crocetane (2, 6, 11,
15-tetramethylhexadecane), a biomarker of methanogenic
and methanotrophic archea (Pe ters et al., 2005). In the same 
sam ple, the pres ence of 2, 6, 10, 15, 19-pentamethylicosane
(PMI) was re corded (Fig. 7). This isoprenoid is com monly a 
crocetane marker of the methanogens in the im ma ture sed i -
ments (No ble & Henk, 1998). El e vated val ues of Pr/nC17

ra tio (Ta ble 2) and cor re la tion of Pr/nC17 ver sus Ph/nC18

ra tios (Fig. 8) sug gest the pres ence of mixed, type-III/II
kerogen. In some sam ples it was im pos si ble to cal cu late
short-chain-hy dro car bon in di ces due to their par tial evap o -
ra tion loss. The par tial evap o ra tion of hy dro car bons was as -
cer tained when nC15-alkane peak was non-integrable. Val -
ues of Pr/Ph ra tio usu ally be low 1 are char ac ter is tic of re -
duc ing depositional con di tions over most of the study area
(Didyk et al., 1978); how ever, the above men tioned pos si -
bil ity of co-elu tion of crocetane with phytane may in flu ence 
on val ues of this ra tio. The in creased con cen tra tion of hy -
dro car bons with odd car bon num ber, es pe cially in the
C25-C31 range (Ta ble 2, Fig. 7), ev i dences low ma tu rity of
the Mio cene or ganic mat ter.

The dis tri bu tion of reg u lar 5a(H),14a(H),17a(H) 20R
steranes in ana lysed bi tu mens (Ta ble 3, Fig. 9) ev i dences
that in sam ples col lected from the Tyras For ma tion in the
Kokhanivka-26 well C29 steranes pre vail, which sug gests
the pres ence of ter res trial or ganic mat ter (e.g., Pe ters et al.,

2005). More over, C29 steranes dom i nate in the sam ple col -
lected from the Baraniv beds (Fig. 9) in di cat ing a sig nif i cant 
pres ence of the terrigenous or ganic mat ter (Huang & Mein-
schein, 1976). Low val ues of gammacerane/17a hopane ra -
tio (Ta ble 3) ev i dence that dur ing de po si tion of both se ries
hypersalinity was not pres ent (Sinninghe Damsté et al.,
1995). The re sults of anal y sis of dibenzothiophene, phena-
nthrene, pristane and phytane con cen tra tion in bi tu mens
(Ta bles 2, 4) in di cate that or ganic mat ter was de pos ited in
ma rine shales (Fig. 10), but this con clu sion may be in valid
due to pre vi ously de scribed co-elu tion of crocetane with
phytane re sult ing in the pos si bil ity of a lower pristane/phy-
tane ra tio. El e men tal com po si tion of kerogen from the
Tyras Fm. con firms pre vi ous sug ges tions of the pres ence of
Type-III kerogen (Ta ble 5, Fig. 11). Sta ble car bon iso tope
com po si tion of bi tu mens, their frac tions and kerogen (Ta ble 
6, Fig. 12) show the pres ence of two or ganic fa cies in the
Tyras Fm., al though sam ples were col lected ca. 2 m apart
from each other. One sam ple is en riched in a heavier iso tope 
(13C) and var ies widely from all other sam ples (Fig. 12).
Or ganic fa cies char ac ter is ing com pa ra ble val ues of d13C of
or ganic mat ter within the Up per Badenian strata in the vi -
cin ity of Rzeszów (Po land) were ear lier re ported by Ko-
tarba et al. (2005).

The ma tu rity of the in ves ti gated strata was de ter mined
based on the re sults of Rock-Eval py rol y sis (Ta ble 1), dis tri -
bu tion of n-al kanes (Ta ble 2), steranes and hopanes (Ta ble
3), methylphenanthrenes and methyldibenzothiophenes
(Ta ble 4), and el e men tal com po si tion of kerogen (Ta ble 5).
The near im ma ture na ture of the or ganic mat ter in the sam -
pled strata show: Tmax val ues be low 429°C (Ta ble 1), high,
up to 4.12 val ues of CPI(25-31) (Ta ble 2), low val ues of H31

and H32 homohopanes S/(S+R), C29SR and Ts/Tm ra tios
equal ling be low 0.47, 0.44, 0.15 and 0.34, re spec tively (Ta -
ble 3). Also val ues of atomic ra tios H/C and O/C (Ta ble 5,
Fig. 11) re veal the im ma ture level of the or ganic mat ter
pres ent in the sam ple from Tyras Fm. Val ues of ma tu rity in -
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Fig. 6. (A) To tal or ganic car bon con tent, (B) hy dro gen in dex, and (C) Tmax tem per a ture ver sus depth in autochthonous Mio cene strata
from the Bilche-Volytsia Unit. S.-C. – Sandy-Cal car e ous Se ries, L. – Lower, U. – Up per, Fm. – For ma tion



di ces shown in Ta ble 4 are prob a bly over es ti mated be cause
– ac cord ing to the methylphenanthrene (MP) in di ces – the
ana lysed or ganic mat ter should have reached the catage-

netic stage of mat u ra tion (Radke et al., 1986; Radke &
Welte, 1983; Radke, 1988). The MPI1 ra tios were de vel -
oped for or ganic mat ter be ing in the oil and gas win dow
range (Radke & Welte, 1983). They are not in tended for
study of im ma ture or ganic mat ter.

Gen er ally, in the Tyras For ma tion both types of kero-
gen (III and II) are im ma ture (Figs 2–4, 6), and thus have
gen er ated mainly mi cro bial meth ane and a smaller vol ume
of mi cro bial eth ane (Kotarba & Koltun, 2011; Kotarba et
al., 2011). Dur ing the mi cro bial pro cess one mol e cule of
eth ane is pro duced per one thou sand mol e cules of meth ane
(Oremland et al., 1986). These ob ser va tions were con -
firmed by biomarker anal y ses (Ta bles 2, 3, Figs 7–9), ar o -
matic hy dro car bon dis tri bu tion (Ta ble 4, Fig. 10), el e men tal 
anal y ses of kerogen (Ta ble 5, Fig. 11) and sta ble car bon iso -
tope anal y ses of bi tu mens, and their in di vid ual frac tions
(Ta ble 6, Figs 12, 13).

The Up per Badenian Kosiv For ma tion, the Lower
Sarmatian Lower Dashava and Up per Dashava

for ma tions

 The high est TOC con tents from sam ples of the Up per
Badenian Kosiv For ma tion mea sured 0.44 to 2.01 wt% (me -
dian 0.76 wt%). Slightly lower val ues were found in both
the Lower Dashava and the Up per Dashava for ma tions:
from 0.01 to 1.45 wt% (me dian 0.72 wt%) and from 0.62 to
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Fig. 7. Ex am ples of ion chromatograms (m/z = 71) show ing the 
dis tri bu tions of n-al kanes and isoprenoids in sat u rated hy dro car -
bons of bi tu mens from autochthonous Mio cene strata of the
Bilche-Volytsia Unit. Lower, U. – Up per, Fm. – For ma tion, Pr –
pristane, Ph – phytane, HBI – highly branched isoprenoid C25,
PMI – 2,6,10,15,19-pentamethylicosane

Fig. 8. Ge netic char ac ter iza tion of bi tu mens in terms of pris-
tane/nC17H36 and phytane/nC18H38 ra tios for autochthonous Mio -
cene strata of the Bilche-Volytsia Unit. Cat e go ries af ter Ober-
majer et al. (1999). L. – Lower, U. – Up per, Fm. – For ma tion



0.77 wt% (me dian 0.71 wt%), re spec tively (Ta ble 1, Fig. 2). 
The val ues of Rock-Eval hy dro gen in dex (HI), ox y gen in -
dex (OI), Tmax tem per a ture and re sid ual hy dro car bon po ten -
tial (S2) (Ta ble 1, Figs 2–6) in di cate the dom i nance of type
III (ter res trial) kerogen in these Up per Badenian and Lower
Sarmatian strata. The im ma ture, ter res trial or ganic mat ter
shows Rock-Eval Tmax tem per a ture be low 435°C (Espitalié
& Bordeneve, 1993). In sig nif i cant changes in the TOC, HI
and Tmax val ues (Fig. 6) sug gest quite uni form depositional
con di tions of or ganic mat ter in the Up per Badenian and the
Lower Sarmatian strata where at 3,000 metres depth only
mi cro bial meth ane and smaller quan ti ties of mi cro bial eth -
ane were gen er ated (Kotarba & Koltun, 2006, 2011). Ma -
rine or ganic mat ter with a hy dro gen in dex above 200 mg
HC/g TOC is pres ent only in the Up per Badenian Kosiv Fm. 
in the Kokhanivka-30 bore hole sec tion (Figs 3–5). In the
Pol ish part of the Carpathian Foredeep, com pa ra ble val ues
were re ported by Kotarba et al. (2005).

Long-chain n-al kanes dom i nate in al most all sam ples
col lected from the Up per Badenian Kosiv For ma tion and
from the Lower and Up per Dashava Lower Sarmatian, for -
ma tions (Fig. 7), in di cat ing the ter res trial or i gin of or ganic
mat ter (e.g., Pe ters et al., 2005). The terrigenous/aquatic ra -
tio (TARHC) above one for the all sam ples con firms this
the sis (Meyers, 1997), but the LTSHC ra tio of 0.6 for sam ple 
Bortyatyn-1/1758 (Ta ble 2) in di cates the pres ence of ma -
rine or ganic mat ter. This over es ti mated value of the TARHC

for this sam ple is prob a bly a re sult, like in the case of sam -
ple Bortyatyn-1/1800, of par tial evap o ra tion of nC15. The
LTSHC ra tio is close to unity also for the other two sam ples
col lected from the Podiltsi-1 bore hole: Pt-1/1889 (Kosiv

Fm.) and Pt-1/1815 (Lower Dashava Fm.) (Ta ble 2, Fig. 7),
sug gest ing ad di tion of ma rine or ganic mat ter. Value of
CPI17-23 ra tio <1 sug gests con nec tion of source ma te rial for 
these com pounds with evaporites (Bray & Ev ans, 1961). In -
creased con cen tra tions of phytane in many sam ples (Fig. 7)
cause low val ues of pristane/phytane and high val ues of
phytane/nC18 ra tios, re spec tively (Ta ble 2). They may be
con nected, as in the case of pre vi ously dis cussed for ma -
tions, with co-elu tion of crocetane (Pe ters et al., 2005). Also 
in many sam ples, such as the Tyras Fm., the pres ence of 2,
6, 10, 15, 19-pentamethylicosane (PMI) marker of the me-
thanogens in the im ma ture sed i ments (No ble & Henk, 1998) 
was re corded (Fig. 7). In some sam ples, the highly-bran-
ched isoprenoid C25 [2,6,10,14-tetramethyl-7-(3-methyl-
penthyl) pentadecane] (HBI) was de tected (Fig. 7). This
biomarker, found in di a toms by Volkman et al. (1994,
1998), is used as an in di ca tor of the con tri bu tion of di a toms
to the or ganic mat ter. The pres ence of diatomites in the
Mio cene strata from the Pol ish part of the Carpathian Fore-
deep has al ready been de scribed by Kotarba et al. (2005).
Cor re la tion of Pr/nC17 and Ph/nC18 ra tios as well as el e -
vated val ues of Pr/nC17 ra tio (Ta ble 2) sug gest dom i na tion
of Type-III kerogen (Fig. 8). In sam ple Kh-30/1145, the in -
put of al gal or ganic mat ter (Fig. 8) is sup ported the re sults
of Rock-Eval data (Figs 3–5), com po si tion of reg u lar
5a(H),14a(H),17a(H) 20R steranes (Fig. 9), and the el e -
men tal com po si tion of kerogen (Fig. 11). In some sam ples,
such as those from the Tyras Fm., it was im pos si ble to cal -
cu late short-chain-hy dro car bon in di ces due to par tial evap -
o ra tion loss. Val ues of Pr/Ph ra tio usu ally be low 1 are char -
ac ter is tic of re duc ing depositional con di tions  (Didyk et al.,

402  M. J. KOTARBA ET AL. 

Ta ble 2

In di ces cal cu lated from dis tri bu tion of the n-al kanes and isoprenoids in bi tu men ex tracted from the Mio cene strata

Well  Sample code  
Depth

(m)
Strati-
graphy

Lithostrati-
graphy
Local

division

CPI(17-31) CPI(17-23) CPI(25-31) Pr/Ph Pr/nC17 Ph/nC18 TARHC LTSHC

Bortyatyn-1 Bn-1/1800 1,800-1,810
Lower
Bade-
nian 

Baraniv
beds

1.04 0.68 1.99 1.11 2.39 0.98 1.3 0.7

Kokhanivka-26
Kh-26/1091/2 1,091-1,095

Upper
Bade-
nian

Tyras Fm.
n.c. n.c. 2.94 <<1 n.c. n.c. 31.8 16.9

Kh-26/1091/4 1,091-1,095 n.c. n.c. 4.12 <<1 n.c. 14.4 23.2 9.5

Bortyatyn-1 Bn-1/1758 1,758-1,768

Kosiv Fm.

1.16 0.84 2.14 1.17 3.24 1.49 1.1 0.6

Kokhanivka-30 Kh-30/1145 1,145-1,149 1.71 0.90 2.95 0.19 2.24 6.21 5.7 2.7

Podiltsi-1 Pt-1/1889 1,889-1,900 1.17 0.92 1.61 1.17 5.93 2.68 1.9 1.3

Voloshcha-1 Vo-1/2090 2,090-2,100 Kosiv Fm.? n.c. n.c. 2.49 <1 n.c. 2.05 3.5 2.1

Moryantsi-1 Mi-1/1848 1,848-1,853

Lower
Sarma-

tian 

Lower
Dashava Fm. 

1.31 0.92 2.00 0.81 8.93 2.73 3.4 2.0

Podiltsi-1
Pt-1/1401 1,401-1,411 n.c. n.c. 2.87 n.c. n.c. 2.03 4.9 3.2

Pt-1/1815 1,815-1,821 n.c. n.c. 2.22 <1 n.c. 3.05 2.5 1.2

Susoliv-1 Su-1/2947 2,947-2,952 n.c. n.c. 1.53 n.c. n.c. n.c. 3.5 3.3

Yuriyiv-1 Yu-1/1542 1,542-1,544 n.c. n.c. 2.70 <1 n.c. 2.57 4.0 2.1

Lanivka-1 Lv-1/1173 1,173-1,178
Upper

Dashava Fm. 
1.36 0.77 2.71 0.34 5.85 2.56 4.7 2.2

Fm. – For ma tion, Pr – pristane, Ph – phytane, n.c. – not cal cu lated, val ues typed in italic are es ti mated due to partly evap o ra tion of hy dro car bons,
CPI(17-31) = [(C17+C19+...+C27+C29)+(C19+C21+...+C29+C31)]/[2*(C18+C20+...+C28+C30)], CPI(17-23) = [(C17+C19+C21)+(C19+C21+C23)]/[2*(C18+C20+C22)],
CPI(25-31) = [(C25+C27+C29)+(C27+C29+C31)]/[2*(C26+C28+C30)], TARHC = (C27+C29+C31)/(C15+C17+C19), LTSHC = (C27+C28+C29)/(C17+C18+C19)



1978) over most of the study area, how ever, the above men -
tioned pos si bil ity of co-elu tion of crocetane with phytane
may in flu ence on val ues of this ra tio. The in creased con cen -
tra tion of odd-car bon-hy dro car bons, es pe cially in the
C25-C31 range (Ta ble 2, Fig. 7), points to low ma tu rity of
Mio cene or ganic mat ter ac cu mu lated in the stud ied strata.

The dis tri bu tion of reg u lar 5a(H),14a(H),17a(H) 20R
steranes in ana lysed bi tu mens (Ta ble 3, Fig. 9) in di cates a
sin gle source of or ganic mat ter for al most all sam ples. C29

steranes dom i nate in di cat ing sig nif i cant share of the terri-
genous or ganic mat ter (Huang & Meinschein, 1976). Only
bi tu men from sam ple Ko-30/1145 is some what en riched in
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Ta ble 3

Se lected biomarker char ac ter is tics of bi tu men from the Mio cene strata

Sample code
Strati-
graphy

Lithostratigraphy
Local division

Gam/
Hop

C27 C28 C29
Ol/
Hop

Mor/
Hop

H31

S/(S+R)
H32

S/(S+R)
C29SR

SC29/
SC27

(ster)
Ts/Tm

Gam/     
C31Hop

Dia/
Reg

Bn-1/1800
Lower

Badenian 
Baraniv beds 0.18 24 27 50 0.15 0.27 0.45 0.44 0.15 2.12 0.34 0.51 0.07

Kh-26/1091/2

Upper
Badenian

Tyras Fm.
0.11 14 26 60 0.13 0.18 0.47 0.40 0.05 4.34 0.17 0.98 n.c.

Kh-26/1091/4 0.06 15 26 59 0.13 0.18 0.34 0.38 0.05 3.97 0.18 0.57 n.c.

Bn-1/1758

Kosiv Fm.

0.20 23 29 48 0.17 0.32 0.41 0.40 0.14 2.08 0.41 0.52 0.05

Kh-30/1145 0.04 34 22 44 0.11 0.13 0.40 0.34 0.08 1.28 0.15 0.23 n.c.

Pt-1/1889 0.20 23 29 48 0.13 0.33 0.40 0.39 0.12 2.09 0.26 0.50 0.04

Vo-1/2090 Kosiv Fm.? 0.13 19 27 54 0.18 0.26 0.44 0.46 0.14 2.78 0.38 0.43 0.06

Mi-1/1848

Lower
Sarmatian 

Lower
Dashava Fm.

0.05 23 28 50 0.19 0.21 0.44 0.41 0.09 2.20 0.33 0.17 0.05

Pt-1/1401 0.33 21 27 53 0.29 0.37 0.32 0.43 0.10 2.55 0.33 0.44 n.c.

Pt-1/1815 0.10 23 26 51 0.19 0.24 0.44 0.47 0.09 2.25 0.38 0.35 n.c.

Su-1/2947 0.14 21 24 56 0.22 0.29 0.48 0.44 0.16 2.65 0.31 0.71 n.c.

Yu-1/1542 0.10 25 28 47 0.16 0.28 0.43 0.40 0.08 1.87 0.35 0.33 n.c.

Lv-1/1173
Upper

Dashava Fm.
0.19 21 29 50 0.14 0.28 0.40 0.43 0.10 2.36 0.32 0.57 n.c.

Fm. – For ma tion; n.c. – not cal cu lated due to lack of biomarkers; Gam/Hop = gammacerane/17a hopane, C27 = C27aaa20R sterane/(C27+C28+C29)aaa20R
steranes*100, C28 = C28aaa20R sterane/(C27+C28+C29)aaa20R steranes*100; C29 = C29aaa20R sterane/(C27+C28+C29)aaa20R steranes*100, Ol/Hop =
leanane/17a hopane, Mor/Hop = moretane/17a hopane; H31S/(S+R) = homohopane 22S/(22S+22R), H32S/(S+R) = bishomohopane 22S/(22S+22R), C29SR 
=  epim er is ation of reg u lar steranes C29 ra tio; SC29/SC27 (ster) =  SC29 reg u lar steranes/SC27 reg u lar steranes, Ts/Tm = C27 18a trisnorhopane/C27 17a
trisnorhopane; Gam/C31Hop = gammacerane/C31 22R hopane, Dia/Reg = C27 ba 20S diasterane/C29 aaa 20R sterane 

Fig. 9. Ter nary di a gram of dis tri bu tion of reg u lar 5a(H),
14a(H),17a(H) 20R steranes in bi tu men from autochthonous Mio -
cene strata of the Bilche-Volytsia Unit. Clas si fi ca tion mod i fied af ter 
Pe ters et al. (2005). L. – Lower, U. – Up per, Fm. – For ma tion

Fig. 10. Cross plot of dibenzothiophene/phenanthrene ra tio ver -
sus pristane/phytane ra tio for autochthonous Mio cene strata of the
Bilche-Volytsia Unit. Ge netic scheme af ter Hughes et al. (1995).
L. – Lower, U. – Up per, Fm. – For ma tion



C27 steranes, in re la tion to other sam ples, which im plies ad -
mix ture of ma rine or ganic mat ter. Low val ues of gamma-
cerane/17a hopane ra tio (Ta ble 3) show that dur ing de po si -
tion of all for ma tions hypersalinity was not pres ent (Sin-
ninghe Damsté et al., 1995). The re sults of anal y sis of
dibenzothiophene, phenanthrene, pristane and phytane con -
cen tra tions in bi tu mens (Ta bles 2, 4) sug gest that or ganic
mat ter was de pos ited in ma rine shales or un der lac us trine
(fresh wa ter) con di tions (Fig. 10). How ever, as was above
de scribed, co-elu tion of crocetane with phytane may cause
de creas ing of val ues of pristane/phytane ra tio. El e men tal
com po si tion of kerogen dis persed in the Kosiv For ma tion
con firm pre vi ous sug ges tions of the pres ence of Type-II
kerogen in ana lysed sam ples (Ta ble 5, Fig. 11). Sta ble car -
bon iso tope com po si tion of bi tu men, their frac tions and
kerogen (Ta ble 6, Fig. 12) in di cate the pres ence in all ana -
lysed strata of one or ganic fa cies char ac ter is ing com pa ra ble
val ues of d13C of or ganic mat ter.

Like in the Baraniv beds and the Tyras For ma tion, the
ma tu rity of the in ves ti gated strata was de ter mined based on
the re sults of Rock-Eval py rol y sis (Ta ble 1), dis tri bu tion of
n-al kanes (Ta ble 2), steranes and hopanes (Ta ble 3), me-
thylphenanthrenes and methyldibenzothiophenes (Ta ble 4)
and el e men tal com po si tion of kerogen (Ta ble 5). The im ma -
ture na ture of the or ganic mat ter is ev i denced by: Tmax val -
ues be low 433°C (Ta ble 1), high, up to 2.95 val ues of
CPI(25-31) (Ta ble 2), low val ues of S/(S+R) of H31 and H32

homohopanes, C29SR and Ts/Tm ra tios less than 0.48, 0.47, 
0.16 and 0.41, re spec tively (Ta ble 3). Also H/C and O/C
atomic ra tios (Ta ble 5, Fig. 11) re veal im ma tu rity of or ganic 
mat ter pres ent in the sam ple from Kosiv For ma tion. Ma tu -
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Ta ble 4

Ma tu rity in di ces cal cu lated based on dis tri bu tion of phenanthrene and dibenzothiophene
and their methyl de riv a tives in bi tu men of the Mio cene strata

Sample code Stratigraphy
Lithostratigraphy

Local division
MPI1 MPR MPR1

Rcal

(%)
Rcal(MPR)

(%)
MDR

Rcal(DBT)

(%)
Tmax(DBT)

(°C)
DBT/P

Bn-1/1800 Lower Badenian Baraniv beds 0.3 0.9 0.5 0.6 0.9 1.9 0.6 432 0.08

Kh-26/1091/2

Upper
Badenian

Tyras Fm.
0.6 0.6 0.3 0.7 0.6 n.c. n.c. n.c. n.c.

Kh-26/1091/4 0.7 0.7 0.3 0.8 0.6 0.2 0.5 424 n.c.

Bn-1/1758

Kosiv Fm.

0.3 1.0 0.5 0.5 0.9 3.3 0.8 440 0.08

Kh-30/1145 0.4 0.6 0.3 0.6 0.6 0.4 0.5 425 0.04

Pt-1/1889 0.4 0.9 0.5 0.6 0.9 2.2 0.7 434 0.20

Vo-1/2090 Kosiv Fm.? 0.7 0.7 0.4 0.8 0.7 1.1 0.6 429 0.28

Mi-1/1848

Lower
Sarmatian 

L.Dashava Fm.

0.7 0.8 0.4 0.8 0.7 1.0 0.6 428 0.06

Pt-1/1401 0.5 0.8 0.4 0.7 0.7 1.7 0.6 432 0.08

Pt-1/1815 0.6 0.8 0.4 0.7 0.8 1.5 0.6 430 0.03

Su-1/2947 0.7 0.6 0.4 0.8 0.6 0.7 0.6 427 0.00

Yu-1/1542 0.7 0.7 0.4 0.8 0.7 0.9 0.6 427 0.00

Lv-1/1173 U.Dashava Fm. 0.7 0.7 0.4 0.8 0.7 1.4 0.6 430 0.04

U. – Up per; L. – Lower; Fm. – For ma tion, n.c. – not cal cu lated;
MPI1 = 1.5(2-MP+3-MP)/(P+1-MP+9-MP); P – phenanthrene; MP – methylphenanthrene; MPR = 2-MP/1-MP;
Rcal = 0.60MPI1+0.37 for MPR<2.65 (Radke, 1988); MPR1 = (2-MP+3-MP)/(1-MP+9-MP+2-MP+3-MP);
Rcal(MPR) = -0.166+2.242(MPR1) (Kvalheim et al., 1987);  MDR = 4-MDBT/1-MDBT, MDBT - methyldibenzothiophene;
Rcal(DBT) = 0.51+0.073MDR, Tmax(DBT) = 423+5.1MDR; DBT – dibenzothiophene

Fig. 11. Atomic hy dro gen/car bon ra tio ver sus ox y gen/car bon ra -
tio for kerogen from autochthonous Mio cene strata of the Bilche-
Volytsia Unit. Fields rep re sent nat u ral mat u ra tion trends for var i -
ous kerogen types, as re ported by Hunt (1996). Fm. – For ma tion
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Ta ble 5

El e men tal com po si tion of kerogen from the Mio cene strata

Sample code 
Strati-
graphy

Lithostrati-
graphy

Local division

Elemental composition (daf, wt%) Atomic ratio Mole fraction

C H O N S H/C O/C N/C S/C H/(H+C) O/(O+C) N/(N+C) S/(S+C)

Kh-26/1091/4 Upper
Badenian

Tyras Fm. 68.7 5.9 18.6 1.6 5.1 1.03 0.20 0.020 0.028 0.51 0.17 0.019 0.027

Kh-30/1145 Kosiv Fm. 71.8 7.5 8.5 1.7 10.5 1.26 0.09 0.020 0.055 0.56 0.08 0.020 0.052

daf – dry, ash-free ba sis; Fm. – Formation

Ta ble 6

Frac tions and sta ble car bon iso tope com po si tion of bi tu mens, their in di vid ual frac tions and kerogen of the Mio cene strata

Sample code Stratigraphy
Lithostratigraphy

Local division

Fractions (wt%)   d13C (‰)

Sat Aro Res Asph Sat Bit Aro Res Asph Ker

Bn-1/1800
Lower

Badenian 
Baraniv beds 20 16 34 30 -27.4 -27.4 -28.6 -26.7 -27.4 -24.9

Kh-26/1091/2

Upper
Badenian

Tyras Fm.
9 11 62 18 -23.9 -22.3 -22.4 -21.6 -23.7 -21.6

Kh-26/1091/4 12 9 50 29 -27.9 -26.4 -26.9 -25.7 -27.0 -24.5

Bn-1/1758

Kosiv Fm.

20 15 33 32 -27.7 -27.4 -28.0 -27.3 -27.0 -24.8

Kh-30/1145 16 10 54 20 -27.4 -26.3 -26.5 -25.9 -26.4 -24.7

Pt-1/1889 12 13 33 42 -27.7 -26.6 -27.4 -26.9 -25.8 -25.2

Vo-1/2090 Kosiv Fm.? 12 11 46 31 -27.8 -26.6 -26.6 -26.5 -26.3 -24.8

Mi-1/1848

Lower
Sarmatian 

L.Dashava Fm.

12 10 35 43 -27.6 -26.2 -26.8 -26.3 -25.6 -24.4

Pt-1/1401 14 13 34 39 -27.8 -26.8 -26.9 -26.8 -26.4 -25.4

Pt-1/1815 18 9 36 37 -28.4 -26.8 -27.0 -26.7 -26.1 -24.8

Su-1/2947 11 10 39 40 -29.1 -27.4 -27.7 -27.5 -26.9 -25.0

Yu-1/1542 14 12 33 41 -28.1 -26.5 -26.9 -26.5 -25.7 -24.8

Lv-1/1173 U.Dashava Fm. 14 7 43 36 -27.9 -26.7 -26.9 -26.8 -26.0 -24.7

U. – Up per; L. – Lower; Fm. – For ma tion; Sat – sat u rated hy dro car bons; Aro – ar o matic hy dro car bons; Res – res ins; Asph – asphaltenes; Bit – bi tu men;
Ker – kerogen

Fig. 12. Sta ble car bon iso tope com po si tion of bi tu mens and their in di vid ual frac tions ex tracted from autochthonous Mio cene strata of
the Bilche-Volytsia Unit. S.-C. – Sandy-Cal car e ous Se ries; L. – Lower; U. – Up per



rity in di ces shown in Ta ble 4, for the same rea son as for pre -
vi ously dis cussed Baraniv beds and Tyras Formation, are
probably overestimated.

Gen er ally, in the Kosiv and Lower and Up per Dashava
for ma tions kerogen, in de pend ently of its type, is im ma ture
(Figs 2–4, 6), and thus has gen er ated mainly mi cro bial
meth ane and less vol umes of mi cro bial eth ane (Kotarba &
Koltun, 2011; Kotarba et al., 2011).

CON CLU SIONS

The geo chem i cal stud ies of or ganic mat ter dis persed in
the autochthonous Mio cene se quence of the Bilche-Voly-
tsia Unit be tween Ukrai nian-Pol ish state bor der and the
Stryi lead to the fol low ing conclusions:

1) the best source-rock pa ram e ters are from the Up per
Badenian Kosiv For ma tion where the higher TOC con tents
(from 0.44 to 2.01 wt%, me dian 0.76 wt%) were de tected;

2) slightly lower TOC con tents were found in the
Lower and Up per Dashava for ma tions. These range from
0.01 to 1.45 wt% (me dian 0.72 wt%) and from 0.62 to 0.77
wt% (me dian 0.71 wt%), re spec tively;

3) the im ma ture, ter res trial (gas-prone) type III kerogen 
dom i nates in the Up per Badenian Kosiv For ma tion and
Lower Sarmatian Dashava for ma tions;

4) in the Lower Badenian Sandy-Cal car e ous Se ries, the
Lower Badenian Baraniv beds, and the Up per Badenian
Tyras For ma tion the TOC con tents are low and range from
0.00 to 0.77 wt%;

5) ma rine or ganic mat ter oc curs spo rad i cally in the Up -
per Badenian Kosiv For ma tion in the vi cin ity of Kokha-
nivka;

6) in the Lower Badenian Baraniv beds and in the Up -
per Badenian Tyras For ma tion an in put of ma rine or ganic
mat ter was dis closed.
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