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The quantity, genetic type and maturity of organic matter dispersed in the Kimmeridgian strata of the central part of the Polish
Lowlands were determined on the basis of results of Rock-Eval, stable carbon isotope composition of bitumen, their fractions
and kerogen, biomarker distribution in saturate and aromatic hydrocarbon fraction, elemental composition of kerogen,
vitrinite reflectance and maceral composition analyses of 225 rock samples collected from 32 boreholes. The study was con-
ducted separately for Lower and Upper Kimmeridgian rocks in the Szczecin—Miechéw and Koscierzyna—Putawy
synclinoriums and Mid-Polish Anticlinorium. The best source rocks with TOC up to 6.8 wt.%, were found in the vicinity of
Gostynin in the Mid-Polish Anticlinorium. Generally, the Upper Kimmeridgian strata are fair and good potential source-rocks
whereas the Lower Kimmeridgian strata have much lower hydrocarbon potential. Gas-prone, terrigenous Type-IIl kerogen
predominates in the Lower Kimmeridgian strata. The contribution of oil-prone, marine Type-Il kerogen increases in the Upper
Kimmeridgian rocks. In the whole profile, only low-sulphur kerogen was recorded, although the situation, when high-sulphur
Type-1IS kerogen was mixed with re-worked, non-generative Type-IV kerogen supplied to the sedimentary basin with rocks
from eroded land, cannot be excluded. Sedimentary conditions of organic material were variable, usually anoxic and suboxic
with domination of siliclastic material in mineral matrix. The maturity of the dispersed organic matter refers mostly to the final
phase of the microbial process, or to the initial phase of the low-temperature thermogenic process (“oil window”). The most
mature rocks, corresponding up to 0.75% in the vitrinite reflectance scale, were recognized in the deepest buried parts of the
basin (axial part of the Mogilno—.6dz Segment of the Szczecin—Miechéw Synclinorium). The most prospecting source rocks

were recognised in this area.
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INTRODUCTION

Kimmeridgian strata are considered as one of the world
class source rocks responsible for hydrocarbon generation of
large petroleum accumulations in the Norwegian Sea and the
North Sea (Espitalie et al., 1991; Justwan and Dahl, 2005;
Gautier, 2005). They are rich in organic matter reaching even
>20 wt.% of total organic carbon (TOC) with the average value
of ca. 5 wt.% (Cornford, 1994). The preliminary geochemical
studies of these strata in the Polish part of the Kimmeridgian
basin have revealed that the abundance of organic carbon is
high also in this area, i.e. 2-5 wt.% (e.g., Wilczek and Merta,
1992; Merta, 1994). Those studies were based on TOC mea-
surements and Rock-Eval data (e.g., Burzewski et al., 1990;
Wilczek and Merta, 1992; Merta, 1994) and evidenced the
presence of oil-prone kerogen in the upper part of the profile
with increasing contribution of gas-prone kerogen in the lower
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part, and general low maturity within the whole profile. The pe-
troleum generation analysis conducted for the whole Upper Ju-
rassic complex of the Polish Lowlands (Burzewski et al., 1990;
Nowicki, 1990; Bachleda-Curus et al., 1992) using the standard
TTI method (Waples, 1980) generally evidenced that these
rocks were not mature enough to generate thermogenic (liquid
and gaseous) hydrocarbons, perhaps with the exception of lo-
cal, deep buried areas of the Szczecin—Miechéw and
Koscierzyna—Putawy synclinoriums (Szczecin, £6dz and Ptock
troughs according to Narkiewicz and Dadlez, 2008), where
such hydrocarbons may be generated. These possibilities can
be read out from numerous signs evidencing the presence of oil
and gas in the Upper Jurassic formations in the Wartko-
wice—Koto—Mogilno area (Karnkowski, 1999). However, no pe-
troleum accumulations of commercial value were found in these
strata in Poland. Since that time, single geochemical and petro-
graphical data of the Kimmeridgian rocks in individual bore-
holes have been published (e.g., Grotek, 2012; Klimuszko,
2012). Hydrocarbon potential of the Upper Jurassic rocks in SE
Poland was described by Kosakowski et al. (2012). Wiectaw
(2011) has correlated some oils accumulated in Upper Juras-
sic-Cretaceous traps of the Carpathian Foredeep Basement
with Upper Jurassic source rocks in this area.
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Fig. 1. Location of sampled boreholes on the background of

a structural map of the top surface of Upper Jurassic strata

in the Polish Lowlands (after Gérecki, 2006)

Boundaries between tectonic units and their segments after Zelazniewicz et al. (2011)

Research conducted on samples of Kimmeridgian rocks in
the United Kingdom (Dessort et al., 1997) indicated the pres-
ence of highly reactive kerogen Type-IIS characterized by a
high sulphur content (>~9 wt.%; Orr, 1986). No studies of or-
ganic sulphur in the Kimmeridgian kerogen have been con-
ducted in Poland yet. By analogy to other parts of the Upper Ju-
rassic basin the Type-IIS kerogen should be also present in its
Polish part. High organic sulphur content in kerogen leads to
the decomposition of kerogen to oil at lower maturities and so at
lower basin temperatures than for typical Type-Il kerogen
(Lewan, 1998). In this way the kerogen, previously defined as
immature, can be considered as capable of generating
thermogenic hydrocarbons. By this approach the areas of ma-
ture Kimmeridgian strata can be verified.

This study is the first quantitative and qualitative evaluation
of source rocks in the Kimmeridgian section of the central part
of the Polish Lowlands conducted separately for Lower and Up-
per Kimmeridgian strata on the basis on a large number of 225
rock samples collected from 32 boreholes (Fig. 1). The quantity
of organic matter, its hydrocarbon potential, kerogen type with
special attention to high-sulphur kerogen identification and sed-
imentary conditions, as well as the thermal maturity of the
Kimmeridgian sequence were studied with the use of a
wide-range of organic geochemistry and petrographic methods.
The source rock assessment was based on geochemical crite-
ria proposed by Peters and Cassa (1994) and Hunt (1996).

GEOLOGICAL SETTING

The study area is located in the central part of the Upper
Permian-Mesozoic Polish Basin, being part of the Southern
Permian Basin (Geluk, 2007). During inversion of the Polish
Basin in its axial part (Krzywiec, 2006) at the end of the Creta-
ceous and in the Paleogene the main structural units were
formed (Karnkowski, 2008; Zelazniewicz et al., 2011), namely
the Szczecin—-Miechéw Synclinorium, Mid-Polish Anticlinorium
and Koscierzyna—Putawy Synclinorium, and monoclines
(Fore-Sudetic Monocline and Krakoéw-Silesian Monocline).
This division is generally correlated with the proposal of
Narkiewicz and Dadlez (2008), but it differs as regards the defi-
nition of boundaries of tectonic units. Each of the synclinoriums
and anticlinoriums are divided into segments: Szczecin—Mie-
choéw Synclinorium — into the Szczecin—Gorzow, Mogilno—+-.6dz
and Miechéw segments, Mid-Polish Anticlinorium — into the
Pomeranian, Kuiavian and Szydtowiec segments, and Koscie-
rzyna—Putawy Synclinorium — into the Kos$cierzyna, Warszawa
and Putawy segments (Zelazniewicz et al., 2011; Fig. 1).

Kimmeridgian lithology of the study area is typical of the Pol-
ish Lowlands. The Calcareous-Marly-Coquina (V) Formation
(Lower Kimmeridgian) and the Patuki Formation (VI) (Upper
Kimmeridgian) have been identified in the section
(Dembowska, 1979; Niemczycka, 1983). The exact Oxfor-
dian/Kimmeridgian boundary in the Submediterranean succes-
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sions of the Polish Lowlands has been described by, e.g.,
Wierzbowski (1991, 2004) and Niemczycka et al. (1997).

The Calcareous-Marly-Coquina (V) Formation is built
mainly of compact calcareous marl with oolith, grey marl and
compact, light grey limestone with intraclasts. It is represented
by marly limestones, micritic, light grey in colour, spotted and
mottled. They are enriched with clay material with intraclasts of
micrite limestone, and show traces of deposit-feeding organ-
isms and bioturbation. The Patuki Formation (V1) is represented
by dark grey marly mudstones with dolomite, with thin
interlayers of light dolomitic marl. The deposits are character-
ized by a platy habit, sporadically with mica laminae. They con-
tain coquina beds composed of shell detritus. There are numer-
ous bivalves and very scarce ammonites (Niemczycka and
Radlicz, 1997).

The Upper Jurassic strata were deposited in a shallow
epicontinental sea connected with the Boreal seas and the
Tethys Ocean. Contrary to the Oxfordian basin where carbon-
ates were deposited in a very shallow-water environments, dur-
ing the Kimmeridgian the carbonate shelf began to shrink, the
east and west connections opened to the ocean, and the depth
of the basin increased by some tens of metres (Niemczycka
and Radlicz, 1997). In the deepest parts of the sedimentary ba-
sin located in the northern and central parts of the Polish Low-
lands, mudstones were deposited. In the southeastern part of
the basin, sedimentation of carbonates and anhydrites domi-
nated. The maximum subsidence, usually of 200—250 m, locally
slightly exceeding 400 m, occurred in the central part of the ba-
sin. Towards the west, north and east, the subsidence signifi-
cantly decreased (Niemczycka and Brochwicz-Lewinski, 1988).
High CO, content in air (ca. 1000 ppm; Berner, 1990), and
therefore an elevated greenhouse effect (Hallam, 1985), did not
result in high productivity (ca. 220 g-m2a; Weedon et al.,
2004). The enrichment of rocks with organic matter is associ-
ated with the low content of mineral matrix. The deposition rate
was variable, from 50 to 120 m/My (Dadlez and Marek, 1997).
The present range of the Upper Jurassic strata is strongly lim-
ited in relation to the original one. The erosion episodes at the
Jurassic/Cretaceous and Cretaceous/Paleogene transitions
partly or entirely removed the Upper Jurassic strata from mar-
ginal parts of the basin (Niemczycka and Radlicz, 1997).

SAMPLES AND METHODS
SAMPLES

Rock samples were taken from drill cores representing Up-
per and Lower Kimmeridgian strata from the central part of the
Polish Lowlands. A total of 225 core samples from 32 boreholes
(Fig. 1), weighing about 400 g each, mainly claystones and
mudstones as well as marls and carbonates, were collected
and analysed. Table 1 shows the number of samples collected
from individual boreholes and stratigraphic levels. From the
Lower Kimmeridgian strata, 103 samples were collected: 6
samples from the Koscierzyna—Putawy Synclinorium (4 sam-
ples from the Koscierzyna Segment and 2 samples from the
Warszawa Segment), 13 — from the Mid-Polish Anticlinorium
(all  from the Kuiavian Segment) and from the
Szczecin—Miechéw Synclinorium — 84 samples (12 samples
from the Szczecin—-Gorzéw Segment and 72 — from the
Mogilno—t6dz Segment; Table 1). From the Upper
Kimmeridgian strata, 122 samples were collected: 18 samples
from the Koscierzyna—Putawy Synclinorium (2 from the
Koscierzyna Segment and 16 from the Warszawa Segment),

Table 1

Number and stratigraphy of the rock samples collected
from the Kimmeridgian strata in individual boreholes

Borehole Borehole code \ Lower \ Upper
Szczecin—Miechéw Synclinorium
Szczecin—Gorzéw Segment
Bytyn-2 By-2 2
Obrzycko-1 Ob-1 6
Obrzycko-2 Ob-2 2
Sokolniki-1 So-1 2
Mogilno—+.6dz Segment
Cykowo I1G 1 Cy-1 2
Damastawek-22 Da-22 28
Kobylnica-2 Kb-2 1
Koto IG 3 Ko-3 7 6
Koto IG 4 Ko-4 3 4
Piotrkéw Trybunalski IG 1 PT-1 3 2
Poddebice I1G 1 Po-1 9 5
Przybytow-1 Pr-1 4 6
Siekierki-4 Si-4 3
Strzelno IG 1 St-1 3 2
Trzemzal-2 Tr-2 1
Trzes$niew-1 Tw-1
Wagrowiec I1G 1 Wa-1 7 9
Mid-Polish Anticlinorium
Pomeranian Segment
Witkowo-1 Wi-1 \ | 5
Kuiavian Segment
Brzes¢ Kujawski IG 3 BK-3 3
Ciechocinek 1G 2 Ci-2 1 7
Czarnowo-1 Cz-1 15
Czarnowo-2 Cz-2 12
Gostynin IG 1/1A Go-1 3 5
Gostynin IG 3 Go-3 2 10
Gostynin-7 Go-7 3
towicz IG 1 Lo-1 3 2
Zychlin IG 3 Zy-3 1 3
Koscierzyna—Putawy Synclinorium
Koscierzyna Segment
Brda-3 Br-3 2
Miastko-2 Mi-2 4
Warszawa Segment
Golub Dobrzyn-1 GD-1 3
Gostynin IG 4 Go-4 2 5
Gronowo-1 Gr-1 8
TOTAL 103 122

59 samples — from the Mid-Polish Anticlinorium (5 from the
Pomeranian Segment and 54 from the Kuiavian segment) and
from the Szczecin—Miechéw Synclinorium — 45 samples from
the Mogilno—+-6dz Segment (Table 1).

METHODS

The rock samples were water-washed from contamination
and crushed to fraction <20 mm and ca. 150 g was powdered to
fraction <0.2 mm for geochemical analyses. The screening py-
rolysis was conducted for all samples using a Rock-Eval Il ap-


https://gq.pgi.gov.pl/article/view/9308

Habitat and hydrocarbon potential of the Kimmeridgian strata in the central part of the Polish Lowlands 195

paratus equipped with the TOC module. Aliquots of selected 13
samples were extracted with dichloromethane:methanol (93:7
v/v) in the Soxhlet apparatus. The extraction was conducted un-
til traces of bitumen were present in the solution in the extractor
(determined by UV luminescence). The asphaltene fraction of
all received bitumen was precipitated with n-hexane. The re-
maining maltenes were separated into saturated hydrocarbon,
aromatic hydrocarbon and resin fractions by column chroma-
tography, using alumina/silica gel (2:1 v/v) columns (0.8 x
25 cm). The fractions were eluted with petroleum ether (boiling
range 40-65°C), toluene, and toluene:methanol (1:1 v/v), re-
spectively. Stable carbon isotope analyses of kerogen, bitumen
and bitumen fractions were performed for 13 samples with the
Finnigan Delta Plus mass spectrometer. The stable carbon iso-
tope data is presented in the 6-notation relative to the VPDB
standard (Coplen, 2011), at the estimated analytical accuracy
of + 0.2%o. Before the measurements, rock samples subjected
to stable carbon isotope analysis of kerogen were purified from
carbonates by treatment of hot 10% HCI. Isolation of 8 kerogen
samples for elemental analyses was achieved according to the
procedure described by, e.g., Wiectaw et al. (2011). The iso-
lated saturated hydrocarbon fractions from 11 bitumen samples
were diluted in isooctane spiked by 5p-cholane and analysed
with the Agilent 7890A gas chromatograph coupled with a
5975C mass selective detector (MSD) for biomarker determina-
tion according to the procedure presented by Wiectaw et al.
(2012). In the selected ion mode (SIM) the dwell time of the op-
erated MSD was set to 30 milliseconds for each ion. The aro-
matic hydrocarbon fractions of 11 bitumen samples were di-
luted in toluene spiked by ortho-terphenyl as the standard and
analysed by the GC-MS 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 selected ions were monitored: m/z = 71 (alkanes),
m/z = 191 (hopanes (terpanes)) and m/z = 217 (steranes) in
saturate hydrocarbon fraction, and m/z = 178 (Phenanthrene),
m/z = 192 (methylphenanthrenes), m/z = 184 (Dibenzo-
thiophene), m/z = 198 (methyldibenzothiophenes) and
m/z = 231 (triaromatic steroids) in aromatic hydrocarbon frac-
tion. Tentative peaks identifications were conducted based on
elution time and confirmed with mass spectra (Philp, 1985). The
quantitative assessment of individual hydrocarbons was per-
formed comparing their peak area with the peak area of the
standard (5B-cholane or ortho-terphenyl). All geochemical anal-
yses were performed at the AGH University of Science and
Technology in Krakéw. Measurements of mean random
reflectance of vitrinite (R,) were carried out with a Zeiss-Opton
microphotometer at a wave-length of 546 nm, in oil. Sample
preparation and point counts were carried out in accordance
with the ICCP procedure. Petrographic studies of organic mat-
ter included quantitative analyses of vitrinite, liptinite, and
inertinite maceral groups performed for 8 samples using an
Axioplan-Opton microscope at the Polish Geological Institute —
National Research Institute in Warsaw.

RESULTS AND DISCUSSION

The Lower and Upper Kimmeridgian strata of the Polish Ba-
sin had been deposited in one sedimentary basin, but later tec-
tonic events, leading to the formation of the Szczecin—Miechow
Synclinorium, Mid-Polish  Anticlinorium and Koscierzy-
na—Putawy Synclinorium, and the resulting differences in burial
depth, have changed the hydrocarbon potential of organic mat-

ter in the individual units. Therefore, organic matter is described
separately for each tectonic unit.

SZCZECIN-MIECHOW SYNCLINORIUM

From the Szczecin—Miechéw Synclinorium, 129 samples
from 17 boreholes were collected (Table 1 and Fig. 1).
Eighty-four samples came from Lower Kimmeridgian strata of
15 boreholes; 45 samples originated from Upper Kimmeridgian
rocks of 10 boreholes (Table 1). Most of the samples were col-
lected from boreholes located in the Mogilno—+6dz Segment.
Only 12 samples came from Lower Kimmeridgian strata from 4
boreholes drilled in the Szczecin—-Gorzéw Segment (Table 1)
close to the boundary with the Mogilno—+t-6dz Segment (Fig. 1).
The TOC content varies in the Lower Kimmeridgian strata from
0.13 to 2.1 wt.%, with the median of 0.39, and in the Upper
Kimmeridgian — from 0.19 to 4.7 wt.% (median 1.78 wt.%;Ta-
ble 2). Samples with low TOC values predominate, but high or-
ganic carbon contents, >2 wt.%, were recorded in many sec-
tions (Fig. 2A). The highest TOC values were recorded in the
Upper Kimmeridgian strata of the Koto IG 4 borehole. The re-
sidual hydrocarbon content (S;) and total hydrocarbon content
(S4+Sy), similarly to the TOC values, are usually low in the
Lower Kimmeridgian strata and range from 0.07 to 5.2 mg HC/g
rock and from 0.12 to 5.3 mg HC/g rock (medians 0.51 and 0.63
mg HC/g rock), respectively (Table 2 and Fig. 2A); in the Upper
Kimmeridgian, they are much higher and vary from 0.14 to 18.9
and from 0.19 to 19.8 mg HC/g rock, respectively, with the me-
dian values of 4.1 and 4.4 mg HC/g rock, accordingly (Table 2
and Fig. 2A). Itindicates that the Lower Kimmeridgian strata are
generally poor and the Upper Kimmeridgian strata are fair (lo-
cally even good) sources for the generation of hydrocarbons.
The highest medians of TOC value in individual boreholes are
noted in the Upper Kimmeridgian strata in the Koto—Przybytow
area (Fig. 1).

The correlation between the hydrogen index HI and the
temperature T,.x (Fig. 3A) proves that different types of
kerogen are present in the Kimmeridgian strata of this tectonic
unit. In the Lower Kimmeridgian strata, gas-prone Type-lll
kerogen predominates. Locally, it is enriched in Type-lI
kerogen; in the Upper Kimmeridgian rocks, the proportion of
oil-prone Type-Il kerogen is much greater (Table 2 and Fig. 3A).
The highest HI values were noted in the Piotrkdw Trybunalski
IG 1, Damastawek-22, Koto I1G 3, Koto IG 4, Poddebice IG 1
and Przybytow-1 boreholes (Fig. 3A). The mineral matrix effect
resulting in the lowering of HI values for samples poor in or-
ganic-carbon is weak; the low H/ values are noted for samples
rich and poorer in organic material both in the Lower and Upper
Kimmeridgian (Fig. 4A). Lowering of TOC content is accompa-
nied by elevated Ol values, which suggests a partial oxidation
of low-content organic matter rocks (Fig. 4A’). The results of
petrographic analyses conducted on four Upper Kimmeridgian
samples (Table 3 and Fig. 5) show the predominance of
oil-prone kerogen. The highest proportion of liptinite macerals
(ca. 95%) was recorded in sample PT-1/1195.3 (it has the high-
est Hl value — 458 mg HC/g TOC; Fig. 3A), while the lowest one
(ca. 40%) was observed in sample Pr-1/1992.5 (Fig. 5). Stable
carbon isotope analyses indicate the narrow range of 5'°C val-
ues of kero%;en and asphaltenes, and a considerable difference
between §'°C values of bitumen and fractions of samples col-
lected from the Lower and Upper Kimmeridgian strata (Table 4
and Fig. 6A). The second mentioned group is highly enriched in
2c isotope. The sample richest in organic matter, Ko-4/1976,
has the most negative 5'3C value of saturates, and it falls in the
area of terrigenous organic matter on the Sofer’'s (1984) dia-
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Tab

le 2

Geochemical characteristics and hydrocarbon potential of the Kimmeridgian strata in the cental part of the Polish Lowlands
based on Rock-Eval data

Stratigraphy Szczecin—Miechéw Synclinorium Mid-Polish Anticlinorium Koscierzyna—Putawy Synclinorium
Index Lower Upper Lower Upper Lower Upper
TOC [wt.%] 0131021 (84)| 0.19t047 (45) 0.18t06.8 (13) | 0.25t066 (59)[ 0.22t03.2 (6) | 0.38t056 (18)
e 0.39 (15) 178 (10) 0.94 ®) 26 ©) 0.40 Q) 24 @
S 42110439 (82)| 420t0449 (41)| 41810432 (11) | 41910435 (59)| 41210428 (6) | 412t0432 (18
o [C 429 (15 433 (1)~ 421 6 428 ©) 422 @ |7 425 @
S, 0.07t052  (84)| 0.14t018.9 (45) 0.05t024.8 (13) | 02610256 (59) 0.19t011.6 (6) | 0.16t0262 (18)
[mgHC/grock] | — 051 (15 — 41 (10 094 (6 41 © 0.29 ?) 42 @
S+S, 012t053 (84) 0.191019.8 (45) 0.09t0254 (13) | 0.34t026.1 (59)| 0.26t011.9 (6) | 0.26t026.7 (18)
[mg HC/g rock] 063 (15) 44 (10) 105 (6 42 ) 038 (@ 43
0.06t00.42 (84) | 0.02t00.26 (45)| 0.02to0 0.44 (13) 0.01t00.24 (59) | 0.03t00.28 (6) | 0.01t00.38 (18)
pI — 017 (15| — 006  (10) 010 (6 0.04 ©) 024 (2) 004 @
Hi 5410408 (84)| 32t0458 (45)| _25t0363 (13) 58t0441 (59)| 6610358 (6) | _35t0508 (18)
[mg HC/g TOC] 139 (15) 189 (10) 94 (6) 141 9) 94 ) 149 @
Kerogen type 11 (i7m) HATLE(IN, 1) IRIAD) HATE(IN, 1) 1) A1, 1)
Maturi immature/ immature/ immature/ immature/
aturi i i ti
Y low-mature immature/mature low-mature low-mature mmatdre low-mature
Hy;i ;?eﬁz’gf n poor fair/good fair good poor good

TOC - total organic carbon; T,,.x — temperature of maximum of S, peak; S, — residual petroleum potential; Sy — oil and gas yield [mg HC/g
rock]; P/— production index; HI — hydrogen index; range of geochemical parameters is given as numerator; median values in denominator, in
parentheses: number of samples from boreholes (numerator) and number of sampled boreholes (denominator); kerogen type in brackets —

secondary occurrence

gram (Fig. 7). This picture is similar to that of the lower part of
the Menilite Formation in the Polish Carpathians (Curtis et al.,
2004; Kotarba et al., 2007), where such light isotopic signature
of saturates was recorded for samples with high HI values
(dominance of marine Type-Il kerogen). On the basis of
biomarker analyses, Koster et al. (1998) explained the exis-
tence of the isotopically light kerogen combined with isotopically
light biomarkers in terms of the activity of methanotrophic bac-
teria. Such carbon stable isotope composition may also be in-
dicative of high algal content, usually typical of Lower Paleozoic
sediments (Riding, 2001). Very high value of the HI/Ol ratio, ca.
25 mg HC/mg CO, (Fig. 8), of the sample supports the pres-
ence of algal-rich kerogen (Peters and Cassa, 1994). On the
other hand, kerogen elemental composition shows the pres-
ence of mixed Type-Ill/ll kerogen (Table 5 and Fig. 9). Taking
into consideration the maceral composition of this sample
(dominance of liptinite and inertinite macerals) one can con-
clude that re-worked (inert) organic matter dispersed in rocks
eroded from land was added to algal material (Type-Il or Type-l
kerogen) derived from organisms living in the sea. The same
situation is visible in other samples, also from other tectonic
units (Fig. 5). The low values of the S/C atomic ratios in
kerogen, below 0.04 (Table 5), reveal the presence of low- and
mid-sulphur (slow- and mid-generative) kerogen (Orr, 1986) in
the Upper Kimmeridgian strata, but the positive correlation of
S/C and H/C atomic ratios (Fig. 10) may indicate that variable
proportions of low-sulphur kerogen (most probably Type-1V)
were added to the sediment containing high-sulphur kerogen
(Type-IIS). Distribution of biomarkers (Fig. 11) and values of
calculated ratios (Pristane/n-C47; and Phytane/n-Cqg; Table 6

and Fig. 12) as well as the homological contribution to regular
steranes (Table 7 and Fig. 13) support previous results and in-
dicate that the analysed bitumen was generated from oil-prone
Type-ll kerogen of planktonic origin. The presence of algal
Type-l kerogen in sample Ko-3/2146.5 cannot be excluded
(Fig. 12). Organic matter was deposited usually in normal ma-
rine conditions (1 < Pr/Ph < 3, Table 6; Didyk et al., 1978) and
locally in anoxic conditions (Pr/Ph <1). Low values of the
gammacerane index (Gl; Table 7) indicate the absence of
hypersaline sedimentation environment (Sininghe Damste et
al., 1995). The distribution of regular steranes (Fig. 13) as well
as values of the ratios calculated based on the distribution of
steranes, diasteranes and hopanes (Table 7) indicate the same
type of organic matter in all the Kimmeridgian samples, depos-
ited mostly in marine shales or marls (Figs. 14 and 15). Values
of Pristane/Phytane and Dibenzothiophene/Phenanthrene ra-
tios in bitumen extracted from some samples suggest genera-
tion from organic matter deposited in lacustrine conditions
(Fig. 14). However, for lacustrine organic matter the value of
C,6/Cys of triterpanes ratio is above unity (e.g., Zumberge,
1987). For all analysed samples this ratio is below unity (Table 7
and Fig. 15) evidencing the dominance of marine kerogen.
Thermal maturity of the Kimmeridgian strata in the
Szczecin—Miechow Synclinorium was determined based on
Rock-Eval data (Table 2), measurements of vitrinite reflectance
(Table 3), and biomarker (Table 7) and aromatic hydrocarbons
distribution (Table 8). The results of the kerogen elemental
composition analysis (H/C and O/C values) were also used indi-
rectly for this purpose (Table 5). The Ty values, in criteria of
Espitalié et al. (1985), indicate the maturity of the investigated
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Fig. 2. Petroleum source quality diagram for organic matter in (A) Szczecin—-Miechéw Synclinorium, (B) Mid-Polish Anticlinorium
and (C) Koscierzyna—Putawy Synclinorium according to criteria of Peters and Cassa (1994)

L. — lower; U. — upper; K. — Kimmeridgian; for borehole codes see Table 1; solid lines represent median values of TOC and S;+S; for
Upper Kimmeridgian strata and dotted lines represent median values of TOC and S1+S; for Lower Kimmeridgian strata in individual
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Genetic paths of individual kerogen types (I-lll) and maturity fields after Espitalie et al. (1985); other explanations as in Figure 2
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Explanations as in Figure 2
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Table 3
Vitrinite reflectance and petrographic composition of Kimmeridgian organic matter
PP PP Inertinite + ; Vitrinite | Liptinite | Inertinite
Borehole | Depth R: stdv Vitrinite | Liptinite . ¥ organic
code [m] Age [%] [%] n %] [%] Inerto%e]tnmte matter [%] Sum = 100%
Szczecin—Miechoéw Synclinorium
Ko-4 1976.0 | U.K. | 0.63 | 0.051 | 75 1.0 3.8 22 7.0 14 55 31
Po-1 24025 | U.K. | 0.62 | 0.066 | 75 1.6 2.7 0.7 5.0 32 54 14
Pr-1 19925 | U.K. | 0.77 | 0.046 | 55 4.0 7.0 7.0 18.0 22 39 39
PT-1 11953 | U.K. | 0.61 | 0.056 | 36 0.7 20.0 0.5 21.2 3 95 2
Mid-Polish Anticlinorium
Ci-2 561.7 | U.K. | 0.56 | 0.053 | 70 0.6 2.1 1.1 3.8 16 55 29
Cy-1 1089.3 | U.K. | 0.52 | 0.048 | 53 0.1 2.0 0.9 3.0 3 67 30
Go-7 1177.2 | U.K. | 0.63 | 0.071 | 65 0.9 7.0 5.4 13.3 7 52 41
Koscierzyna—Putawy Synclinorium
Gr-1  [1651.4 | U.K. | 053 [0.046 ] 37 | 07 | 150 24 18.1 4 83 13

R, —random virtinite reflectance; stdv — standard deviation; n — number of measurements; * — algae, alginite, bitumine, bituminous bodies;

U. K. — Upper Kimmeridgian

Oil generating
kerogen

Po-1/2402.5

40 Pr-1/1992.5 &
30 Gas generating
kerogen
20
10
90 80 70 60 50 40 30 20 10

Vitrinite [%]
Fig. 5. Tertiary diagram of maceral composition of organic
matter

Genetic boundaries after Leenheer (1984);
explanations as in Figure 2
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Fig. 6. Stable carbon isotope composition of bitumen, their indi-
vidual fractions and kerogen in (A) Szczecin—-Miechow
Synclinorium and (B) Mid-Polish Anticlinorium and
Koscierzyna—-Putawy Synclinorium

Explanations as in Figure 2
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Fig. 7. Stable carbon isotope composition of saturates versus

aromatics in bitumen

Genetic fields after Sofer (1984); explanations as in Figure 2
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Explanations as in Figure 2
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Fig. 9. (H/C)atomic versus (O/C)atomic for organic matter from

Upper Kimmeridgian strata

Fields represent natural maturity paths for individual kerogen

types (I-1V) after Hunt (1996); explanations as in Figure 2
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Table 5
Elemental composition of kerogen
Borehole | Depth | .o Elemental composition [daf, wt.%] Atomic ratio
code | [m] 9 c [ H] o] N] s |[Hc]oc] Nc | sc
Szczecin—Miechow Synclinorium
Ko-4 1976,0| U.K. | 743 | 6.4 | 135 | 1.6 42 | 1.04 | 0.14 | 0.018 | 0.021
Po-1 2402.5| U.K. | 79.7 | 68 | 120 | 1.7 0.8 | 0.87 | 0.11 | 0.018 | 0.004
Pr-1 19925| U.K. | 828 | 54 82 | 22 14 | 0.78 | 0.07 | 0.023 | 0.006
PT-1 11953 | U.K. | 768 | 6.8 | 11.2 | 23 29 | 1.06 | 0.11 | 0.025 | 0.014
Mid-Polish Anticlinorium
Ci-2 561.7 | UK. | 68.8 | 6.6 | 188 | 1.4 45 | 1.15 | 0.20 | 0.017 | 0.024
Cy-1 1089.3| U.K. | 76.2 | 6.3 | 13.7 | 2.1 1.7 | 1.00 | 0.13 | 0.023 | 0.008
Go-7 11772 | UK. | 728 | 54 | 18.1 1.6 21 | 0.88 | 0.19 | 0.019 | 0.011
Koscierzyna—Putawy Synclinorium
Gr1  [16514] UK. [ 732 ] 69 [133 ] 25 | 41 [ 1.13 | 0.14 [ 0.030 | 0.021

daf — dry, ash-free basis; other explanations as in Figure 2

Table 6

Indices calculated based on n-alkane and isoprenoid distribution of bitumen

Bogggg'e Dﬁ]th Age | CPlirota | CPli7-23) | CPlizs_a1) | Pr/n-Cq7 | Phin-Cig | Pr/Ph | Cro zoico528 | Crax
Szczecin—Miechoéw Synclinorium

Ko-3 2146.5 | U. K. 1.11 1.1 1.09 1.00 2.04 0.72 2.49 17

Ko-4 1976.0 | U. K. 1.09 1.01 1.25 1.27 0.75 1.54 1.52 20

Po-1 24025 | U. K. 1.10 1.03 1.27 1.20 0.60 2.05 1.78 20

Pr-1 1992.5 | U. K. 1.04 1.00 1.06 1.18 0.54 1.62 1.48 20

PT-1 1195.3 | U. K. 1.39 1.18 1.78 2.61 2.61 1.41 1.23 17

St-1 1590.5 | U. K. 1.07 1.00 1.26 1.12 0.59 1.36 2.07 19

Ko-3 2218.6 | L. K. 0.99 0.95 1.04 0.32 0.30 0.79 1.48 20

Mid-Polish Anticlinorium

Ci-2 561.7 | U.K n.c. n.c. 2.27 n.c. 1.26 n.c. 0.69 27

Cy-1 1089.3 | U. K. n.c. n.c. 1.29 n.c. n.c. n.c. 1.56 21

Go-7 1177.2 | U. K. n.c. n.c. 2.02 n.c. n.c. n.c. 1.00 29
Koscierzyna—Putawy Synclinorium

-1 | 16514 [UK ] 176 | 120 [ 261 | 118 | 193 [ o075 [ 115 [ 17

CPlrotay = [(C17 + Cqg +...+ Co7 + Cag) + (C1g + Coq +...#+ Co9 + C31)/[2*(Cyg + Cop +...+ Cog + C30)]; CPl(17-23) = [(C47 + C1o +
C21) + (Cqg + Caq + C23)J/[2*(C1g + C2o + C22)]; CPli25.31) = [(C25 + Ca7 + Cag) + (Ca7 + Cag + C31)]/[2*(C26 + Cog + Cs0)]; Pr—
Pristane; Ph — Phytane; n.c. — not calculated due to low intensity of hydrocarbons; other explanations as in Figure 2
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Fig. 11. Example of (A) alkane (m/z = 71), (B) hopane (m/z =

l
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Time [min.]

191) and (C) sterane (m/z = 217) distribution in saturate
hydrocarbons fraction (sample Po-1/2402.5 m, Upper
Kimmeridgian, Szczecin—-Miechéw Synclinorium)

For explanation of abbreviations and symbols see Tables 6
(alkanes) and 7 (hopanes and steranes)
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Fig. 12. Genetic characterization of bitumen in terms
of pristane/n-C4; and phytane/n-C4s according
to the categories of Obermajer et al. (1999)

Explanations as in Figure 2
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Genetic fields modified after Peters et al. (2005);

explanations as in Figure 2
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Fig. 14. A cross-plot of the dibenzotiophene/phenantrene ratio
versus the pristane/phytane ratio for bitumen

Classification of source kerogen sedimentation conditions after
Hughes et al. (1995). Zone 1A — marine carbonate; Zone 1B — ma-
rine carbonate or marine marl or lacustrine sulphate-rich; Zone 2 —
lacustrine sulphate — poor or carbonate organic-poor; Zone 3 — ma-
rine shale and other lacustrine; Zone 4 — fluvial/deltaic; explanations
as in Figure 2
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Fig. 15. C4 tetracyclic terpane/C tricyclic terpane (S+R) ratio
versus Cy/C55 of tricyclic terpanes ratio for bitumen

Criteria after Peters et al. (2005); explanations as in Figure 2

strata from the stage of microbial process to the middle phase
of “oil window” (from 420 to 449°C; Table 2 and Fig. 3A). Most of
the investigated strata are at the final stage of microbial process
or are low-mature. The highest T, value was recorded in the
Wagrowiec IG 1 borehole (Fig. 3A). This maturity increase is of-
ten associated with salt tectonics (e.g., near Damastawek salt
diapir, Magri et al., 2008). The maturity indices calculated

Moretane/17o hopane

Ts/(Ts+Tm)

C,, dia/(dia+treg)

Fig. 16. (A) Moretane/17a hopane ratio and (B) Ts/(Ts+Tm)
ratio versus C,; fo 20(S+R) diasterane/(C,7 fa. 20(S+R)
diasterane + XCy; regular steranes) ratio for bitumen

Criteria after Peters et al. (2005); explanations as in Figure 2

based on the distribution of biomarkers, methylphenantrenes,
methyldibenzotiophenes and triaromatic steroids (Tables 7 and
8; Figs. 16 and 17), elemental composition of kerogen (Fig. 9),
as well as vitrinite reflectance of the discussed organic matter
(Table 3) generally correlate with T,,. values. The most mature
levels were recorded in the Przybytéw-1 borehole (Table 3,
Figs. 9 and 17), and generally the highest ones were noted in
the most deeply buried part of the synclinorium, in the
Damastawek—Koto area (Fig. 1). These data are in agreement
with previous studies (e.g., Burzewski et al., 1990; Nowicki,
1990; Bachleda-Curus$ and Semyrka, 1990).

MID-POLISH ANTICLINORIUM

From the Mid-Polish Anticlinorium, 72 samples were col-
lected from 10 boreholes (Table 1 and Fig. 1). They came
mostly from the Kuiavian Segment (67 samples from 9 bore-
holes) and only 5 samples were taken from Upper
Kimmeridgian strata of the Pomeranian Segment, from the
Witkowo-1 borehole. From Lower Kimmeridgian strata, 13



206

Dariusz Wiectaw

Table 8
Selected indices calculated based on aromatic hydrocarbons distribution of bitumen
P Gode | Tl | Age | MPI1 | R | MOR | R | BETT | TAG | (20427) | (21428) | Can 565 | Cor 20K
Szczecin—Miechéw Synclinorium
Ko-3 2146.5 |U.K.| 0.00 0.37 0.30 0.48 0.34 Li. li. li. Li. li.
Ko-4 1976.0 | U.K.| 0.41 0.61 0.53 0.54 0.12 0.04 0.06 0.02 1.5 1.17
PT-1 1195.3 |U.K.| 0.28 0.54 0.39 0.50 0.13 Li. li. li. Li. li.
Po-1 2402.5 |U.K.| 0.55 0.70 0.67 0.56 0.16 0.05 0.08 0.03 1.3 1.23
Pr-1 19925 |U.K.| 0.55 0.70 0.58 0.54 0.19 0.09 0.10 0.11 1.0 1.27
St-1 1590.5 |U.K.| 0.36 0.58 0.75 0.58 0.05 0.06 0.11 0.03 2.0 1.49
Ko-3 22186 |L.K.| 0.46 0.65 1.05 0.62 0.06 0.09 0.16 0.03 1.7 1.22
Mid-Polish Anticlinorium
Ci-2 561.7 |U.K.| 0.70 0.79 0.76 0.58 0.04 0.11 0.17 0.10 1.1 1.56
Cy-1 1089.3 .K.| 0.62 0.74 0.61 0.55 0.13 0.05 0.10 0.02 2.0 1.77
Go-7 1177.2 |U.K.| 0.72 0.80 1.44 0.67 0.04 0.04 0.07 0.03 2.9 1.59
Koscierzyna—Putawy Synclinorium
Gr-1 [ 16514 Ju.K.] 031 | 056 [069 | 057 [012 ] 007 | 010 [ 006 [ 13 [ 147

MPI1 = 1.5(2MP + 3MP)/(Phen + 1TMP + 9MP); MP — Methylphenanthrene; Phen — Phenanthrene; Reampi1) = 0.6(MPI1) + 0.37;
MDR = 4MDBT/1MDBT; MDBT — Methyldibenzothiophene; Reawmor) = 0.4 + 0.3*(MDR) — 0.094*(MDR)? + 0.0118(MDR)*; DBT —
dibenzothiophene; TA(I) = (Cy + C»4) Triaromatic Steroids; TA(Il) = (Cz6 + C27 + Cag + Cyg) Triaromatic Steroids; TA 20/(20+27) =
Cyo Triaromatic Steroid/ (Cy + C27 20S & Cy6 20R+C57 20R) Triaromatic Steroids; TA 21/(21+28) = C,4 Triaromatic Steroid/ (Cy4
+ Cgg 20S + Cyg 20R) Triaromatic Steroids; TA Cys/Cg6 20S = Cyg 20S Triaromatic Steroid/Cys 20S Triaromatic Steroid; TA Cog/
Cs7 20R = Cy5 20R Triaromatic Steroid/C,7 20R Triaromatic Steroid; |.i. — not calculated due to low intensity of biomarkers; other

explanationa as in Figure 2

A | B
Mature
Mature
r 04 m—m—— - - ———— 1 —_—— 1 —
g |
s I
a | Early-mature I
g Early-mature
7 S S = N (F P I
N
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A A Py A I I A A * Ff()i-2/561.7
[
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Fig. 17. Sterane C2920S/(20S+20R) ratio versus (A) Ts/(Ts+Tm) and (B) C2ofp/(Bp+0cc) ratios for bitumen

Maturity fields after Peters and Moldowan (1993); explanationa as in Figure 2

samples were collected from 6 boreholes, and from Upper
Kimmeridgian — 59 samples from 9 boreholes (Table 1). The
TOC content varies in the Lower Kimmeridgian strata from 0.18
to 6.8 wt.%, with the median of 0.94, and in the Upper
Kimmeridgian — from 0.25 to 6.6 wt.% (median 2.6 wt.%; Ta-
ble 2). The TOC distribution, both in Lower and Upper
Kimmeridgian rocks, is uniform with statistical dominance of
higher values in Upper Kimmeridgian strata (Fig. 2B). The high-
est TOC values, >5 wt.%, were recorded in Upper
Kimmeridgian strata of the Gostynin IG 1, IG 3, 7 and
Ciechocinek IG 2 boreholes, and in a single Lower
Kimmeridgian sample from Gostynin IG 3 (Fig. 1). The values

of residual hydrocarbon content (S,) and total hydrocarbon con-
tent (S4+S;) vary in Lower Kimmeridgian strata S;+S, from 0.09
to 25.4 mg HC/g rock (Table 2 and Fig. 2B), and in Upper
Kimmeridgian — from 0.34 to 26.1 mg HC/g rock, respectively,
with the median values of 1.05 and 4.2 mg HC/g rock, respec-
tively (Table 2 and Fig. 2B). These data indicate that the Lower
Kimmeridgian strata are generally fair source rocks and the up-
per part of the Kimmeridgian section is potentially good source
for the generation of hydrocarbons. The highest medians of
TOC value in individual boreholes are evidenced in the vicinity
of Gostynin (Fig. 1).
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In the Kimmeridgian strata of this tectonic unit, as in the
case of the Szczecin—Miechéw Synclinorium, different types of
kerogen are recognized. The correlation between the hydrogen
index HI and the Ty temperature (Fig. 3B) indicates the pre-
dominance of gas-prone Type-lll kerogen in the whole
Kimmeridgian section with numerous levels containing mixed
Type-Il/lll and locally Type-ll kerogen, mostly in the Upper
Kimmeridgian strata. The highest HI values were recorded in
the Gostynin IG 1 and Czarnowo-2 boreholes. The “mineral ma-
trix effect” is difficult to recognize; the low-H/-value-samples are
both rich and poor in organic carbon, both in the Lower and Up-
per Kimmeridgian (Fig. 4B). The lowering of TOC content re-
sults in the increase of Ol values (especially in the Lower
Kimmeridgian) suggesting partial oxidation of organic matter in
TOC-poor rocks (Fig. 4B’). The results of petrographic analyses
(Table 3 and Fig. 5) and the stable carbon isotope composition
(Table 4, Figs. 6B and 7) of selected samples indicate the domi-
nance of oil-prone Type-Il kerogen. Stable carbon isotope anal-
yses show a narrow range of 5'°C values of kerogen and all
fractions, suggesting the presence of one type of organic matter
and some differences between §'°C values of aromates in the
whole section. In samples collected from Lower Kimmeridgian
strata, aromatics are more enriched in the 2c isotope as com-
pared to saturates (Figs. 6B and 7), suggesting secondary pro-
cesses (oxidation, water washing), as reported by, e.g., Kotarba
et al. (2006) for the Permian Kupferschiefer. This thesis is con-
firmed by lowering of the HI/Ol ratio in these samples (Fig. 8).
The oxidation of organic matter in the investigated strata is pos-
sible due to the presence of geothermal waters of low salinity
(Gorecki, 2006). The kerogen elemental composition, in con-
trast to previous data, suggests a predominance of Type-lll
kerogen (Table 5 and Fig. 9), but as for the samples from the
Szczecin—Miechow Synclinorium, the maceral composition of
these samples is dominated by liptinite and inertinite macerals
(Table 3 and Fig. 5). Therefore, the kerogen elemental compo-
sition refers to the composition of a mixture of algal material
(Type-Il or Type-I kerogen) and inert organic matter (Type-I1V)
kerogen. The presence of low-sulphur kerogen is evidenced by
the low values of S/C atomic ratios in kerogen, below 0.04 (Ta-
ble 5)in the Upper Kimmeridgian strata. The positive correlation
of S/C and H/C atomic ratios (Fig. 10) may indicate, as with the
previously described samples from the Szczecin—Miechéw
Synclinorium, a mixture of high-sulphur kerogen (Type-IIS) and
low-sulphur kerogen (most probably Type-IV). Indices calcu-
lated based on the n-alkanes and isoprenoids distribution (Ta-
ble 6) and the biomarker distribution (Table 7) support the
petrographic analyses and suggest generation of the bitumen
from organic matter enriched in algae (Fig. 13). It is impossible
to determine the conditions of organic matter deposition based
on the Pristane/Phytane ratio due to the very low quantities of
these biomarkers in bitumen. Low values of the gammacerane
index (GI) indicate the absence of hypersaline sedimentation
environment (Sininghe Damste et al., 1995). The values of ra-
tios calculated on the basis of the distribution of n-alkanes,
steranes, diasteranes and hopanes (Tables 6 and 7) indicates a
diversity of organic matter deposition conditions. The CPI val-
ues >1.0 reveal that the organic matter was deposited most
probably in rocks enriched in siliclastic material. On the other
hand, the value of C,/Cys of triterpanes ratio of sample
Ci-2/561.7 above unity (Table 7 and Fig. 15) suggests the pres-
ence of lacustrine Type-| kerogen (e.g., Zumberge, 1987), but
this thesis has not been supported by the results of other analy-
ses (Tables 3-7). Especially low values of the H/ and H/C
atomic ratio (Tables 4 and 5, Fig. 8) prove the predominance of
Type-Il kerogen.

Thermal maturity of the Kimmeridgian strata was deter-
mined, as in the case of the Szczecin—Miechéw Synclinorium,
on the basis of Rock-Eval data (Table 2), vitrinite reflectance
measurements (Table 3), and biomarker (Table 7) and aro-
matic hydrocarbons distribution (Table 8). The results of the
kerogen elemental composition analysis (H/C and O/C values)
were also used indirectly for this purpose (Table 5). The Tpax
values from 418 to 435°C (Table 2 and Fig. 3B) indicate gener-
ally the immaturity and low-maturity of the investigated strata.
The maturity indices calculated based on the distribution of
biomarkers, methylphenantrenes, methyldibenzotiophenes
and triaromatic steroids (Tables 7 and 8, Figs. 16 and 17), ele-
mental composition of kerogen (Fig. 9), as well as vitrinite
reflectance (Table 3) generally correspond with T, values and
indicate a lower level of thermal maturity in this unit than in the
Szczecin—Miechéw Synclinorium. These data are in agreement
with previous studies (e.g., Burzewski et al., 1990; Nowicki,
1990; Bachleda-Curus$ and Semyrka, 1990; Merta, 1994).

KOSCIERZYNA-PULAWY SYNCLINORIUM

From the Koscierzyna—Putawy Synclinorium, 24 samples
were collected from 5 boreholes (Table 1 and Fig. 1). Six sam-
ples came from 2 boreholes in the Koscierzyna Segment, and
18 samples originated from 3 boreholes in the Warszawa Seg-
ment. In the Lower Kimmeridgian strata (6 samples — 2 from
Koscierzyna and 4 from Warszawa segments) the TOC content
varies from 0.22 to 3.2 wt.%, with the median of 0.40 wt.% (Ta-
ble 2). Samples with low TOC values are dominant, but there is
one sample from the Gostynin |G 4 borehole with a high organic
carbon content of >3 wt.% (Figs. 1 and 2C). The residual hydro-
carbon content (S;) as well as total hydrocarbon content
(S1+S,), similarly to the TOC values, are usually low and range
from 0.19 to 11.6 mg HC/g rock and 0.26 to 11.9 mg HC/g rock,
respectively, with the median values of 0.29 and 0.38 mg HC/g
rock, respectively (Table 2 and Fig. 2C), indicating that the the
strata generally have poor potential for the generation of hydro-
carbons. The S,;+S; value exceeds 5 mg HC/g rock only in one
sample (Gostynin IG 4/1678.3 m; Fig. 2C). The Upper
Kimmerigdian strata are much richer in organic matter: the TOC
varies from 0.38 to 5.6 wt.% (median 2.4 wt.%), and the hydro-
carbon content is from 0.26 to 26.7 mg HC/g rock (median 4.3
mg HC/g rock; Table 2 and Fig. 2C). The best source rocks
were found in the Gronowo-1 and Gostynin IG 4 boreholes
(Figs. 1 and 2C).

Kimmeridgian strata of this tectonic unit, like with the previ-
ous ones, contain different types of kerogen. Correlation be-
tween the hydrogen index (H/) and the T, temperature
(Fig. 3C) indicates the dominance of gas-prone Type-lll
kerogen in Lower Kimmeridgian strata, while in the upper part of
the section, numerous levels contain mixed Type-Il/lll and
Type-Il kerogen (Gronowo-1 borehole). This thesis is sup-
ported by the correlation of HI and TOC (Fig. 4C). The “mineral
matrix effect” is visible for samples poor in TOC. The oxidation
of organic matter was recorded especially in samples collected
from the Lower Kimmeridgian strata (Fig. 4C’). The results of
petrographic analyses (Table 3 and Fig. 5), stable carbon iso-
tope composition (Table 4, Figs. 6B, 7 and 8), kerogen elemen-
tal composition (Table 5, Figs. 9 and 10), Pristane/n-C4; and
Phytane/n-Cys ratios values (Table 6 and Fig. 12) and regular
sterane distribution (Table 7 and Fig. 13) of one sample
(Gronowo-1/1651.5 m) indicate that its organic geochemistry
characteristics is similar to those of the samples from the
Mid-Polish Anticlinorium. The value of Pr/Ph ratio below one
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(Table 6) suggests a deposition of the organic material in
anoxic conditions (Didyk et al., 1978). Hypersaline sedimenta-
tion environment was excluded due to the absence of
gammacerane (Table 7). Values of the Pristane/Phytane and
Phenanthrene/Dibenzothiophene ratios suggest the generation
of bitumen from organic matter deposited in lacustrine or or-
ganic-poor carbonaceous conditions (Fig. 14). This opinion is
misleading taking into consideration deep marine conditions
during Kimmeridgian times (Niemczycka nad Brochwicz-Lewin-
ski, 1988). The palaeoecological data are supported by the
value of Cys/Cys of triterpanes ratio of less than unity (Table 7
and Fig. 15), suggesting a dominance of Type-Il kerogen de-
posited in marine shales. The low value of the S/C atomic ratio
in kerogen (Table 5 and Fig. 10) reveals the presence of
low-sulphur (low-generative) kerogen (Orr, 1986), however, as
for the previous units, a mixture of Type-IIS kerogen with inert
Type-IV kerogen cannot be excluded here, either.

Thermal maturity of the Kimmeridgian strata in the
Koscierzyna—Putawy Synclinorium was determined, as in the
case of previous units, on the basis of Rock-Eval data (Table 2),
measurements of vitrinite reflectance (Table 3), and biomarker
(Table 7) and aromatic hydrocarbons distribution (Table 8). The
results of the kerogen elemental composition analysis (H/C and
O/C values) were also used indirectly for this purpose (Table 5).
The Tprax values from 412 to 432°C (Table 2 and Fig. 3C) indi-
cate generally the immaturity and only locally marginal low-ma-
turity of the investigated strata. The maturity indices calculated
based on the distribution of biomarkers, methylphenantrenes,
methyldibenzotiophenes and triaromatic steroids (Tables 7 and
8, Figs. 16 and 17), elemental composition of kerogen (Fig. 9),
as well as vitrinite reflectance (Table 3) generally correspond
with the T,,a values and indicate a lower level of thermal matu-
rity in this unit than in the Szczecin—Miechéw Synclinorium.
These data are in agreement with previous studies (e.g.,
Burzewski et al., 1990; Nowicki, 1990; Bachleda-Curus and
Semyrka, 1990; Merta, 1994).

CONCLUSIONS

The wide range of geochemical studies enabled to evaluate
detailed hydrocarbon potential, genetic type, and maturity of
potential source rocks in the Upper and Lower Kimmeridgian
strata of the central part of the Polish Lowland:

1. The rocks richest in TOC, up to 6.8 wt.%, were found in
the Gostynin-7 (Upper Kimmeridgian) and Gostynin IG 3
(Lower Kimmeridgian) boreholes in the eastern part of the
Mid-Polish Anticlinorium (Kuiavian Segment). Source rock lev-

els with TOC >4 wt% were also found in the Upper
Kimmeridgian in all investigated units. Lower Kimmeridgian
rocks are generally poor in organic matter.

2. Hydrocarbon potential of the rocks is varied: generally
poor for the Lower Kimmeridgian and fair or good for Upper
Kimmeridgian strata. The source-rock properties are compara-
ble in all the units.

3. The Lower Kimmeridgian rocks contain predominantly
gas-prone Type-Ill kerogen. Oil-prone type-Il kerogen prevails
in the Upper Kimmeridgian strata.

4. Highly generative Type-lIS kerogen has not been re-
corded in the analysed strata, thus organic sulphur does not
play any important role in the hydrocarbon generation. In
comparison to other parts of the basin, where kerogen II-S is
widespread, its presence in the study area cannot be excluded.

5. Organic matter is immature or low-mature in all analysed
rocks. The highest maturities are observed in the most deeply
buried strata (>2000 m) in the Mogilno—+6dz Segment of the
Szczecin—Miechéw  Synclinorium. In the  Mid-Polish
Anticlinorium and Koscierzyna—Putawy Synclinorium, the matu-
rity is lower, indicating that hydrocarbon generation processes
have not started in this area.

6. Taking into consideration the high TOC content in some
areas, the Kimmeridgian strata may be an interesting target for
exploration of unconventional microbial hydrocarbons, espe-
cially in the deepest parts of the Mogilno-£6dz Segment of the
Szczecin-Miechéw Synclinorium (Damastawek—Strzelno—Koto
area), where also the thermogenic generation process began
and Upper Jurassic rocks are covered by thick Cretaceous
strata.
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