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Abstract: The quantity, genetic type and maturity of organic matter dispersed in Ordovician, Silurian, Devonian
and Lower Carboniferous strata in the basement of the Carpathian Foredeep between Krakow and Rzeszéw were
determined based on the results of organic geochemical analyses of 600 rock samples collected from 44 wells. The
best source rocks were found in the Silurian strata where the total organic carbon (TOC) content is up to 6.6 wt%
and the median value equals ca. 1.5 wt%. The median values of the initial organic carbon contents in individual
wells vary from 1.2 to 3.5 wt%. The Ordovician, Lower Devonian and clastic facies of the Lower Carboniferous
strata can be considered as an additional source of hydrocarbons with the median TOC values of 0.27, 0.56 and
0.53 wt%, respectively. The Middle and Upper Devonian strata as well as the carbonate facies of the Lower
Carboniferous strata have much lower quantities of organic carbon, although in these strata levels with elevated
TOC contents were observed. In the Lower Palaeozoic and Lower Devonian strata, the oil-prone, low-sulphur
Type Il kerogen is present, whereas in the younger divisions presence of the gas-prone Type III kerogen is visible.
In the Lower Carboniferous clastics gas-prone kerogen dominates. The Silurian and clastic facies of the Lower
Carboniferous strata have been deposited in the normal marine conditions, whereas the Ordovician, Devonian and
carbonate facies of the Lower Carboniferous strata usually experienced reducing conditions. The source rocks are
mostly at the initial and middle phase of the low-temperature thermogenic processes. Locally, immature (in the
Lower Carboniferous carbonates in the vicinity of Lakta gas-condensate field) or late-mature (in the Middle and
Upper Devonian strata in the area of Grobla—Ptawowice oil field) source rocks were observed.

Key words: source rock, hydrocarbon potential, Rock-Eval pyrolysis, biomarkers, stable carbon isotopes, Palaeo-
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INTRODUCTION

Palacozoic strata in the Carpathian Foredeep basement
and beneath the Carpathian Overthrust in the Krakow— Rze-
szé6w area (SE Poland) occupy an area of ca. 6,000 km?
(Fig. 1) and are part of the tectonic unit called the Mato-
polska Block (Buta ef al., 2004; Buta & Habryn, 2011). Nu-
merous oil and gas fields or inflows were recorded in this
area in reservoirs that range in age from the Devonian to the
Miocene (e.g., Karnkowski, 1999). Apart from the auto-
chthonous Miocene strata where microbial gases dominate
(Kotarba et al., 2011), gas and oil are mostly accumulated in
the Upper Jurassic carbonates and Upper Cretaceous sand-
stones sealed by Miocene molasse (Karnkowski, 1999).
Wigctaw (2011) defined the origin of the various oils as
mostly generated from the Palacozoic source rocks.

Only a few papers do describe hydrocarbon potential of
the Palacozoic source rocks in the analysed area. Based on

the results of Rock-Eval and petrographic analyses of Car-
boniferous, Silurian and Ordovician samples, Matyasik et
al. (2001) notes the good source rock potential of the oil-
prone kerogen dispersed in the Silurian sequence. Dudek et
al. (2003) analysed Carboniferous and Devonian strata re-
cording generally high gas and oil potential of the Carbonif-
erous section. Matyasik et al. (2004) based on analyses of
samples taken from the Lower and Middle Devonian strata
from Trzebownisko-3 well indicate good oil-prone source
rocks in the clayey intercalations within the Lower Devo-
nian sequence. Kotarba et al. (2004) show the presence of
good oil and gas source rocks in the Carboniferous from
their analyses of 204 samples from 20 boreholes.

This paper describes a quantitative and qualitative eval-
uation of source rocks from the Palaeozoic section of the
Matopolska Block in the basement of the Carpathian Fore-
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deep in the Krakow—Rzeszow area (Fig. 1). We examined
TOC content, petroleum potential, organic matter type and
the thermal maturity of the entire Palacozoic sequence. The
source rock assessment was performed according to geo-
chemical criteria proposed by Peters and Cassa (1994), and
Hunt (1996). Interpretation of the results benefited from
data published by Matyasik ez a/. (2001, 2004), Dudek et al.
(2003) and Kotarba et al. (2004).

The thickness and the initial total organic carbon
(TOCy) content of the source rocks in individual areas were
estimated. The results of the conducted investigations are
the basic data for the 1-D modelling of generation, expul-
sion and migration processes (Kosakowski & Wrdbel,
2011).

Geological map of the south-eastern Poland after Buta & Habryn (2011) and location of sampled wells. For the explanation of

GELOGICAL SETTING

The Lower Palacozoic suite of the Malopolska Block is
composed of the Ordovician carbonate and clastic complex
of a changeable thickness, up to a few hundred metres, and
the Silurian dark-coloured, fine-grained claystone and mud-
stone sequence, up to 200 m thick (Moryc, 2006; Kowalska
et al., 2000). The Silurian strata, representing a relatively
deep-water depositional environment (Malec, 2006), are
usually black or dark brown claystones and shales with
graptolites, which are replaced by the thinner, predomi-
nantly carbonate shelf sediments at the top of the sequence.
In the study area, the Silurian strata represent the lower part
of the stratigraphic section, from the Llandovery to the
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Wenlock (Moryc, 2006). Intensive Late Silurian or Early
Devonian erosion and hiatus in the late Silurian resulted in
deposits of thin sheets (Buta & Habryn, eds, 2008). The
Lower Devonian strata developed as terrigenous deposits,
up to 200 m thick. The carbonaceous deposits of the Middle
and Upper Devonian range from 300 to 400 m in thickness
in the vicinity of Rzeszow (Maksym ef al., 2003) and more
than 1,000 m in the western part of the study region (Zajac,
1984). The Carboniferous deposits in the study area are of
the late Tournaisian—early Namurian age, and represent car-
bonate and clastic facies (Jawor & Baran, 2004). Their thic-
knesses range from 80 to 600 m and from a few metres to
500 m, respectively. Erosion during the Variscan orogeny
removed the Upper Carboniferous and Lower Permian
strata. The Upper Permian strata developed mainly as con-
glomerates and sandstones with variegated claystones and
mudstones in the uppermost part of the interval. These were
deposited in local depressions only, and their thicknesses
rarely exceed a few tens of metres (Jawor & Baran, 2004).
The tectonic position and lithostratigraphic characteristics
of the study area were presented and described in detail by
Buta and Habryn (2008, 2011).

SAMPLES

Samples were taken from cores representing all recog-
nised strata from the Carpathian Foredeep basement. A total
of 600 core samples from 44 wells (Fig. 1), weighing about
400 g each, mainly claystones and siltstones as well as marls
and carbonates, were collected for analysis. Table 1 inclu-
des the number of samples collected, well names, strati-
graphic names and depth.

ANALYTICAL METHODS

The core samples were cleaned from mud contamina-
tions and crushed to the 0.5 — 2 cm fraction. Then, 200 g of
each sample were milled to the fraction of <0.2 mm for geo-
chemical analyses. Screening pyrolysis analyses of rock
samples were carried out with the Rock-Eval Model 11 in-
strument equipped with an organic carbon module. Aliquots
of the selected 77 pulverised samples were extracted with
dichloromethane : methanol (93:7 v/v) in the Soxhlet appa-
ratus. The asphaltene fraction was precipitated with n-hex-
ane. The remaining maltenes were then separated into
compositional fractions of saturated hydrocarbons, aro-
matic hydrocarbons and resins by column chromatography,
using alumina/silica gel (2:1 v/v) columns (0.8 x 25 cm).
The fractions were eluted with n-hexane, toluene, and tolu-
ene: methanol (1:1 v/v), respectively.

The stable carbon isotope analyses of kerogen, bitumen
and bitumen fractions were performed using the Finnigan
Delta Plus mass spectrometer. Selected samples of kerogen
were treated with hydrochloric acid prior to the analysis.
The stable carbon isotope data are presented in the d-nota-
tion relative to the V-PDB standard (Coplen, 1995). The an-
alytical precision is estimated to be & 0.2%o.
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Table 1

The number and stratigraphy of rock samples collected

from individual wells

Midle Lower
well Well | Ordo- | Situ- T2V ;‘3 N Carboni-
code |vician| rian nian | Devo- | carbo .
nian | pates clastic

Bedzienica-2 Be-2 - 4 - - 15 5
Czudec-1 Cz-1 - - - - - 15
Dgbica-10k Dc-10k| - - - - 5 -
Grobla-28 Ga-28 - - - 6 - -
Hermanowa-1 He-1 | 21 20 - - - 22
Jadowniki-5 Jd-5 - - - - 15 -
Kielanowka-11 Ki-11 5 - 3 3 9 -
Kielanowka-12 Ki-12 8 - - - 20 -
Kobylniki-1 Kob-1 - - - 8 3 -
Lakta-2 Lk-2 - - - - 6 -
Lapczyca-2 Lr-2 - - - 13 - -
Leki Gorne-3 LG-3 - - - - - 5
Lubasz-2 Lz-2 3 1 - - - -
Letowice-20 Lo-20 - - - 1 - 1
Mniszow-16 Ms-16 - - - 10 - -
Nawsie-1 Nw-1 - 8 - - - -
Niepotomice-11 | Ne-11 - - 3 20 - -
Nosoéwka-2 Na-2 | 25 - - - 10 -
Nosowka-4 Na-4 - - - - 4 2
Nosowka-5 Na-5 12 - - - 2 -
Nosowka-6 Na-6 9 - - - 6 14
Nosowka-7 Na-7 - - - - 3 -
Nosowka-8 Na-8 8 - - - - -
Nosowka-9 Na-9 1 - - - - -
Nosowka-12 Na-12 4 - - - 12 2
Olesnica-3 0Ol-3 - - - 3 - -
Pilzno-40 Pi-40 6 5 - - - -
Pogorska Wola-15PW-15| - - - - - 1
Prendotowka-2 Pre-2 - - - - 2 -
Puszcza-1 Pu-1 - - - 25 - -
Ractawowka-1 Rw-1 - - - - - 3
Radlna-2 Rd-2 - - - - 2 -
Radzanéw-4 Rn-4 - - - 5 - -
Rajsko-3 Rj-3 - - 2 17 - -
Skalbmierz-3 S1-3 - - - 25 - -
Strozyska-5 Sk-5 5 12 1 5 - -
Strzelce Wielkie-1| SWi-1 - - - - 11 18
Tarnow-19 Ta-19 - - - - 4 -
Trzebownisko-3 | To-3 - - 8 - -
Warys-5 Ws-5 - - - - -
Zagorzyce-1 Ze-1 4 - - - 6 8
Zagorzyce-6 Ze-6 - - - - - 20
Zawada-8K Zd-8K| - 20 - - - -
Zgorsko-2 Zo-2 - - - - 1 -
TOTAL 111 70 17 [ 150 |136 | 116
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The isolation of kerogen for the elemental analysis was
achieved by the SOXTEC™ extraction of pulverised sam-
ples, decalcification of the solid residue with hydrochloric
acid at room temperature, removal of silicates with concen-
trated hydrofluoric acid, removal of newly formed fluoride
phases with hot concentrated HCI, heavy liquid separation
(aqueous ZnBrp solution, density 2.1 g/ml), and repeated
extraction with dichloromethane: methanol (93:7 v/v). The
elemental analysis of the isolated kerogen (C, H, N and S)
was made with the Carlo Erba EA 1108 elemental analyser.
The quantity of pyrite contaminating the kerogen was ana-
lysed as iron on the Perkin-Elmer Plasma 40 ICP-AES in-
strument after digesting the ash from the burned kerogen
(815°C, 30 min.) with hydrochloric acid. The organic sul-
phur content in kerogen was calculated as the difference of
the total and pyritic sulphur. The oxygen content was calcu-
lated as the difference to 100%, taking into account the C,
H, N, S, moisture and ash contents.

The isolated saturated hydrocarbon fractions from the
selected bitumen were diluted in isooctane and analysed by
the GC-MS for biomarker determination. The analyses were
carried out with the Agilent 7890A gas chromatograph
equipped with the Agilent 7683B automatic sampler, an
on-column injection chamber and a fused silica capillary
column (60 m x 0.25 mm i.d.) coated with 95% methyl/5%
phenylsilicone phase (DB-5MS, 0.25 pum film thickness).
Helium was used as the carrier gas. The GC oven was pro-
grammed: 80°C held for 1 min, then increased to 120°C at
the rate of 20°C/min, then increased further to 300°C at the
rate of 3°C/min, and finally held for 35 min. The gas chro-
matograph was coupled with the 5975C mass selective de-
tector (MSD). The MS was operated with an ion source
temperature of 230°C, ionisation energy of 70 eV, and a cy-
cle time of 1 sec in the mass range from 45 to 500 Daltons.

The aromatic hydrocarbon fractions of the bitumen
were analysed by the GC-MS for phenanthrene, dibenzo-
thiophene and their derivatives determination. The analysis
was carried out using the same equipment as for the saturate
hydrocarbons fraction. The GC oven was programmed from
40 to 300°C at the rate of 3°C min'. The MS was operated
with a cycle time of 1 sec in the mass range from 40 to 600
Daltons.

The measurements of the mean random reflectance of
vitrinite-like macerals (R,) were carried out with the use of
the Zeiss-Opton microphotometer at 546 nm wavelength, in
oil. The standards used were 0.496%, 0.921%, 1.141% and
1.662% reflectance (R,). Sample preparation and point
counts were carried out in accordance with the ICCP proce-
dure (Taylor et al., 1998).

The initial TOC content for the strata where geochemi-
cal data were available was determined based on their pres-
ent TOC content and values of the H/C atomic ratio, by the
method proposed by Baskin (1997) and assuming the pres-
ence of the Type-II kerogen in the Lower Palacozoic, Devo-
nian and Lower Carboniferous carbonates (Table 2). The
initial TOC content was calculated from the equation:

TOCo = TOC/(1 - x), (1)

where: x — relative mass loss of TOC in relation to maturity
level described by (H/C)at value (after Baskin, 1997).
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In the case of leaching directly measured kerogen ele-
mental composition data, the H/C values were calculated
based on the measured R, values using the equation calcu-
lated as the best-fit of the H/C — R, relationship worked out
by Behar et al. (1995):

— for the Type Il organic matter (present in all identified
strata without the Lower Carboniferous clastic facies) based
on pyrolysis experiments of the Toarcian shale:

(H/C)a =1.519¢ 022R° R?2=0043  (2)

— for the Type III/Il organic matter (present in the
Lower Carboniferous clastic facies) based on pyrolysis ex-
periments of the Mahakam coal:

(H/C)at = 1.045¢ 0340 R2-0087  (3)

If direct measurements of the Ry, or (H/C)y¢ values were
unavailable, thermal maturity of organic matter was as-
sumed as in the neighbouring wells or based on the Ry —
depth relationship in individual wells.

The present TOC content was determined as a median
value of above-threshold values. For the carbonate facies
(the Middle and Upper Devonian and Lower Carboniferous
carbonates), the assumed threshold TOC quantity was 0.3
wt% (Bordenave, 1993). In the other cases, the minimum
TOC content for potential hydrocarbon source rocks equal
to 0.5 wt% was taken (Peters & Cassa, 1994).

RESULTS AND DISCUSSION

Hydrocarbon potential of individual stratigraphic units

Ordovician strata

From the Ordovician strata, 111 samples from of 13
wells were collected (Table 1, Fig. 1). The total organic car-
bon (TOC) content varies in the strata of this period from 0
to 2.9 wt%, with the median of 0.27 wt% (Table 2). Samples
with the low TOC values dominate, but in four samples col-
lected from wells in the vicinity of Rzeszow (Kielandwka-
11, Nosowka-6 and Zagorzyce-1) high organic carbon con-
tent, over 2 wt%, was recorded (Figs 1, 2). The residual hy-
drocarbon content (S7) as well as total hydrocarbon content
(S1+S2), similarly to the TOC values, are usually low and
range from 0.08 to 15.8 and 0.16 to 16.9 mg HC/g rock, re-
spectively, with the median values of 0.89 and 1.01 mg
HC/g rock, respectively (Table 2, Fig. 3A), indicating that
the analysed strata are generally poor for generation of hy-
drocarbons. In ten samples the Sy values exceed 5 mg HC/g
rock (Fig. 2) indicating good and very good hydrocarbon
potential. The best source rock properties are noted in the
vicinity of Rzeszéw (Kielanowka-11 and Hermanowa-1
wells, Fig. 1).

The correlation between the hydrogen index HI and the
Tnax temperature (Fig. 4A), the n-alkanes and isoprenoids
distribution (Table 3, Figs 5, 6A), the stable carbon isotope
composition (Table 4, Figs 7A, 8A), the biomarker distribu-
tion (Table 5, Fig. 9) and the kerogen elemental composi-
tion (Table 6, Fig. 10) provides evidence that in the Ordovi-
cian strata the oil-prone Type II kerogen is present. Organic
matter was deposited usually in the normal marine condi-
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Fig. 2.
graphic divisions of the Palaeozoic strata

tions (1<P1/Ph<3, Table 3) (Didyk et al., 1978) and locally
(in the Hermanowa-1 section) in anoxic conditions
(Pr/Ph<I). Low values of gammacerane index (GI) indicate
absence of hypersaline sedimentation environment (Sinin-
ghe Damste et al., 1995). The stable carbon isotope compo-
sition reveals the presence of organic matter enriched in

Histograms of total organic carbon, residual hydrocarbon contents, hydrogen index, and 7y, temperature for the lithostrati-

lighter isotope (Figs 7A, 8A), typical for the Lower Palaeo-
zoic sediments where organic matter came primarily from
algae (Riding, 2001). The composition of the regular stera-
nes (Fig. 9) as well as values of the ratios calculated based
on steranes, diasteranes and hopanes distribution (Table 5)
indicate the same type of organic matter in all the Ordovi-
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Table 2

Geochemical characteristics and hydrocarbon potential of the Palacozoic strata in the Krakow-Rzeszow area

Stratigraphy ; ; 2
£raphy Bidoyidian &ifitian fose Bavonih Middle + Upper Lower Carboniferous | Lower Carboniferous
Index Devonian (carbonates) (clastic)
TOC (wt% 0001029 (11| 0101066 (70) | 0021024 (17) | 0001026 (150)] 0001050 (137)| _0.00t063 (115)
i) 0.27 1) 1.57 K] 0.56 5) 0.05 (15) 0.12 (19) 0.64 (13)
42210445 (67) | 42410444 (68) [ 42710448 (1) | _42010499 (24) [ 41610478 (43) | _42810458  (77)
T,.(C 436 m| — a7 | ®, @ 437 (10) 436 (14) 139 (12)
S, 0.08t0158 (74) [ 02610403 (68) | 0.12t093 (13) 000t045  (47)| 0.00t0 137 (56) | 0.0910228 (81)
S,+S, 01610169 (74| 03510438 (68)] 0151094 (13) 0061047  (47)| 00210143 (56) | _0.101023.0 (81)
0.00t0 041 (67) | _0.0310032 (68)| _0.00t0040 (12) | 00210082 (30) [ 0.00t00.62 (52)| 0.00t0035 (81)
P1 0.3 (10) 013 002 @ 034 ® 008 (1) 006 (12)
HI 6210631 (TD| 11910618 (68) | 4510442 (12) 410271 (33) [ _ 0t0341  (53)| _15t0362 (82)
(mg HC/g TOC) 241 (1n) 306 ] 228 @ 70 (10) 96 (14) 83 (12)
0l 010408 (69)] 010268  (68)| 1710200 (12) 1210448  (30)| _0w0331  (52)| __Oto84  (76)
(mg CO/g TOC) 16 (10) 18 (7 59 @) 81 8) 30 (14) 13 (1
BR 6010650 (27)| _2210199 (6) [ _ 171064 _(5) 91078  (5) [ _ 1210300 (19) | _Ntl53  (31)
(mg bit./g TOC) 120 (7 127 (6) 41 2) 39 () 68 (10) 57 (8)
R, (%) 0.66101.03 (5) | 03610075 (1] _ 05710098 _(5) 07210110  (3) | _061t0l60 (9) | 0.6d4t0l.16 (21)
. 0.71 @ 0.66 §] 0.61 G) 0.80 3) 0.88 @) 0.74 ()
Vitrinite _ 203 () 51068 (ID]_ 21054 () 78 (1 analysis) 010100  (6) | 61069  (15)
macerals (%) 8 @ 23 () 4 NE] s 35 @ I 3
Liptinite 671098  (5) 0w095  (1)]_ 461097 _(5) 22 (1 analysis) 00100 (6) 13091 (15)
macerals (%) 83 (4) 77 (3) 93 (3) = 50 (4) 40 3)
Inertinite 008  (5) 0to5 (1) 0to8 _(5) ; Dtodd  (6) 3024 (15)
macerals (%) o @ 20O | B | b 7 @ s 0
Kerogen type I Il Il 11 (I1/111) 11 (11/111) M1 (1111
Maturity mature matire matire mature/overmature immature/mature mature
Hydrocarbon o ot fair ; -
potential poorjat 8¢ / poor poor fair

TOC - total organic carbon; T, — temperature of maximum of S, peak; S, — residual petroleum potential; S, — oil and gas yield (mg HC/g rock); PI — pro-
duction index; HI — hydrogen index; OI — oxygen index; BR — bitumen ratio. Range of geochemical parameters is given as numerator; median values in de-
nominator, in parentheses: number of samples from wells (numerator) and number of sampled wells (denominator); kerogen type in brackets — secondary
occurrence

cian samples deposited mostly in marine shales. Only in sin-
gle samples is enrichment in carbonates visible, i.e. in sam-
ple He-1/4918.5, where homohopane index (C35/C34) is
above 1 (e.g., Mello ef al., 1988). Also for sample Na-6/
4019.6, characterizing lowered Ts/(Ts+Tm) and Cp7 dia/
(diatreg) ratios (Fig. 11A) in comparison to samples col-
lected only few meters above and below it, the effect of pH
increase in the anoxic carbonate environment is visible
(Moldowan et al., 1994; vide Peters et al., 2005, p. 614).
Domination of the liptinite macerals in the analysed samples
(Table 2) supports the results of geochemical analyses and

indicates the presence of the oil-prone Type II kerogen. The
low values of the S/C atomic ratio in kerogen, below 0.04
(Table 6) reveal the presence of the low-sulphur (slow-gen-
erative) kerogen (Orr, 1986).

The thermal maturity of the Ordovician strata was de-
termined based on the Rock-Eval data (Table 2), the mea-
surements of the vitrinite-like macerals reflectance (Table
2), and the biomarker (Table 5) and aromatic hydrocarbons
distribution (Table 7). Also indirectly for this purpose, the
results of the kerogen elemental composition analysis (H/C
and O/C values) were used (Table 6). Due to the low resid-
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ual hydrocarbon content, the 7}, values were determined
for 67 samples only (Table 2, Fig. 2). Values of this parame-
ter indicate the maturity of the investigated strata from the
final stage of microbial process to the middle phase of the
“oil window” (from 422 to 445°C, Table 2, Figs 2, 4A). The
maturity indices calculated based on the biomarkers, me-
thylphenanthrenes and methyldibenzothiophenes distribu-
tions (Tables 5, 6, Figs 11, 12) as well as the vitrinite-like
macerals reflectance of the discussed organic matter (Table
2) generally correspond with 77, values indicating the ini-
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tial and the middle phase of the oil window. The most ma-
ture levels were recorded in Hermanowa-1 well section
(Figs 11, 12).

Silurian strata

From the Silurian strata, 70 samples from 7 wells were
collected (Table 1). The total organic carbon (TOC) content
varies from 0.1 to 6.6 wt%, with the median of 1.57 wt%
(Table 2). Most of the samples are characterized by the TOC
content from 1 to 5 wt% indicating good and very good
source rock potential (Table 2, Fig. 2). The highest TOC
contents, i.e. over 4 wt%, were recorded in the Herma-
nowa-1 well (Figs 1, 3A). The residual hydrocarbon con-
tents (S2) as well as total hydrocarbon content (S;+S3), are
directly proportional to the TOC values, and vary from 0.26
to 40.3 and from 0.35 to 43.8 mg HC/g rock, respectively,
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Table 3

Indices calculated from distribution of the n-alkanes and isoprenoids in bitumen extracted from the Palacozoic strata

Well Depth (m) Stratigraphy CPI(17-31) CPI(17-23) CPl25.31) Pr/Ph Pr/n-C17 Ph/n-Cig
4912.5 0.99 0.99 0.96 0.98 0.55 0.35
Hermanowa-1
4,918.5 0.94 0.94 0.91 1.38 0.58 0.33
) 3,725.0 traces
Kielanowka-11
3,726.5 0.87 0.84 0.98 1.37 0.95 0.33
Kielanowka-12 3,653.5 Ordovician 0.90 0.85 1.42 1.76 0.99 0.35
Nosowka-2 3,432.0 n.c. n.c. 1.17 n.c. n.c. 0.55
4,015.3 n.c. n.c. 1.19 n.c. n.c. 0.34
Nosowka-6 4,019.6 n.c. n.c. 1.13 n.c. n.c. 0.38
4,020.5 1.01 0.98 1.13 1.73 1.34 0.46
Bedzienica-2 4,594.5 n.c. n.c. 0.91 n.c. n.c. 0.69
4,659.5 n.c. n.c. 0.85 n.c. n.c. 0.52
Hermanowa-1 4,699.5 n.c. n.c. 0.78 1.44 n.c. 0.39
4,699-4,701 0.97 1.02 0.85 2.18 1.92 0.88
4,818.5 0.94 0.97 0.88 1.10 1.28 0.80
Nawsie-1
4,821.5 0.95 0.94 0.93 1.27 2.00 1.06
Silurian
Pilzno-40 3,551.0 1.01 1.01 1.00 1.89 3.17 1.28
2,875.7 0.83 0.74 0.93 0.80 0.61 0.28
Strozyska-5
2,977.2 0.74 0.64 0.86 0.40 1.47 0.99
3,326.5 n.c. n.c. 1.00 0.05 n.c. n.c.
Zawada-8K 3,332.5 n.c. n.c. 1.19 0.90 n.c. n.c.
3,335.0 1.13 1.16 1.12 1.02 0.65 1.04
Kielanowka-11%* 3,671.1 L. Devonian 1.13 0.99 1.32 0.14 0.25 0.76
Strozyska-5 2,333.8 M.+ U n.c. n.c. 0.94 0.18 n.c. 0.05
Devonian
Bedzienica-2* 4,521.0 0.99 0.96 1.02 0.75 0.34 0.36
Jadowniki- 5* 2,880.0 L; 1.21 0.99 1.46 0.91 1.68 0.48
- Carboniferous
Kielanowka-12* 3,294.2 (carbonates) 1.03 1.04 1.00 1.47 0.99 0.48
Strzelce Wielkie-1* 2,865.6 0.98 0.93 1.09 0.50 0.21 0.25
o 4,364.0 1.22 1.11 1.37 0.17 1.33 0.66
Bedzienica-2*
4,367.0 1.20 1.07 1.42 1.30 2.16 0.65
Czudec-1* 4,285.5 1.02 0.97 1.09 1.54 1.04 0.58
3,698.2 L; 1.37 1.19 1.62 0.76 3.46 0.79
Nosowka-6* Carboniferous
3,734.2 (clastic) 1.15 1.04 1.24 2.07 1.96 0.67
Strzelce Wielkie-1* 1,922.3 1.06 1.03 1.08 1.78 1.21 0.49
4,320.0 1.31 1.10 1.62 1.46 2.72 0.63
Zagorzyce-6*
4,500.5 1.15 1.04 1.43 0.43 0.81 0.53

CPlj751) = [(Ci7+Cigt.. ATy Cog) H(C ot Co . FCog Gy YN/ 2+(Ct gt +CoCo)]

CPI(ZS-S]) = [(C25+C27+C29)+(C27+C29+C3l)]/[z'(C20+C2S+C3O)]

Pr — pristane; Ph — phytane; * — data after Kotarba ef al. (2004); n.c. — not calculated; L. — Lower; M. — Middle; U. — Upper

with the median values of 5.0 and 5.6 mg HC/g rock, re-
spectively (Table 2, Fig. 3A). The best hydrocarbon poten-
tial was recorded in the Hermanowa-1 well (Fig. 3A).

In the Silurian strata, like in the Ordovician ones, the
oil-prone Type II kerogen is present. This statement is sup-
ported by the results of the pyrolytic data (Fig. 4A), the n-al-
kanes and isoprenoids distribution (Table 3, Figs 5, 6A), the
stable carbon isotope composition (Table 4, Figs 7A, 8A),
the biomarker distribution (Table 5, Fig. 9), and the kerogen
elemental composition (Table 7, Fig. 10). The hydrogen in-
dex values are usually from 200 to 400 mg HC/g TOC (Figs

2,4A). The lowest HI values, suggesting the presence of the
Type III kerogen, were evidenced for the samples characte-
rizing very low organic carbon contents, what is probably
caused by partial oxidation of organic matter during sedi-
mentation (Marynowski et al., 2011). Organic matter in the
Silurian strata was deposited, like in the Ordovician strata,
in the normal marine (1<Pr/Ph<3) and anoxic conditions
(Table 3) (Didyk et al., 1978). Values of biomarker indices
evidence its deposition in marine shales (Peters et al., 2005)
and some differences in values between individual samples
are results of thermal maturity (Fig. 11A). The stable carbon
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isotope composition reveals the presence of very light or-
ganic matter (Figs 7A, 8A), probably of algal origin
(Lewan, 1986). The wide range of 8'3C values is probably
caused by facies changes. The composition of the regular
steranes (Fig. 9) indicates the same type of organic matter as
in the Ordovician strata. Domination of the liptinite mace-
rals in the analysed samples (Table 2) suggests the presence
of the same as in the previously discussed strata, oil-prone
Type Il kerogen. Also in these strata, like in the Ordovician
ones, the low-sulphur kerogen is present (Table 6).

The thermal maturity of the Silurian samples, similarly
to the previously discussed Ordovician ones, was deter-
mined based on the pyrolytic data (Table 2), measurements
of the vitrinite-like macerals reflectance (Table 2), biomar-
ker (Table 5) and aromatic hydrocarbons distribution (Ta-
ble 7), and the results of the kerogen elemental composition
(Table 6). The T}, values indicate the maturity from the fi-
nal phase of the microbial process to the middle phase of the
“oil window” (from 424 to 444°C; Table 2, Figs 2, 4A). The
maturity indices calculated based on the biomarkers, me-
thylphenanthrenes and methyldibenzothiophenes distribu-
tions (Tables 5, 6, Figs 11, 12) correspond with 7}, values.
The less mature Silurian strata are in the Zawada-8K section
(immature organic matter) and the most mature organic
matter occurs in Stroézyska-5 and Hermanowa-1 wells (Figs
11, 12). The vitrinite-like macerals reflectance of organic
matter corresponds with the Rock-Eval, biomarker, aro-
matic hydrocarbon and kerogen elemental composition data
(Table 2).

Lower Devonian strata

From the terrigenous Lower Devonian strata, 17 sam-
ples from 5 wells were analysed (Table 1). They mainly
came from the Trzebownisko-3 well section described by
Matyasik et al. (2004). The total organic carbon (TOC) con-
tent varies in these strata from 0.02 to 2.4 wt%, with the me-
dian of 0.56 wt% (Table 2). Samples with the low TOC val-
ues dominate, but in three samples the organic carbon con-

tent higher than 1 wt% was recorded (Fig. 2). The residual
hydrocarbon as well as total hydrocarbon contents, compa-
rable to the TOC values, are usually low and range from
0.12 t0 9.3 and from 0.15 to 9.4 mg HC/g rock, respectively,
with the median values of 1.64 and 1.67 mg HC/g rock, re-
spectively (Table 2, Fig. 3B) indicating that the analysed
strata are generally fair for generation of hydrocarbons. In
four samples the Sy values exceed 2.5 mg HC/g rock (Fig.
2) indicating fair and good hydrocarbon potential. The best
source rock properties are noted in the vicinity of Rzeszow
(Trzebownisko-3 well, Figs 1, 3B).

In the Lower Devonian strata, like in the above-men-
tioned Lower Palacozoic divisions, the oil-prone Type II
kerogen is present. This hypothesis is supported by the cor-
relation between the hydrogen index HI and the 7}, tem-
perature (Fig. 4B) and the n-alkanes and isoprenoids distri-
bution (Table 3, Fig. 6B). Values of the pristane/phytane ra-
tio below one suggest deposition in anoxic conditions, al-
though increased values of the oxygen index up to 200 with
the median value of 59 mg COy/g TOC (Table 2) indicate
synsedimentary oxidation or weathering (e.g., Marynowski
et al., 2011) of organic matter. Domination of the liptinite
macerals in the analysed samples (Table 2) supports the re-
sults of geochemical analyses and records the presence of
the oil-prone Type II kerogen.

The thermal maturity of the Lower Devonian strata was
determined based on the pyrolytic data (Table 2), measure-
ments of the vitrinite-like macerals reflectance (Table 2),
and aromatic hydrocarbons distribution (Table 7). Due to
the low residual hydrocarbons content in 6 samples, the
Tnax values were determined for 11 samples only (Table 2,
Fig. 2). Values of this parameter indicate the maturity of the
investigated strata from the initial to the main phase of the
“oil window” (from 427 to 448°C; Table 2, Figs 2, 4B). The
maturity indices calculated for the single sample based on
the methylphenanthrenes distribution (Table 7) correspond
with its T},4x value indicating the initial phase of the oil win-
dow. The vitrinite material reflectance of the discussed or-
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Table 4

Fractions and stable carbon isotope composition of bitumen, its individual fractions and kerogen of the Palacozoic strata

Well Depth Strati- Fractions (wt%) 8"C (%)

code (m) graphy Sat Aro Res Asph Sat Bit Aro Res Asph Ker
4912.5 42 22 23 13 -31.3 -31.2 -31.2 -30.8 -30.9 -30.8
He-l 4918.5 40 22 28 10 -31.3 -31.1 -31.0 -31.0 -31.0 -30.9
. 3726.5 27 25 33 15 -30.7 -30.8 -30.8 -30.1 -29.9 -30.7
K-l 3725.0 14 13 31 42 -29.9 -30.2 -30.6 -28.9 -31.1 -30.6
Ki-12 3653.5 Ordovician 19 8 33 40 -29.2 -29.8 -29.6 -29.5 -30.4 -29.5
Na-2 3432.0 18 12 30 40 -31.2 -30.6 -31.3 -29.5 -31.0 -30.9
4015.3 18 15 27 40 -30.6 -30.7 -31.2 -30.6 -30.6 -30.9
Na-6 4019.6 17 16 43 24 -30.2 -30.8 -31.3 -30.7 -30.9 -30.9
4020.5 20 12 37 31 -31.0 -30.9 -31.1 -30.7 -30.8 -30.8

Be-2 4594.5 30 14 36 20 -30.7 -30.6 -30.5 -30.3 -29.9 -30.3
4659.5 26 21 31 22 -30.8 -30.8 -30.7 -30.1 -30.4 -30.5
He-1 4699.5 21 24 30 25 -30.3 -29.9 -29.9 -29.6 -29.4 -29.8
4699-4701 32 26 21 21 -30.2 -30.2 -30.5 -29.2 -29.6 -29.9

Nw.1 4818.5 24 18 29 29 -29.0 -28.8 -28.8 -28.7 -28.9 -28.5
4821.5 o 24 16 33 27 -28.7 -28.7 -28.7 -28.8 -28.4 -28.1

Pi-40 3551.0 Silurian 26 20 29 25 -28.9 -28.3 -28.8 -27.8 -28.0 -27.8
Sk 2875.7 37 23 28 12 -32.0 -31.6 -31.6 -31.1 -31.3 -31.2
2977.2 25 21 33 21 -28.5 -27.7 -27.2 -27.5 -27.5 -27.7

3326.5 14 20 27 39 -29.5 -29.2 -29.5 -28.6 -29.0 -28.1

Zd-8K 3332.5 10 15 27 48 -30.7 -30.3 -31.0 -29.6 -30.4 -29.6
3335.0 15 16 27 42 -30.5 -29.8 -30.8 -29.5 -29.3 -29.1

Sk-5 2333.8 M.+ U.D. 12 24 36 28 -28.4 -27.5 -27.3 -27.3 -27.5 -27.8
Be-2* 4521.0 29 33 24 14 -23.9 -24.2 -24.3 -24.3 -24.5 -24.4
Jd- 5* 2880.0 (car]l;ogétes) 8 13 19 60 -29.2 -25.3 -26.1 -25.8 -24.5 -26.1
Ki-12* 32942 11 24 23 42 -28.0 -26.6 -26.4 -27.0 -26.5 -25.5
Be-2* 4367.0 5 20 18 57 -29.2 -24.5 =254 -24.7 -24.2 -24.8
Cz-1* 4285.5 17 12 47 24 -29.4 -26.7 -26.8 -26.9 -24.6 -24.1
Na-6* 37342 21 17 14 48 -29.8 =254 -26.8 -25.2 -23.8 -23.7
SWi-1*%| 19223 (clfe;s(é.c) 13 26 19 42 -29.0 -28.6 -29.3 -28.3 -28.2 -26.9
Ze-1* 3642.0 20 9 18 53 -26.4 -25.4 -25.8 -25.8 -24.8 n.a.
et 4320.0 4 14 19 63 -29.1 -24.5 -25.2 -24.6 -24.3 243
4500.5 9 23 19 49 -30.0 -26.4 -26.9 -26.4 -25.4 -25.6

Sat — saturated hydrocarbons; Aro — aromatic hydrocarbons; Res — resins; Asph — asphaltenes; Bit — bitumen; Ker — kerogen;
* — data after Kotarba et al. (2004); M. — Middle; U. — Upper; L. — Lower; n.a. — not analysed; D. — Devonian; C. — Carboniferous

ganic matter corresponds with the Rock-Eval and aromatic
hydrocarbon distribution data (Table 2).

Middle and Upper Devonian strata

From the carbonaceous Middle and Upper Devonian
strata, 150 samples from 15 wells were analysed (Table 1).
They mainly came from the well sections located in the
western part of the analysed area (Fig. 1) where thicknesses
of these strata are the highest (Zajac, 1984). The total or-
ganic carbon (TOC) content varies from 0 to 2.6 wt%, with
the median of 0.05 wt% (Table 2). Samples lean in organic
carbon dominate, but in seven samples the organic carbon

content higher than 1 wt% was recorded (Fig. 2). The S, as
well as S1+S; values, similarly to the TOC values, are usu-
ally very low and range from 0 to 4.5 and from 0.06 to 4.7
mg HC/g rock, respectively, with the median values of 0.16
and 0.26 mg HC/g rock, respectively (Table 2, Fig. 3B) in-
dicating that the analysed strata are generally poor source
rocks. In two samples the Sy values exceed 2.5 mg HC/g
rock (Fig. 2) indicating fair hydrocarbon potential. The best
source rock properties are noted in the Grobla area
(Grobla-28 and Rajsko-3 wells; Figs 1, 3B). The only traces
of hydrocarbons in the Grobla-28 well and at the same time
high TOC contents (Fig. 3B) are the result of elevated or-
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ganic matter maturity in this area. High TOC contents at
high maturity level suggest that the initial hydrocarbon po-
tential of some parts of this section could be very good and
even excellent.

In the Middle and Upper Devonian carbonates, simi-
larly to the above-mentioned divisions, the oil-prone Type
IT kerogen dominates with local admixtures of the gas-prone
Type III kerogen. This hypothesis is supported by the corre-
lation between the hydrogen index HI and the T}y temper-
ature (Fig. 4B) and the n-alkanes and isoprenoids distribu-
tion (Table 3, Fig. 5), the stable carbon isotope composition
(Table 4, Figs 7B, 8B), and the biomarker distribution (Ta-
ble 5, Fig. 9). n-Alkane and isoprenoid distributions suggest
that organic matter was deposited in reducing conditions
(Pr/Ph<1) (Didyk et al., 1978) without hypersalinity (traces
of gammacerane, Table 5). Low values of sterane/ (sterane+
terpane) ratio (Table 5) point to carbonate environment of
deposition (Peters ef al., 2005). Also low values of Ts/(Ts+
Tm) ratio (Table 5, Fig. 11) may be connected with anoxic
carbonate environment (Rullkdtter ef al., 1985). Increased
value of Cp7 dia/(dia+reg) ratio, suggesting suboxic condi-
tions of deposition (Moldowan et al., 1994; vide Peters et
al., 2005, p. 617), are probably a result of thermal matura-
tion processes (Seifert & Moldowan, 1978). Elevated val-
ues of the oxygen index up to 448 with the median value of
81 mg COy/g TOC (Table 2) may indicate synsedimentary
oxidation of organic matter, but these values can be a result
of decomposition of carbonates present in rock mineral ma-
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strata, based on stable carbon isotope composition of saturated and
aromatic hydrocarbons. Genetic fields after Sofer (1984). For the
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trix during pyrolysis (Espitalié et al., 1985). Domination of
the vitrinite macerals in the single sample (Table 2), sug-
gesting the presence of mixed (Type II/IIT) organic matter,
is probably a result of partial decomposition of liptinite
macerals during maturation of organic matter; the results of
geochemical analyses indicate domination of the oil-prone
Type I kerogen, as described earlier by Dudek ez al. (2003).

The thermal maturity of the Middle and Upper Devo-
nian strata was determined based on the pyrolytic data (Ta-
ble 2), measurements of the vitrinite-like macerals reflec-
tance (Table 2), sterane and hopane indices (Table 5, Figs
11, 12), and the aromatic hydrocarbons distribution (Table
7). Due to the low residual hydrocarbons content in most of
the samples, the 7,4, values were determined for 24 sam-
ples only (Table 2, Fig. 2). Values of this parameter, from
420 to 499°C (Table 2, Figs 2, 4B), indicate the maturity of
the investigated strata from the final stage of immature (mi-
crobial processes) to the overmature zones (high-tempera-
ture thermogenic processes). The maturity indices calcula-
ted for the single sample based on the methylphenanthrenes
and methyldibenzothiophenes distribution (Table 7) corre-
spond with its 7},,4x value indicating the initial phase of the
oil window. The vitrinite macerals reflectance of the discus-
sed organic matter corresponds with the Rock-Eval and aro-
matic hydrocarbon distribution data (Table 2). The most
mature organic matter was recorded in the vicinity of Gro-
bla (western part of the study area).
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Table 5

Selected biomarker characteristics of bitumen from the Palaeozoic strata

Cv(\)/gg D(%h Strat. (S«SF/T) Co | G | Co ]I)(:jg/ I\I;[;)g df?gé;a CoSR Bgffa S/(l;i]R) (TsT+ST/m) Gl Czsgt/e(r:27 Cczjjlj/ Ccssi/
He-1 |4912.5 0.39 38 16 46 1.33 | 029 | 038 | 0.47 | 0.59 | 0.65 0.62 0.14 | 1.19 | 0.83 | 0.52
He-1 |4918.5 0.46 38 22 39 1.34 | 0.16 | 030 | 0.53 | 0.65 | 0.64 0.74 0.14 | 1.02 | 1.22 | 1.20
Ki-11 |3,726.5 0.40 35 18 47 0.52 0.21 0.29 0.44 0.39 0.62 0.33 0.11 1.36 0.30 0.84
Ki-11 (3,725.0 traces of biomarkers

Ki-12 |3,653.5 82(11; 0.27 35 18 47 1.23 | 0.15 | 039 | 0.57 | 045 | 0.61 0.59 0.15 | 1.35 | 0.14 | 0.55
Na-2 [3,432.0 0.51 27 20 54 0.17 | 026 | 0.23 | 0.30 | 0.25 | 0.63 0.31 0.14 | 2.01 | 035 | 0.37
Na-6 [4,015.3 0.41 30 24 46 0.52 | 023 | 035 | 041 | 0.33 | 0.61 0.46 0.13 | 1.55 | 0.24 | 0.46
Na-6 |4,019.6 0.37 36 19 46 043 | 0.15 | 0.24 | 045 | 0.33 | 0.60 0.30 0.14 | 1.27 | 0.27 | 0.50
Na-6 [4,020.5 0.37 33 15 51 0.56 | 0.26 | 032 | 0.46 | 0.34 | 0.61 0.44 0.13 | 1.55 | 0.13 | 0.31
Be-2 |4,594.5 0.39 28 19 53 0.80 | 0.18 | 0.27 | 0.52 | 0.51 | 0.59 0.58 0.15 | 2.13 | 1.19 | 049
He-1 |4,659.5 0.51 34 23 43 083 | 0.19 | 0.28 | 0.54 | 0.49 | 0.65 0.74 0.17 | 1.24 | 044 | 0.74
He-1 |4,699.5 0.53 31 22 48 0.57 | 0.15 | 0.25 | 0.53 | 0.49 | 0.66 0.67 0.19 | 1.55 | 043 | 0.94
Nw-1 [4,818.5 0.67 40 16 44 1.04 | 0.12 | 030 | 0.41 | 0.59 | 0.56 0.70 0.07 | 1.08 | 0.46 tr.
Nw-1 |4,821.5 ' traces of biomarkers

Pi-40 |3,551.0 Srll;l:l 0.74 37 15 48 023 | 021 | 0.20 | 0.30 | 0.26 | 0.64 0.54 0.08 | 1.27 | 0.53 | 0.58
Sk-5 |2,875.7 0.33 30 21 48 094 | 0.16 | 049 | 047 | 0.56 | 0.64 0.69 tr. 1.58 | 0.81 | 0.83
Sk-5 |2,977.2 0.29 28 20 52 0.51 | 0.17 | 034 | 0.67 | 0.58 | 0.57 0.82 tr. 1.86 | 098 | 0.72
7d-8K |3,326.5 0.78 26 19 55 0.11 | 038 | 0.20 | 0.15 | 0.27 | 0.56 0.33 0.12 | 2.11 | 0.08 | 0.58
Zd-8K |3,332.5 0.71 29 16 55 0.11 | 044 | 020 | 0.15 | 0.24 | 0.52 0.28 020 | 1.88 | 0.02 | 0.31
7d-8K |3,335.0 0.73 29 15 56 0.10 | 0.41 | 0.18 | 0.16 | 0.26 | 0.51 0.21 0.16 | 1.91 | 0.11 tr.
Sk-5 |2,333.8 MD+ U 0.08 36 20 44 0.53 | 023 | 035 | 040 | 0.37 | 0.59 0.12 tr. 122 | 1.13 | 0.52

M. — Middle; U. — Upper; D. — Devonian; S/(S+T) = all steranes/(all steranes + all terpanes);

C,; = C,;001020R sterane/(C,;+C,51Cy)0t0t0t20R

steranes*100; C,g = C,30000020R sterane/(C,,+C,1+C,0)at00020R steranes*100; Cpo = C,00t00020R sterane/(C,,+Cp5+C,0)01000.20R steranes* 100; Dia/Reg =
C,; B 208 diasterane/C,,0t0t0.20R sterane; Mor/Hop = Moretane/1 70 hopane; C,, dia/(diatreg) = C,; Bat 20(S+R) diasterane/(C,; Bo. 20(S+R) diasterane +
XC27 regular steranes); C,,SR = epimerisation of regular steranes C,, ratio; C,oBoio. = ratio of Bf-epimeres of regular steranes C,, to their total quantity;
H;,S/(S+R) = homohopane 22S/(22S+22R); Ts/(Ts+Tm) = C,, 18o trisnorhopane/(C,; 18 trisnorhopane + C,; 170 trisnorhopane); GI =
Gammacerane/17a hopane; C,/C,;ster = ZC,, regular steranes/ZC,; regular steranes; CyTs/Cy,H = C,9 180t norneohopane/C,, norhopane; C;5/Cs, = Css
(22S+22R) homohopanes/Cs, (22S+22R) homohopanes; tr. — traces; explanation of well codes — see Table 1

Lower Carboniferous carbonate facies

From the carbonaceous facies of the Lower Carbonifer-
ous strata, 137 samples from 19 wells were analysed (Table
1). The total organic carbon (TOC) content varies in these
strata from 0 to 5.0 wt%, with the median of 0.12 wt% (Ta-
ble 2). Samples lean in organic carbon dominate, but in 14
samples the organic carbon content over 1 wt% was recor-
ded (Fig. 2). The highest TOC contents, up to 5 wt%, were
recorded by Kotarba et al. (2004) in the Lakta-2 well (Figs
1,3B). The S, as well as S1+S; values, like the TOC values,
are usually very low and range from 0.00 to 13.7 and from
0.02 to 14.3 mg HC/g rock, respectively, with the median
values of 0.44 and 0.47 mg HC/g rock, respectively (Table
2, Fig. 3B), indicating that the analysed strata are generally
poor for generation of hydrocarbons. In three samples the
Sy value exceeds 5 mg HC/g rock (Fig. 2) indicating good
hydrocarbon potential. The best source rock properties are
noted in the vicinity of Lakta (Lakta-2 well; Figs 1, 3B).

In the Lower Carboniferous carbonates, like in the
above-mentioned divisions, the oil-prone Type II kerogen
dominates with local admixtures of the gas-prone Type III

kerogen. This hypothesis is supported by the correlation be-
tween the hydrogen index HI and the 7}y, temperature (Fig.
4B), the n-alkanes and isoprenoids distribution (Table 3,
Fig. 6B) and the stable carbon isotope composition (Table
4, Figs 7B, 8B). The highest share of the Type III kerogen is
observed in the western part of the analysed area (Fig. 8B).
According to the n-alkane and isoprenoid distribution, or-
ganic matter was deposited in changeable (reducing to sub-
oxic) conditions (the Pr/Ph ratio above and below 1) (Didyk
et al., 1978). Domination of the liptynite macerals in the
analysed samples with a sometimes high percent of the
vitrinite macerals (Table 2) suggests the presence of mixed
(Type II/III) organic matter with the domination of the
oil-prone Type II kerogen.

The thermal maturity of the Lower Carboniferous car-
bonate facies was determined based on the pyrolytic data
(Table 2), vitrinite reflectance (Table 2) and the aromatic
hydrocarbons distribution (Table 7). Due to the low residual
hydrocarbon content in most of the samples, the 7}, values
were determined for 42 samples only (Table 2, Fig. 2). Val-
ues of this parameter indicate the maturity of the investi-
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Fig.9. Ternary diagram of distribution of the regular steranes
with oloow configuration in bitumen from the Ordovician, Silurian
and Middle and Upper Devonian strata. Classification modified
after Peters et al. (2005)

gated strata from the immature zone to the gas window
phase (from 416 to 478°C; Table 2, Figs 2, 4B). The matu-
rity indices calculated based on the methylphenanthrenes
and methyldibenzothiophenes distribution (Table 7) and the
vitrinite macerals reflectance (Table 2) correspond with
Tmax values. The less mature levels were observed in the
section of the Lakta-2 well and the most mature strata were
recorded by Dudek et al. (2003) at the bottom of the investi-
gated strata in the Strzelce Wielkie-1 well section (Table 2,
Fig. 1).

Lower Carboniferous clastic facies

From the clastic facies of the Lower Carboniferous
strata, 115 samples from 13 wells were analysed (Table 1).
The total organic carbon (TOC) content varies from 0 to 6.3
wt%, with the median of 0.64 wt% (Table 2). Samples char-
acterized by the poor and fair organic carbon content (below
1 wt%) dominate, but in 7 samples the organic carbon con-
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tent was higher than 2 wt% (Fig. 2) The highest TOC con-
tent, 6.3 wt%, was recorded by Dudek ef al. (2003) in the
Letowice-20 well (Figs 1, 3B). The residual hydrocarbon
contents (S») as well as total hydrocarbon contents (S;+S3),
similarly to the TOC values, are usually low and range from
0.09 to 22.8 and from 0.10 to 23.0 mg HC/g rock, respec-
tively, with the median values of 0.64 and 0.70 mg HC/g
rock, respectively (Table 2, Fig. 3B), indicating that the
analysed strata are generally poor source rocks. The best
source rock properties are noted in the area north of Brzesko
(Letowice-20 and Strzelce Wielkie-1 wells) and in the vi-
cinity of Rzeszow (Zagorzyce-1, Czudec-1 and No-
sowka-6 wells) (Figs 1, 3B).

In the Lower Carboniferous clastic deposits, contrary to
the previously discussed divisions, the gas-prone Type III
kerogen dominates. Local admixtures of the oil-prone Type
IT kerogen are observed. This hypothesis is supported by the
correlation between the hydrogen index HI and the Tj4y
temperature (Fig. 4B), the n-alkanes and isoprenoids distri-
bution (Table 3, Figs 5, 6B) and the stable carbon isotope
composition (Table 4, Figs 7B, 8B). The highest share of
the Type III kerogen is observed in the eastern part of the
study area (Fig. 8B). According to the n-alkane and isopre-
noid distribution, organic matter was deposited in change-
able (reducing and sub-oxic) conditions (the Pr/Ph ratio
above and below one) (Didyk et al., 1978). The comparable
amounts of the vitrinite and liptinite macerals in the ana-
lysed samples (Table 2) suggest the presence of mixed
(Type I11/I) organic matter.

The thermal maturity of the Lower Carboniferous clast-
ic facies was determined based on the results of the Rock-
Eval pyrolysis (Table 2), vitrinite reflectance (Table 2) and
the aromatic hydrocarbons distribution (Table 7). Due to the
low residual hydrocarbon content in the numerous samples,
the T},qx values were determined for 78 samples (Table 2,
Fig. 2). Values of this parameter indicate the maturity of the
investigated strata from the initial to the final phase of the
oil window (from 428 to 458°C; Table 2, Figs 2, 4B). The
maturity indices calculated based on the methylphenanthre-
nes and methyldibenzothiophenes distribution (Table 7) and
vitrinite reflectance (Table 2) correspond with 7}, values
indicating the maturity of the analysed samples from the ini-

Table 6

Elemental composition of kerogen from the Ordovician and Silurian strata

Well Depth Strati- Elemental composition (daf, wt%) Atomic ratio Mole fraction

code (m) graphy | C H 0 N S H/C | O/C | N/C | S/C |H/(H+C)|O/O+C)|N/(N+C)| S/(S+C)
He-1 49125 | Ordo- | 794 8.4 6.0 23 39 1.27 | 0.06 | 0.025 | 0.018 0.56 0.05 0.024 0.018
Ki-11| 3,726.5 | vician | g1 5 8.4 7.0 2.5 0.6 1.24 | 0.06 | 0.026 | 0.003 0.55 0.06 0.026 0.003
Be-2 | 4,594.5 80.9 7.2 8.6 2.6 0.8 1.07 | 0.08 | 0.027 | 0.004 0.51 0.07 0.026 0.004
He-1 4,699.5 80.7 7.6 8.3 2.8 0.5 1.14 | 0.08 | 0.030 | 0.002 0.53 0.07 0.029 0.002
He-1 |4,699-4,701| gjlu- | 80.4 7.8 8.0 3.4 0.4 1.17 0.07 | 0.036 | 0.002 0.54 0.07 0.035 0.002
Nw-1| 4,818.5 rian 79.8 7.5 9.4 2.4 0.9 1.13 0.09 | 0.026 | 0.004 0.53 0.08 0.025 0.004
Pi-40 | 3,551.0 76.3 7.6 11.6 2.8 1.7 1.20 | 0.11 | 0.031 | 0.008 0.54 0.10 0.030 0.008
Zd-8K| 3,326.5 79.0 7.9 9.5 32 0.3 1.21 0.09 | 0.035 | 0.001 0.55 0.08 0.033 0.001

daf — dry, ash-free basis; explanation of well codes — see Table 1
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tial to the middle phase of the oil window. The less mature
levels were observed in the vicinity of Rzeszow (Bedzie-
nica-2 and Nosowka-6 wells) and the most mature strata
were recorded by Dudek et al. (2003) at the bottom of the
investigated strata in the Strzelce Wielkie-1 well section
(Table 2, Fig. 1).

Identification and geochemical characteristics
of the source rocks

The identification of source rock horizons is an essen-
tial element of petroleum system analyses of the petroleum
basin in the aspect of calculation of volumetric hydrocarbon
potential of its structural area unit. Due to sampling in some
areas many closely-spaced wells, a summary characteristic
of organic matter occurring in those wells in individual ar-
eas was conducted. The source rock characteristics of these
sets of wells were directly used in the hydrocarbon genera-
tion modelling procedure by Kosakowski and Wrobel
(2011).

The results of geochemical analyses indicate that in all
analysed divisions possible source rocks are present. The
poorest hydrocarbon potential was recorded for the Middle
and Upper Devonian strata and the Lower Carboniferous
carbonates (Table 2), but also in these strata levels with the
high TOC and hydrocarbon contents are observed (Fig. 2).
The Silurian strata have the best hydrocarbon potential in
the Palacozoic sequence in the analysed area and these
strata can be recognised as good source rocks (Tables 2, 8).
Other units, in which sometimes up-threshold organic car-
bon contents were observed, may be considered in local ar-
eas as an additional source of hydrocarbons. The threshold
of the TOC content in the potential source rocks was set at
0.5 wt% (Peters & Cassa, 1994). For the divisions where
carbonaceous rocks prevail (the Middle and Upper Devo-
nian strata and Lower Carboniferous carbonates), due to a
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Fig. 10. Elemental composition of organic matter from the Or-
dovician and Silurian strata. Fields represent natural maturity
paths for individual kerogens after Hunt (1996)

different kinetics of organic matter decomposition in these
strata than in the clastic rocks, the source rock threshold was
lowered up to 0.3 wt% TOC (Bordenave, 1993).

An attempt to estimate the source rock potential was
made for 26 wells from the entire analysed area, in which
the TOC content was determined and the lithology was
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moretane/1 7o hopane ratio for bitumen from the Ordovician, Silurian and Middle and Upper Devonian strata. For the explanation of well

codes see Table 1
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Table 7
Maturity indices calculated based on distribution of phenanthrene and dibenzothiophene
and their methyl derivatives in bitumens of the Palacozoic strata
Well code D(erff)h t:rt;z;]ly MPI1 MPR MPRI 1221) Rc?%m) MDR Rca(l(g/lz;m ngg(é))m)

He-1 4912.5 0.65 0.72 0.37 0.76 0.66 49 0.9 448
He-1 4918.5 0.63 0.71 0.37 0.75 0.67 5.5 0.9 451
Ki-11 3,726.5 0.58 1.03 0.47 0.72 0.88 1.8 0.6 432
Ki-11 3,725.0 0.97 0.95 0.4 0.95 0.82 1.0 0.6 428
Ki-12 3.6535 | Ordovician | 0.65 0.67 0.36 0.76 0.64 1.8 0.6 432
Na-2 3,432.0 0.74 0.61 0.34 0.81 0.59 0.7 0.6 427
Na-6 4,015.3 0.73 0.68 0.38 0.81 0.68 0.9 0.6 428
Na-6 4,019.6 0.75 0.61 0.35 0.82 0.61 0.8 0.6 427
Na-6 4,020.5 0.72 0.72 0.38 0.80 0.68 1.6 0.6 431
Be-2 4,594.5 0.99 0.76 0.41 0.97 0.75 1.9 0.6 432
He-1 4,659.5 0.80 0.73 0.36 0.85 0.64 13 0.6 430
He-1 4,699.5 0.69 0.88 0.39 0.79 0.72 22 0.7 434
Nw-1 4,818.5 0.68 0.72 0.37 0.78 0.67 33 0.8 440
Nw-1 48215 0.68 0.70 0.37 0.78 0.67 3.0 0.7 438
Pi-40 3,551.0 | Silurian 0.76 0.95 0.47 0.83 0.88 1.0 0.6 48
Sk-5 2,875.7 0.73 0.78 0.38 0.81 0.83 33 0.7 440
Sk-5 2,97722 0.81 0.85 0.39 0.86 0.87 49 0.9 448
7d-8K 3,326.5 0.70 0.73 0.40 0.79 0.73 0.4 0.5 425
7d-8K 3,332.5 0.86 0.77 0.42 0.89 0.77 0.7 0.6 427
7d-8K 3,335.0 0.50 0.78 0.40 0.67 0.74 15 0.6 430
Ki-11* 3,671.1 L.D. 0.64 0.70 0.32 0.76 0.56 traces

Sk-5 23338 | M.+U.D. | 0.60 0.81 0.38 0.73 0.85 1.4 0.6 430
Be-2* 4,521.0 Lower 1.30 176 0.61 115 1.20 3.0 0.7 438
Jd- 5% 2.880.0 | Carboni- 0.90 1.66 0.52 0.91 0.99 1.1 0.6 429
Ki-12* 3,294.2 ferous 1.01 0.94 0.53 0.98 1.02 0.6 0.6 426
SWi-1# 28656 | carbonates) T g 1.67 0.61 1.49 121 13.8 n.c. ne.
Be-2* 4,364.0 0.70 1.00 0.42 0.77 0.77 1.3 0.6 430
Be-2* 4367.0 0.80 118 0.47 0.85 0.90 1.9 0.6 433
Cz-1* 4285.5 Lower 0.51 1.20 0.46 0.68 0.86 1.1 0.6 428
Na-6* 36982 | Carboni- 0.87 1.24 0.50 0.89 0.96 0.7 0.6 426
Na-6* 3,734.2 ferous 0.80 1.28 0.46 0.85 0.87 0.8 0.6 427
SWi-1* 10223 | (clastio 0.96 1.66 0.47 0.95 0.8 3.6 0.8 441
Ze6* 4,320.0 0.91 1.29 0.49 0.92 0.93 1.0 0.6 428
Ze-6* 4,500.0 1.01 1.27 0.49 0.98 0.93 23 0.7 435

MPI1 = 1.5(2-MP+3-MP)/(P+1-MP+9-MP); P — phenanthrene; MP — methylphenanthrene; MPR = 2-MP/1-MP; MPR1 = (2-MP+3-MP)/ (1-MP+9-MP+
2-MP+3-MP); R, = 0.60MPI1+0.37 for MPR<2.65 (Radke, 1988); R, jpr) = -0.166+2.242MPR1 (Kvalheim et al., 1987); MDR = 4-MDBT/1-MDBT;
MDBT — methyldibenzothiophene; R, pgr) = 0.5140.073MDR; T, psr) = 423+5.1MDR; * — data after Kotarba er al. (2004); n.c. — not calculated; L. —
Lower; M. — Middle; U. — Upper; D. — Devonian; explanation of well codes - see Table 1

available (Table 8). A precise determination of source rock
thickness cannot be carried out on the basis of the results of
geochemical analyses, due to the non-representative sam-
pling in individual wells caused usually by not drilling the
full section of the investigated strata (Table 8). Therefore,
an evaluation of the source rock thickness is only an esti-
mate, especially for the usually undrilled Lower Palacozoic
strata, where the sampling was performed for the uppermost
sections only (Table 8).

The primary element of the source rock thickness deter-
mination of the Silurian strata was the estimation of the
thickness of clayey rocks. This was done based on available
well data (core descriptions, well-logs) as well as, occasion-
ally, by analogy with the neighbouring wells. Although
these sediments were usually not drilled, the thickness can
be estimated from their local development (Buta & Habryn,
2011). The results of geochemical analyses were the second
element determining the source rock thickness (the TOC
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content). The estimated portion of source rocks was calcu-
lated as percent of samples having an up-threshold TOC
content in relation to all the analysed samples.

Based on these rules, for the Ordovician strata in the vi-
cinity of Rzeszow from 40 m (Zagorzyce-1) to 140 m
(Hermanowa-1) of source rocks was estimated (Table 8)
with the initial TOCy content from 1.1 wt% (the wells near
Kielanéwka and Nosowka) to 2.5 wt% in the Ordovician-
Silurian complex in the Zagorzyce-1 well. For the sections
of Nosdéwka-5 and -8 and Pilzno-40 wells, where insuffi-
cient data to determine source rocks parameters were avail-
able, the thickness and the TOCy content was taken by anal-
ogy with the neighbouring wells (Table 8). Generally, the
source rocks within the Ordovician strata had initially good
source rock properties.

The Silurian strata are the best source rocks in the study
area. The estimated thickness varies from 40 to 80 m in the
sections of Hermanowa-1, Pilzno-40 and Zawada-8K wells
(Table 8). The calculated initial organic carbon content var-
ies from 1.2 wt% in the Zawada-8K to 3.5 wt% in the Her-
manowa-1 well section (Table 8). Usually, this index dis-
plays values above 2 wt% indicating generally very good
initial source rock parameters of these strata (Table 8).

From the Devonian rock sequence, only in the Trzebo-
whnisko-3 well section 50 m of source rock with the initial
TOCy content of 1.2 wt% was determined (Table 8). In the
other areas these rocks were very poor in organic matter or
sampling was insufficient to determine source rock pro-
perties.

The Lower Carboniferous carbonates are poor source
rock. The estimated source rock thickness varies from 20 to
40 m in the vicinity of Rzeszow and the initial organic car-
bon richness in these strata is estimated to reach from 0.5 to
0.8 wt% (Table 8). In many wells the source rock properties
were not determined due to the presence of rocks poor in or-
ganic carbon or due to the fact that sampling was unrepre-
sentative.

The estimated thickness of the source rocks in the clas-
tic facies of the Lower Carboniferous strata varies from 50
to 210 m in the vicinity of Bedzienica and Czudec (Table 8).
The calculated initial TOC( content in the vicinity of Rze-
sz6w equals ca. 1 wt% and the best source rocks were re-
corded in the Strzelce Wielkie-1 well with the TOCo = 1.3
wt% (Table 8).

CONCLUSIONS

The results of organic geochemical analyses enable us
to characterize organic matter dispersed in Ordovician, Si-
lurian, Devonian and Lower Carboniferous strata in the
basement of the Carpathian Foredeep between Krakow and
Rzeszow. The Silurian strata prove to be the best source
rocks, with the present total organic carbon content up to
6.6 wt% and the median value of ca. 1.5 wt%. The highest
TOC content was measured in the vicinity of Rzeszow, es-
pecially in the Hermanowa-1 and Nawsie-1 wells (the me-
dian values for both of them are 3 wt%). The Ordovician,
Lower Devonian, and clastic facies of the Lower Carbonif-
erous strata with the median TOC values of 0.27, 0.56 and

| L] L] L] L]
sk-5/2977.2 0
06k Kiv12.|'3653.5A Heimatowasi
. Mature Be-2/4594.5
X 05k —
8 Noscwka-6 A p SesersT
+ Ki-11/3726.5
8 04F————— u3k_5,23_8 | Nw-1/4818.5
N Early-mature
"w“‘- 03F Na-2/3432 | -
8 ’ | Praossst |
S 0.2f | | N
oY Immature i
A Ordovician
- QO silurian _|
0.1 Zawada-8K | O Middie+ Upper Devonian
1 1 | 1 1 | 1 1

01 02 03 04 05 06
C..BB/(BB+aat)

Fig. 12. Sterane Cz9 20S/(20S+20R) ratio versus Cz9 BR/(BP+
o) ratio plot of the bitumen extracted from the Ordovician, Silu-
rian, and Middle and Upper Devonian strata. Maturity fields after
Peters and Moldowan (1993). For the explanation of well codes
see Table 1

0.64 wt%, respectively, can be considered an additional
source of hydrocarbons. The Middle and Upper Devonian
strata as well as carbonate facies of the Lower Carbonifer-
ous have much lower quantities of organic carbon, but also
in these strata levels with elevated TOC contents are ob-
served. The best petroleum potential, apart from the Silurian
strata, is displayed by the Ordovician and Lower Devonian
sequence. In the other divisions (the Upper and Middle De-
vonian and the Lower Carboniferous), the quantities of
pyrolysable hydrocarbons are much lower, but also there
levels characterized by an increased petroleum potential do
exist. The presence of the oil-prone, Type II kerogen in the
Lower Palaeozoic and Lower Devonian strata was con-
firmed by the Rock-Eval data, and biomarker, stable iso-
tope, elemental and maceral compositions. The high-sul-
phur kerogen was not observed, although due to increased
maturity, especially in the Devonian and Lower Carbonifer-
ous carbonates, its earlier presence should not be excluded.
In the younger strata, the gas-prone Type III kerogen domi-
nates with local high admixtures of the Type II kerogen.
The Silurian mudstones and claystones, and clastic facies
(mainly mudstones) of the Lower Carboniferous strata were
deposited in the normal marine conditions (reducing or
sub-oxic), whereas the Ordovician, Devonian and carbonate
facies of the Lower Carboniferous strata were usually de-
posited in the reducing or even hipersalinary conditions.
Most source rocks in the prevailing area are at the initial and
middle phases of the low-temperature thermogenic pro-
cesses. Locally, the immature (in the Lower Carboniferous
carbonates in the Lakta-2 well section) or the late-mature (in
the Middle and Upper Devonian strata in the Mniszow-16
well) source rocks are observed.

The initial TOCq values of the best source level — Silu-
rian, are changeable and vary from 1.2 wt% in the Zawada-
8K well to 3.5 wt% in the Hermanowa-1 well. Also in the
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Table 8
Estimated thickness and initial organic carbon content identified source rocks in the Palacozoic strata
Strati- | Thickness* | Source-rock TOC Ro TOC,
Well code graphy (m) th1cé<mn)ess* Samples (Wt%) n (%) H/C X (Wt%)
He-1 336 140 21 1.1 9 0.75 1.03 0.30 1.6
Ki-11, -12, Na-2, -6, -12 o 36 (n.d.) 70 51 0.75 14 0.66 1.24 0.30 1.1
Na-5, -8 28 (n.d.) 70 (s) 20 <0.5 11%*
Pi-40 140 (n.d.) 40 (s) 6 <0.5 1.1%
Ze-1 0.+S. 41 40 1.85 0.66 1.08 0.27 25
Be-2 34 (n.d.) 40 1.05 0.65 1.07 0.25 1.4
Be-2, Nw-1 44 (n.d.) 45 12 2.48 11 0.65 1.10 0.24 33
He-1 S. 80 80 20 3.0 20 0.66 1.15 0.15 3.5
Pi-40 206 80 5 1.89 3 0.69 1.06 0.28 26
Zd-8K 10 (n.d.) 80 24 1.03 20 0.58 121 0.12 12
Ki-11 58 n.det. 3 0.73 1 0.98 0.75 0.08 0.8
Ne-11 L.D. 115 n.det. 3 0.56 1
To-3 123 50 8 0.9 7 0.6 111 0.25 12
Ki-11 87 n.det. 3 <0.3
Ne-11, Lr-2, Pu-1 M'g U1 499 (n.d.) n.det. 58 0.34 1
To-3 ' 85 n.det. 7 0.4 1
Be-2, Na-5 172 20 17 0.53 3 0.77 0.80 0.06 0.6
Be-2, Ze-1 136 40 35 0.72 12 0.77 0.80 0.06 0.8
Dc-10k L.C. 143 n.d. 5 0.89 1
Ki-11, Na-2, -4, -6, -7, -12 | (carb.) 149 40 38 0.46 12 0.92 0.76 0.07 0.5
Pre-2, Rd-2, Ta-19 219 (n.d.) n.det. 8 <0.3
SWi-1 594 n.det.# 12 0.39 5
Be-2, Cz-1 337 210 25 0.95 16 0.65 0.84 0.05 1.0
He-1 308 50 (s) 22 <0.5 1.0%%
Na-4, -6, -12 135 110 18 1.07 12 0.90 0.77 0.06 1.1
PW-15, LG-3 L.C.(c) 137 (n.d.) 80 6 0.53 3 0.65 1.08 0.03 0.5
SWi-1 501 n.det.# 17 121 12 0.95 0.76 0.07 13
Ze-1 143 130 38 0.85 35 0.64 0.84 0.05 0.9

* —average thickness when at least two wells was taken into consideration; TOC — mean present organic carbon content in the source-rock levels; n — quan-
tity of up-threshold TOC measurements; R, — vitrinite or vitrinite-like macerals reflectance; H/C — hydrogen/carbon atomic ratio in kerogen; x — relative loss
of TOC mass responding the maturity described by H/C value after Baskin (1997); TOC, — initial organic carbon content; n.det. — not determined; n.d. —not
drilled; values of H/C typed in italic were calculated from R, values by equations worked out based on data presented by Behar et al. (1995); R, values typed
in italic were taken by analogy to the neighburing wells; (s) — synthetic thickness due to undrilling of the strata; ** — value taken to calculations per analogy
to neighbouring wells due to unrepresentative sampling; # — value not determined due to non representative sampling; L. — Lower; D. — Devonian; M. —
Middle; U. — Upper; C. — Carboniferous; cl. — clastics; O. — Ordovician; S. — Silurian; carb. —carbonates; explanation of well codes — see Table 1

Zagorzyce-1 well, in the Ordovician—Silurian section, the
initial TOCy equals 2.5 wt%. The thickness of the Silurian
source rocks is not high — usually 40-50 m. The highest
source rock thicknesses of 100—-150 m were observed in the
Lower Carboniferous (clastic) and Ordovician strata. All
the investigated source rock horizons are capable of gener-
ating oil and natural gas in the entire study area.
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