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Habitat and hydrocarbon potential of the lower Paleozoic source rocks
in the Polish part of the Baltic region

Dariusz WIECLAW, Maciej J. KOTARBA, Pawet KOSAKOWSKI,
Adam KOWALSKI and lIzabella GROTEK

Wiectaw D., Kotarba M. J., Kosakowski P., Kowalski A. and Grotek I. (2010) — Habitat and hydrocarbon potential of the lower Paleozoic
source rocks in the Polish part of the Baltic region. Geol. Quart., 54 (2): 159-182. Warszawa.

The quantity, genetic type and maturity of organic matter dispersed in the Lower Cambrian to the uppermost part of the Silurian
(Pridoli) sequence of the Polish part of the Baltic region was determined based on the results of geochemical analyses of a total of 1377
rock samples collected from 38 onshore and offshore boreholes. The best source rocks were found in the Upper Cam-
brian—Tremadocian succession where present and initial total organic carbon (TOC) contents are up to ca. 18 and 20 wt.%, respec-
tively. Caradocian (Ordovician) strata can be considered as an additional source of hydrocarbons. In the individual boreholes median
present and initial TOC contents vary from 0.5 to 3.3 wt.% and from 1 to 6 wt.%, respectively. The Llandovery (Silurian) strata reveal
moderate and locally high hydrocarbon potential of the source rocks. The present TOC content reaches locally 10 wt.% (usually
1-2 wt.%). Another source of hydrocarbons can be clayey intercalations within the Middle Cambrian strata. Their organic matter con-
tent rarely exceeds 1 wt.%, being often a result of advanced organic matter transformation. In all lower Paleozoic strata investigated
from the Polish part of the Baltic region oil-prone, low-sulphur Type-I1l kerogen occurs, deposited in anoxic or sub-oxic conditions.
The maturity of all source rocks changes from the initial phase of the low-temperature thermogenic processes in the northeastern part
to the overmature stage in the southwestern part of the study area.

=

Dariusz Wiectaw, Maciej J. Kotarba, Pawet Kosakowski, Adam Kowalski, Faculty of Geology, Geophysics and Environmental Protec-
tion, AGH University of Science and Technology, Mickiewicza 30, PL-30-059 Krakéw, Poland, e-mails: wieclaw@agh.edu.pl,
kotarba@agh.edu.pl, kosak@agh.edu.pl, akowalsk@agh.edu.pl; 1zabella Grotek, Polish Geological Institute — National Research In-
stitute, Rakowiecka 4, PL-00-975 Warszawa, Poland, e-mail: igro@pgi.gov.pl (received: December 12, 2009; accepted: May 17, 2010).

Key words: Baltic region, Northern Poland, source rock, hydrocarbon potential, lower Paleozoic.

INTRODUCTION 1998; Kosakowski et al., 2008). Also in the other parts of the
Baltic region and its vicinity this succession is very rich in or-
ganic carbon (up to 20 wt.% TOC,; e.g., Lewan and Buchardt,

1989; Buchardt and Lewan, 1990; Leventhal, 1991; Gorecki et

Oil exploitation in the Polish part of the Baltic region began
onshore in 1970, when a small accumulation in Zarnowiec was
discovered (Strzetelski et al., 2004). The first offshore oil de-
posit (B3 structure) was discovered in 1981 (Karnkowski,
1999; Domzalski and Mazurek, 2003). All the oil and gas accu-
mulations found in the Polish part of the Baltic region occur in
anticlinal structures formed in Middle Cambrian sandstone res-
ervoir rocks (e.g., Sikorski and Solak, 1991; Domzalski et al.,
2004; Karnkowski et al., 2010). The Upper Cam-
brian-Tremadocian black shale succession is considered as
their main source rock (e.g., Schleicher et al., 1998). Its thick-
ness varies usually from 5 to 35 metres (Modlinski and
Podhalanska, 2010) and the total organic carbon (TOC) con-
tent is up to 12 wt.% (Gérecki et al., 1992; Schleicher et al.,

al., 1992; Bharati et al., 1992, 1995; Kanev et al., 1994;
Schleicher et al., 1998; Buchardt et al., 1998; Pedersen et al.,
2006). Apart from the Upper Cambrian—Tremadocian succes-
sion, Middle Cambrian, Caradocian (Ordovician) and
Llandovery (Silurian) strata are also locally enriched in organic
matter and, thus, are considered as source rocks (e.g., Gérecki
et al., 1992; Schleicher et al., 1998; Karnkowski, 2003). The
lower part of the Silurian succession is the most important
source rock in the eastern part of the Baltic region, particularly
due to its significant thickness (up to 400 m; e.g., Ulmishek,
1990) and TOC content (up to 10 wt.%, locally up to 20 wt.%;
Zdanaviciute and Bojesen-Koefoed, 1997; Zdanaviciute et al.,
1998; Zdanaviciute and Lazauskiene 2004, 2007). The matu-
rity of the lower Paleozoic strata in the Baltic region is variable.
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Fig. 1. Tectonic sketch map of the Polish part of Baltic region and location of sampled boreholes

Fault system after Pokorski (2010)

Previous studies carried on in the Polish part of the basin
showed that the maturity of the organic matter ranges from the
initial phase of the low-temperature thermogenic processes
(“oil window™) up to the overmature zone (e.g., Kosakowski et
al., 1999; Poprawa et al., 1999; Grotek, 1999, 2006;
Karnkowski, 2003; Poprawa and Grotek, 2005).

The main objective of our study is to revise previous data
and to define the petroleum potential of the lower Paleozoic
strata in the Polish part of the Baltic region (Fig. 1). We exam-
ined the TOC content, organic matter type, thermal maturity
and petroleum potential of the entire lower Paleozoic sequence.
The source rock assessment was done based on geochemical
criteria proposed by Peters and Cassa (1994) and Hunt (1996).

The large number of analysed samples enables us to local-
ize the levels of the best source rocks in the lower Paleozoic
strata and to estimate their initial total organic carbon (TOCy)
content in individual boreholes.

SAMPLES

The rock samples were taken from cores representing all
strata recognized from the Polish part of the Baltic region.

Both the onshore and offshore boreholes were sampled. To-
tally, 1377 core samples from 38 boreholes, weighting about
400 g each, mainly claystones and siltstones as well as marls
and carbonates (Fig. 1) were collected and analysed. Table 1
shows samples collected from individual boreholes and strati-
graphic levels.

METHODS

The core samples were cleaned from mud contamination
and crushed to the 0.5-2 cm fraction. Then, 200 g of each sam-
ple was milled to the <0.2 mm fraction for geochemical analy-
ses. Screening pyrolysis analyses of rock samples were carried
on with a Rock-Eval Model 11 instrument equipped with an or-
ganic carbon module. Aliquots of the pulverised samples were
extracted with dichloromethane:methanol (93:7 v/v) in a
SOXTEC™ apparatus. The asphaltene fraction was precipi-
tated with n-hexane. The remaining maltenes were then sepa-
rated into compositional fractions of saturated hydrocarbons,
aromatic hydrocarbons and resins by column chromatography,
using alumina:silica gel (2:1 v/v) columns (0.8 x 25 cm). The
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Table 1
Quantity of the rock samples collected from individual boreholes
Borehole Cambrian Ordovician Silurian

Cml | Cm2 | Cm3 | Ot Oar | OlIn Oc Oa Sla Sw | Slid Sp
A23-1/88 2 6 5 - 3 - 1 - - - - _
AB8-1/83 - 4 9 4 - - - - - - 3 _
B16-1/85 - 1 9 - - - - - - - - -
B21-1/95 - 26 28 2 3 1 7 - 2 3 6 -
B3-9/95 - 8 4 3 3 1 2 2 14 12 6 -
B4-1/81 - 2 - 5 - - - - - - - -
B4-2A/02 - 6 19 - - - - - - - - —
B4-N1/01 - 3 11 - - - 1 - 1 - - -
B6-1/82 - - 2 4 - - 2 | - 2 - _ _
B6-2/85 - 5 - 3 1 - - - - - - _
B6-3/02 - 12 24 - - - - - - - - -
B7-1/91 - - - 15 - - - - - - - _
B8-1/83 - 3 - - - - - - - - - _
Biatogodra 1 1 2 6 - - - 1 - - - 2 _
Biatogora 2 - 2 - - - - 13 - - - 4 -
Biatogora 3 - 7 12 - 4 - 6 - - - - _
Biatogéra 4K - 1 - - - - - - - - - _
Biatog6ra 6 - 5 10 - - - 6 - - - _ _
Darzlubie 1G 1 - 1 - - - - - - - - - —
Debki 2 - - 2 - - - - - - - - -
Debki 3 - 21 6 - 4 8 11 - 3 9 15 -
Debki 4 - 26 16 - - - - - - - - -
Debki 5K - 2 - - - - - - - - - _
Gdansk I1G 1 13 12 - - 1 2 9 4 16 13 37 6
Hel IG 1 10 14 3 - 4 - 7 3 9 1 15 6
Koscierzyna 1G 1 6 25 - - 1 - 1 1 5 5 4 -
Lebork IG 1 - - - - - - 2 1 1 10 64 1
teba 8 8 32 6 - 3 1 11 2 - 5 18 4
Malbork 1G 1 28 29 - - 3 - 2 4 6 7 14 8
Malbork 3 - 33 - - - 1 - - - - - 3
Nowa Koscielnica 1 51 27 - - 8 1 4 - - - - -
Piasnica 2 - 2 2 - - - 2 - 2 — _ _
Shupsk IG 1 9 10 - - - - 5 2 - 29 22 -
Zarnowiec IG 1 10 18 6 - 2 1 8 1 13 31 23 6
Zarnowiec 6K - - 8 - 2 - 9 - 3 2 - -
Zarnowiec 7 - 4 - - - - - - - - - _
Zarnowiec 8K - 2 - - 2 - - - - - - _
Zarnowiec 9K - 3 - - - - - - - - - _
TOTAL 138 354 188 36 44 16 110 20 7 127 | 233 34

Cml — Lower Cambrian, Cm2 — Middle Cambrian, Cm3 — Upper Cambrian, Ot — Tremadocian, Oar — Arenigian, Oln —
Llanvirnian, Oc — Caradocian, Oa — Ashgillian, Sla — Llandovery, Sw — Wenlock, Sld — Ludlow, Sp — Pridoli
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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 a 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-notation relative to the
V-PDB standard (Coplen, 1995). The analytical precision is es-
timated to be £0.2%o.

Isolation of kerogen for elemental analysis was achieved
by SOXTEC™ extraction of pulverised samples,
decalcification of the solid residue with hydrochloric acid at
room temperature, removal of silicates with concentrated hy-
drofluoric acid, removal of newly formed fluoride phases
with hot concentrated HCI, heavy liquid separation (aqueous
ZnBr; solution, density 2.1 g/ml) and repeated extraction with
dichloromethane:methanol (93:7 v/v). Elemental analysis of
isolated kerogen (C, H, N and S) was made with the Carlo
Erba EA 1108 elemental analyser. The quantity of pyrite con-
taminating the kerogen was analysed as iron, on a
Perkin-Elmer Plasma 40 ICP-AES instrument after digesting
the ash from burned kerogen (815°C, 30 min) with hydro-
chloric acid. The organic sulphur content in kerogen was cal-
culated as difference of total and pyritic sulphur. The oxygen
content was calculated as difference to 100%, taking into ac-
count C, H, N, S, moisture and ash contents.

The biomarker distributions were determined by analysing
the maltene fraction on a computerized GC-mass spectrometer
(MS) system using a Hewlett Packard 6890 GC with a
DB-1701 60 m x 0.31 mm column (0.25 um film thickness,
bonded phase: 14% cyanopropylphenyl — 86% dimethyl-
polysiloxane copolymer) directly interfaced to a JEOL
GC-Mate magnetic sector MS. Splitless injection was made in
to the injector operated isothermally at 300°C. Temperature
was programmed as follows: 50 to 150°C at 50°C/min, 150 to
300°C at 3°C/min and 300°C held for 9 minutes. Helium was
used as carrier gas with a constant flow rate of 2 ml/min. Dy-
namic mass resolution was 3000 (50 percent valley). Multiple
ion detection was accomplished by switching the accelerating
voltage at a constant magnetic field. The selected ions were m/z
=191 (terpanes and gammacerane), m/z = 217 (steranes), m/z =
231 (triaromatic steroids) and m/z = 253 (monoaromatic ste-
roids). Tentative peak identifications were based on elution
time and confirmed in many cases with mass spectra (Philp,
1985) and MS-MS. Peak heights were used for measuring
compound concentrations to avoid the erroneous measurement
of co-eluting compounds.

The saturated hydrocarbon fractions of the extracted bitu-
mens were analysed with the GC for n-alkanes and
isoprenoids. Analyses were carried out with a Hewlett Packard
type 5890 Series Il gas chromatograph equipped with fused sil-
ica capillary column (25 m x 0.32 mm i.d.) coated with methyl
silicone gum phase (HP-1 0.52 um film thickness) and flame
ionisation detector. Nitrogen was used as a carrier gas. The GC
oven was programmed from 110 to 315°C at 5°C/min and
315°C was held for 15 minutes. The aromatic hydrocarbon
fractions were analysed for phenantrene and its derivatives
with the same GC, carrier gas and detector using a fused silica

capillary column (60 m x 0.25 mm i.d.) coated with 95%
methyl/5% phenylsilicone phase (DB-5, 0.25 um film thick-
ness). The GC oven was programmed from 80 to 315°C at a
rate of 3°C/min.

The uranium and thorium contents in rocks were deter-
mined by instrumental neutron activation analysis (INAA)
(Hoffman, 1992) at the Actlab Laboratories®, Canada.

Measurements of mean random reflectance of vitrinite-like
macerals (R,) were carried out with a Zeiss-Opton
microphotometer at 546 nm wavelength, in oil. Sample prepa-
ration and point counts were carried out in accordance with the
International Committee for Coal and Organic Petrology
(ICCP) procedure (Taylor et al., 1998).

The initial TOC content for the strata from which geochem-
ical data were available were determined based on their present
TOC content and values of H/C atomic ratio, according to the
method proposed by Baskin (1997) and assuming the presence
of Type-II kerogen in all strata. The initial TOC content was
calculated from the equation:

TOC, = TOC/(1 - X) [1]

where: x — relative mass loss of TOC in relation to maturity level described
by (H/C), value (after Baskin, 1997).

In the case of leaching directly measured elemental data, the
H/C values were determined based on R, values using the equa-
tion after Buchardt and Lewan (1990) for the Alum Shale For-
mation in Sweden:

(H/C)y = (Log R, — 0.812)/(~1.018) [2]

When the direct measurements R, or (H/C), values were
unavailable, the thermal maturity of the organic matter was as-
sumed to be as in the neighbouring boreholes or based on the R,
— depth relation in individual boreholes. In the case of the
Caradocian, the same maturity was assumed as for the Upper
Cambrian-Tremadocian rocks due to similar burial depths of
both successions (Modlinski and Podhalanska, 2010).

The present TOC content was determined as a median value
of above-threshold values. Due to the high transformation ratio
in some places, the assumed threshold TOC quantity was
0.3 wt.%. Taking into account a maturity level corresponding
to (H/C), = 0.9, this value refers to an initial TOC of 0.5 wt.%,
which is the minimum TOC content for potential hydrocarbon
source rocks (Peters and Cassa, 1994).

RESULTS AND DISCUSSION

HYDROCARBON POTENTIAL
OF INDIVIDUAL STRATIGRAPHIC UNITS

CAMBRIAN STRATA

The source rock potential of Cambrian strata is highly vari-
able and depends on their lithology. Potential source rocks are
connected with claystones and siltstones present in all the
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members (lower, middle and upper), in variable
proportions. The Lower Cambrian strata are de-
veloped mainly as sandstones with interbedded
siltstones. In the upper part of the sequence more
shales and siltstones occur (Lendzion, 1983;
Modlinski and Podhalanska, 2010). The Middle
Cambrian strata are similar to the Lower Cam-
brian ones. There are black shales of the
Eccaparadoxides oelandicus Zone and the low-
ermost part of the Paradoxides paradoxissimus
Zone in the lower part of the sequence as well as
sandy and silty strata of the Paradoxides
paradoxissimus Zone in its upper part. The Up-
per Cambrian strata are developed as black shales
with thin lenses of dark limestones. Their total
thickness is up to 20 m (Modlinski and
Podhalanska, 2010).

The geochemical characteristics of the Cam-
brian strata based on Rock-Eval and n-alkane and
isoprenoid data are presented in Table 2. The
Lower Cambrian siltstones are very poor in or-
ganic matter. The measured TOC values do not
exceed 0.4 wt.% and the median equals 0.09 wt.%
(Table 2 and Fig. 2). Even taking into consider-
ation the very high maturity of these strata (almost
5% reflectance of vitrinite-like macerals, Table 2;
Grotek, 2006) it is necessary to recognize that this
stratigraphic member did not generate significant
amounts of hydrocarbons.

The results of Rock-Eval analysis of the
Middle Cambrian siltstones and claystones re-
veal considerable variability of TOC content,
from values close to zero up to nearly 6 wt.%
(Table 2 and Fig. 2). The median of 0.23 wt.%
calculated for a significant population of
Rock-Eval results indicates the generally poor
hydrocarbon potential of these strata. However,
the elevated values of TOC together with S; and
S, values in some samples reveal the presence of
layers or lenses having good or very good source
rock potential. The extractable hydrocarbon con-
tents confirm the Rock-Eval data (Fig. 3) show-
ing the presence of epigenetic hydrocarbons in

Table 2

Geochemical characteristics and hydrocarbon potential of the Cambrian strata
in the Polish part of the Baltic region

Stratigraphy Lower Middle Upper
Index Cambrian Cambrian Cambrian
0 0.00t0 0.36  (138) 0.01to58 (354)| 0.13t018.4 (188)
TOC [wt.%] 0.09 (10) 0.23 (33) 7.8 (20)
. 42310465  (102) 42410 505 (170)
7. [C] no data a3 o) 436 20)
. 0.89t049 (39) 0.71t04.1 (64 0.55t02.4  (26)
R, [%] 152 (10) 131 (1) .05 ]
0.05t07.5 (158)| 0.05t072.0 (175)
S, [mg HC/g rock] no data 5T @) 3 (0)
NE 1o data 0.05t09.3 (158)| 0.19t0752 (175)
[mg HC/g rock] 0.70 27 13.5 (20)
- no data 0.00t0 0.65 (158)| 0.04t00.78 (175)
0.25 27 0.13 (20)
no data 13t0427  (158) 6t0484  (175)
HI [mg HC/g TOC] 147 @n 209 20)
610710 (40) 1to 135 (45)
BR [mg bit/g TOC] 110 (1 73 (16) 14 17
. 048t01.60 (8) | 0.20t02.65 (18)
Pristane/phytane no data 124 ©) 0.74 (14)
Pristane/n-C,, no data 0.26t0 0.58 (8) 0.16t0 0.81 (18)
Phytane/n-C,, no data 0.18t00.62 (8) 0.11t00.95 (18)
Kerogen type no data 1T 1T
Maturity mature/overmature mature/overmature mature/overmature
Hydrocarbon potential no data poor/fair excellent

some samples. The values of production index
(PI) up to 0.65 and bitumen ratio (BR) up to 710
mg bit/g TOC are characteristic for samples con-
taining migrating hydrocarbons (Table 2). This
is not surprising because sandstone reservoir
units exist within the Middle Cambrian strata
(Modlinski and Podhalaiska, 2010; Karnkowski et al., 2010).
The Upper Cambrian black shales show the best hydrocar-
bon potential within the Cambrian succession. The measured
TOC contents vary from 0.13 to 18.4 wt.%, with a median
value of 7.8 wt.% (Table 2 and Fig. 2). Residual hydrocarbons
(S,) and petroleum potential (S; + S,) are also very high, up to
72 and 75.2 mg HC/g rock, respectively, with median values
of 11.3 and 13.5 mg HC/g rock, respectively (Table 2 and Fig.
2). Such values document the excellent hydrocarbon potential
of this stratigraphic unit. The content of extractable hydrocar-

TOC - total organic carbon, Tpax — maximum temperature of S, peak, R, — mean random
reflectance of the vitrinite-like macerals, S; — oil and gas yield (mg HC/g rock), S, — resid-
ual petroleum potential, Pl — production index, HI — hydrogen index, BR — bitumen ratio.
Range of geochemical parameters is given as numerator, median values in denominator. In
parentheses: number of samples from boreholes (numerator) and number of sampled bore-
holes (denominator)

bons (Fig. 3A) reveals that the Upper Cambrian shales are
mainly moderate or even good source rocks. This assessment
is probably invalid due to irradation of organic matter from ra-
diogenic elements, mainly uranium. Landais (1996), Lewan
and Buchardt (1989) and Court et al. (2006) indicated lower-
ing of the bitumen yield caused by complexation, aromatisa-
tion and oxidation of organic matter during radiolytic decom-
position.

The range of hydrogen indices values for both the Middle
and Upper Cambrian strata is comparable, from 13 to 427 (me-
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Fig. 2. Histograms of total organic carbon and residual hydrocarbon contents, hydrogen index, T, temperature and median values
of the individual parameters and indices for the Cambrian strata of the Polish part of Baltic region

Median parameter and index values are given in bold and italic

dian 147 mg HC/g TOC) and from 6 to 484 mg HC/ TOC (me-
dian 209 mg HC/g TOC), respectively (Table 2 and Fig. 2) in-
dicating the varying hydrocarbon potential of both strati-
graphic units.

The genetic type of dispersed organic matter in the Cam-
brian strata is determined by the age of the rocks and the envi-
ronmental conditions of sedimentation. Here, sapropelic mate-
rial derived probably from algae and bacteria is present (e.g.,
Riding, 2001). Taking into consideration values of
pristane/phytane ratio from 0.2 to 2.65, at median value 0.74
(Table 2), it is concluded that the organic matter was deposited
under reducing and sub-oxic conditions (Didyk et al., 1978;
McKirdy and Kantsler, 1980). Results of geochemical studies:
Rock-Eval data (Table 2 and Fig. 4), distribution of biomarkers
(Tables 2 and 3; Fig. 5), stable carbon isotope ratios (Table 4
and Fig. 6) and elemental composition of kerogen (Table 5 and
Fig. 7) point to the presence of oil-prone Type-I1 kerogen. Oc-
casional low HI values, suggesting the presence of Type-IlI
kerogen (Fig. 4A and B), were determined for samples low in
TOC, where organic matter was probably partly oxidized. The
n-alkane distribution shows maxima at 17-19 carbon atoms.
Dominance of short-chain n-alkanes suggests their generation
from algal kerogen (Peters et al., 2005). The large share of Cy;

regular steranes, from 0.49 to 0.64, in the regular steranes dis-
tribution (Table 3) also confirms an algal source of the ex-
tracted bitumens (Czochanska et al., 1988) and very high val-
ues of the diasterane/regular sterane ratio, up to 4.6 (Table 3),
indicate a siliciclastic depositional environment of the organic
matter (Peters et al., 2005).

The maturity level of the Cambrian strata was determined
mainly based on the Rock-Eval data (Tma) and the reflectance
of vitrinite-like macerals (R,) (Table 2). For interpretation 129
results of R, measurements were used, 111 of them from
Grotek (2006). These results were verified by maturity indices
calculated from distributions of biomarkers (Table 3) and aro-
matic hydrocarbons (Table 6). The Ty and R, values show
the large maturity range of the strata investigated, from the
initial phase of the low-temperature thermogenic processes
(“oil window™) to the overmature zone (Tables 2 and 6;
Figs. 2 and 4). The Tma values refer only to a level of maturity
corresponding to the “oil window” stage, because a limitation
of the applicability of this index is the sufficient residual hy-
drocarbons quantity. For very mature samples the Ty values
were unreliable since only trace amounts of residual hydro-
carbons (S, peak) were found. The measured reflectance of
vitrinite-like macerals shows a maturity up to 4.9% in Lower
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Classification after Hunt (1979) and Leenheer (1984)

Cambrian, 4.1%, in Middle Cambrian and 2.4% in Upper
Cambrian strata, respectively (Table 2). The highest maturi-
ties are noted at deepest-buried levels (over 4000 m; fig. 2 in
Grotek, 2006). The biomarker (Table 3 and Fig. 8) and the ar-
omatic hydrocarbon (Table 6) distributions confirm optical
and pyrolytic measurements. Sterane and hopane
isomerization indices are close to equilibrium indicating a
maturity corresponding to the “oil window”. The biomarker
indices calculated for the Upper Cambrian shales may have
been affected by radiation from radiogenic elements. Lewan
and Buchardt (1989) reported that terpanes are more sensitive
to uranium content then steranes. The uranium and thorium
decay influenced especially the n-alkane and isoprenoid dis-
tributions, and led to the characteristic “hump” of unresolved
complex mixture (UCM) composed of polymerized species
(Lewan and Buchardt, 1989) in gas chromatograms (Fig. 9)
constituting of polyaromatic hydrocarbons and oxygen-con-
taining compounds (Court et al., 2006).

ORDOVICIAN STRATA

The Upper Cambrian black shales grade continuously into
the lowermost part of the Ordovician strata (Tremadocian). The
overlying Arenigian strata are developed as dark grey and
black claystones with laminae of greyish-green claystones and
limestones and marlstones above (Modlifiski and Podhalarska,
2010). The Llanvirnian is developed as marly limestones and
locally black, dark grey and greyish-green claystones. It is
overlain by black, dark grey and greyish-green claystones of
Caradocian and marlstones and claystones of Ashgillian age
(Modlinski and Podhalanska, 2010).

The Rock-Eval pyrolysis results show that in the
Tremadocian strata high amounts of organic carbon, up to
14.5 wt.%, dominate (median 9.1 wt.% TOC, Table 7 and
Fig. 10). Both the residual hydrocarbon potential and the sum
of hydrocarbons content (S; and S,) are also very high and vary
from 0.34 to 58.8 (median 27.8 mg HC/g rock) and from 0.57
to 64.2 mg HC/g rock (median 29.7 mg HC/g rock), respec-
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Maturity paths of individual kerogen types after Espitalié et al. (1985)

tively (Table 7 and Fig. 10). They indicate an excellent hydro-
carbon potential of this unit. High hydrogen index values,
mainly from 300 to 400 mg HC/g TOC (Table 7 and Fig. 10),
support this thesis. The extractable hydrocarbons content, com-
parable to that of the Upper Cambrian due to the increased
quantities of radioactive elements, show only moderate and
good oil source rock potential (Fig. 3A, B). Generally, the geo-
chemical parameters and indices of Tremadocian strata are the
same as those in the Upper Cambrian. Some observed differ-
ences are only an effect of the samples population.

The clay-carbonate Arenigian strata have different geo-
chemical characteristics than the Tremadocian rocks. The mea-
sured TOC contents are low and usually do not exceed

0.5 wt.% (Table 7 and Fig. 10). Measurable quantities of hy-
drocarbons were found in only 30% of samples collected from
this unit. Values of all quantitative parameters and indices (Sy,
S, and TOC) as well as the hydrogen index (mainly below
100 mg HC/g TOC) indicate the low hydrocarbon potential of
these strata (Table 7 and Fig. 10). However, increased TOC and
hydrocarbon contents were noted in some intervals (e.g., teba
8 and Zarnowiec 8K boreholes), which suggest that parts of the
Avrenigian strata may be considered as a supplementary source
of hydrocarbons (Fig. 3B).

The Llanvirnian strata, besides their low number of repre-
sentative samples, show the poorest source rock parameters. As
a matter of fact, the measured TOC values vary from 0.0 to
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Table 3

Selected biomarker characteristics of bitumen from the lower Paleozoic strata of the Polish part of the Baltic region
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1.3 wt.% (Table 7) and the median is only 0.19 wt.% (Table 7
and Fig. 10). Also the hydrocarbon content (S; + S) and hydro-
gen index values, which were determined only for ca. 20% of
the samples, indicate the poor hydrocarbon potential of this di-
vision (Table 7).

The Caradocian claystones show favourable quantitative
parameters of source rocks. The TOC content varies from
0.01 to 7.0 wt.% with median 1.9 wt.% (Table 7). The highest
values were noted in the offshore part of the teba and
Dartowo blocks (Fig. 1). The TOC content increases from the
platform border to the northeastern part of the Baltic region. A
high variability of residual hydrocarbon potential (S,) and hy-
drocarbons content (S; + S,) was also observed (Table 7 and
Fig. 10). Values of S, vary from 0.05 to 10.6 mg HC/g rock
with median 2.4 mg HC/g rock (Table 7 and Fig. 10), which
indicates the generally good hydrocarbon potential of the
Caradocian strata. The extractable hydrocarbon content sup-
ports this assessment (Fig. 3B).



168 Dariusz Wiectaw, Maciej J. Kotarba, Pawet Kosakowski, Adam Kowalski and 1zabella Grotek

Table 4
Fractions and stable carbon isotope composition of bitumen, its individual fractions
and kerogen in lower Paleozoic strata
Fractions d“c
Borehole D[‘?ﬁ]th Stratigraphy [wt.%] [%]

Sat | Aro | Res | Asph Sat Bit Aro | Res | Asph | Ker
A23-1/88 1321.3 Middle Cambrian | 70 15 9 6 -29.9 | -29.6 | -29.3 | -29.2 | -29.8 | -30.2
B3-9/95 1458.7 Middle Cambrian | 53 24 16 7 -29.5|-29.2 | -28.8 | -29.2 | -28.7 | -28.4
Biatogora 4K 2775.2 | Middle Cambrian | 37 26 | 21 16 -28.5 | -28.6 | -28.7 | -29.1 | -29.5 | -30.4
Debki 4 2682.2 | Middle Cambrian | 62 17 | 11 10 -30.3 | -29.9 | -29.4 | -29.7 | -29.5 | -29.6
Zarnowiec IG 1 | 2750.4 | Middle Cambrian | 58 | 16 | 13 13 | -30.2 | -30.1 | -30.0 [ -29.9 | -30.1 | -30.6
A23-1/88 1313.4 Upper Cambrian | 47 23 | 19 11 -27.7 | -27.8 | -27.8 | -27.8 | -28.0 | -28.6
B16-1/85 1847.5 Upper Cambrian | 29 33 23 15 -26.9 | -27.7 | -28.0 | -28.2 | -28.1 | —29.2
B16-1/85 1857.6 Upper Cambrian | 32 31 21 16 -27.8 | =27.4 | -27.6 | -27.2 | -27.2 | -27.3
B21-1/95 1731.7 Upper Cambrian | 39 31 20 10 -28.3 | -28.4 | -28.7 | -28.6 | -28.4 | —-29.4
B4-2A/02 1120.5 Upper Cambrian | 22 33 24 21 -28.6 | -28.7 | -29.3 | -28.7 | -28.3 | -29.3
Debki 3 2680.9 Upper Cambrian | 39 27 14 20 -279 | -27.9 | =279 | -27.7 | -27.2 | -27.8
Debki 4 2668.8 Upper Cambrian | 61 19 9 11 -28.2 | -28.3 | -28.0 | -28.0 | -28.1 | -28.5
Hel 1IG 1 3047.1 Upper Cambrian | 39 36 16 9 -27.7 | -28.3 | -28.8 | -28.8 | -28.4 | -30.0
teba 8 2730.0 Upper Cambrian | 30 28 | 21 21 -26.6 | -27.1 | -26.6 | —27.4 | -28.0 | -29.2

Zarnowiec IG 1 | 2723.6 Upper Cambrian | 63 | 22 6 9 | -28.6|-28.6|-285|-28.2|-28.9|-28.3
Zarnowiec 6K 2832.0 | Upper Cambrian | 66 | 16 6 12 | -27.0 | -27.2 | -27.2 | -27.3 | -28.3 | -26.6

A8-1/83 1930.5 | O.-Tremadocian | 29 | 22 | 40 9 | -28.3|-283|-28.0|-28.4|-28.3|-29.6
B3-9/95 1410.5 O.-Tremadocian | 43 31 15 11 -29.5|-29.3|-29.2 | -28.6 | -28.5 | -29.5
B4-1/81 1103.7 O.-Tremadocian | 23 34 | 25 18 -29.7 | -29.5 | -29.7 | -29.3 | -29.3 | -30.0
B6-1/82 1416.15 O.-Tremadocian | 34 31 26 9 -28.7 | -28.9|-29.1 | -29.1 | -28.9 | -29.8
B6-1/82 1420.0 O.-Tremadocian | 33 34 | 25 8 -28.7 | -28.9 | —=29.2 | -29.0 | -29.0 | -30.1
Biatogora 2 2615.0 O.-Caradocian 78 10 9 3 -30.3 | -30.2 | -30.0 | -29.8 | -31.1 | -30.4
Debki 3 2641.0 O.—Caradocian 66 16 15 3 -31.3 | -31.1 | -30.9 | -30.7 | -30.3 | -31.3
Debki 3 2645.0 O.—Caradocian 83 10 4 3 -30.1 | -30.1 | -29.9 | -30.0 | -31.1 | -30.7
Gdansk IG 1 3105.1 O.-Caradocian 60 | 12 | 17 11 | -30.3 | -30.2 | -29.7 | -29.6 | -30.0 | -30.7
Hel IG 1 2990.2 O.-Caradocian 79 | 12 6 3 | -31.1|-30.9|-30.5|-30.3|-29.8 |-31.1
teba 8 2672.5 O.-Caradocian 85 7 6 2 | -30.3 |-30.2 |-29.2|-29.2 | -28.9 | -30.9
Zarnowiec IG 1 | 2660.4 O.—Caradocian 74 | 18 6 2 |-30.9|-31.0|-30.9|-30.9 | -30.4 | -31.6
Zarnowiec IG 1 | 2690.3 O.-Caradocian 74 | 16 6 4 | -31.2|-31.0|-30.8|-30.9|-30.9 | -31.8
Zarnowiec 6K 2771.0 O.-Caradocian 85 7 6 2 | -304|-30.3|-29.2|-29.9|-30.8 | -30.3
B3-9/95 1320.4 S.—Llandovery 39 | 27 | 18 16 | -30.2 | -29.6 | -30.0 | -28.9 | -28.3 | -28.2
B3-9/95 1324.6 S.-Llandovery 38 24 16 22 -30.5 | -30.4 | -30.4 | -30.1 | -30.1 | -30.4
Zarnowiec IG 1 | 2639.2 S.-Llandovery 70 18 9 3 -30.1 | -29.8 | -29.9 | -29.8 | -29.9 | -30.4
Gdansk I1G 1 2923.1 S.—-Wenlock 65 12 12 11 -30.6 | -30.7 | -30.5 | -30.2 | -30.2 | -30.7
Zarnowiec IG 1 | 2576.7 S.—-Wenlock 68 17 9 6 -29.6 | -29.5 | -29.3 | -29.2 | -29.6 | -29.9
B3-9/95 906.5 S.—Ludlow 25 | 26 | 23 26 | -28.6 | —28.3 | -28.3 | -27.8 | -27.5 | -27.8
Gdansk IG 1 2471.6 S.—Ludlow 37 | 18 | 15 30 | -28.1|-27.9|-283|-28.1|-28.0|-27.8
Zarnowiec IG 1 | 2201.8 S.—Ludlow 47 | 18 | 20 15 | -30.3 | -30.2 | -30.0 | -30.1 | -30.0 | -30.3
Zarnowiec IG 1 | 2408.7 S.—Ludlow 59 | 19 | 12 10 |-31.0|-31.1|-31.2 |-31.0|-31.2 | -30.8

Sat - saturated hydrocarbons, Aro —aromatic hydrocarbons, Res —resins, Asph —asphaltenes, Bit - bitumen, Ker —kerogen, O. - Or-
dovician, S. - Silurian
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Genetic fields after Sofer (1984);
for explanation of symbols see Figure 4

The geochemical characteristics of the Ashgillian strata are
comparable to that for the Arenigian and Llanvirnian rocks
(Table 7). Low concentrations of organic carbon as well as hy-
drocarbons show, that these strata cannot be considered as
source rocks for economic accumulations of hydrocarbons (Ta-
ble 7; Figs. 3B and 10).

Similarly to the Cambrian ones, the Ordovician strata con-
tain oil-prone Type-I1 kerogen. This was shown by Rock-Eval
(Table 7 and Fig. 4C, D), biomarker (Tables 3 and 7; Fig. 5C,
D), stable carbon isotope rations (Table 4 and Fig. 6C, D) and
kerogen elemental composition (Table 5 and Fig. 7) data. The
low HI values, suggesting the presence of Type-111 kerogen in
Arenigian and Caradocian strata (Fig. 4C, D) were determined
for samples poor in organic matter, probably deposited under
sub-oxic conditions. The depositional environment indicated
by biomarker indices (Tables 3 and 7) was mainly anoxic and
reducing. The rare values of pristane/phytane ratio over unity
(Table 7) suggest sub-oxic conditions in parts of the sedimen-
tary basin (Didyk et al., 1978). An influence of radiogenic radi-
ation on organic matter, especially observed in the
Tremadocian strata (Lewan and Buchardt, 1989), cannot be ex-
cluded.

The maturity of the Ordovician strata was determined with
the same methods as for the Cambrian ones (Tables 3 and
5-7). For interpretation, 41 results of R, measurements were
used, 28 of them from Grotek (2006). Both the T and R,
values show the maturity of the strata investigated from the
initial phase of low-temperature thermogenic process (“oil
window”) up to the overmature zone (Tables 6 and 7; Figs. 4
and 10). The Tmax Values refer mainly to maturity correspond-
ing to the “oil window” stage, because in samples showing
higher transformation levels the quantities of residual hydro-
carbons were insufficient to get correct Ty value. The mea-
sured reflectance of vitrinite-like macerals show maturity up
to 2.3% in Tremadocian, 1.74%, in Arenigian, 4.2% in
Caradocian and 3.9% in the Ashgillian strata (Table 7). The
highest maturities are noticed in deeply buried levels (over
4000 m; fig. 4 in Grotek, 2006). The biomarker (Table 3 and
Fig. 8) and the aromatic hydrocarbon (Table 6) distributions
support the previous data. Sterane and hopane isomerization

Table 5
Elemental composition of kerogen from the lower Paleozoic strata
Elemental composition I -
Borehole D[%)]th Stratigraphy [daf, wt.%] Atomic ratio Mole fraction
C|H | O| N/| S |HC]|O/C|NC | S/IC |HI(H+C)|O/(0+C) | N/(N+C) | S/(S+C)
Biatogora 4K | 27752 | Middle 1 g35 | 56 | 48 | 28 | 3.6 | 0.81 | 0.04 [0.029 [0.016 | 0.44 0.04 | 0028 | 0016
B21-1/95 1731.7 C;Jrﬁ Siran 86.6 | 6.2 | 3.0 | 23 | 1.9 | 0.87 | 0.03 | 0.023 | 0.008 0.46 0.03 0.022 0.008
B16-1/85 1847.5 C;Jnﬁ’ o | 847]52 |52 | 26|23 (074005 0026|0010 042 0.04 0025 | 0.010
B16-1/85 1857.6 ClaJnE Firan 847 | 53 | 48 | 28 | 24 | 0.75 | 0.04 | 0.028 | 0.011 0.43 0.04 0.027 0.011
Debki 3 2680.9 C;Jng ﬁ;n 826 | 56 | 6.4 | 27 | 2.7 | 0.81 | 0.06 | 0.028 | 0.012 0.45 0.05 0.027 0.012
B4-1/81 1103.7 Tremoald?)cian 86.0| 72 | 34 | 25 | 0.8 | 1.01 | 0.03 | 0.025 | 0.004 0.50 0.03 0.025 0.004

daf — dry, ash-free basis, O. — Ordovician
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Fields represent natural maturity paths for individual
kerogens after Hunt (1996); O — Ordovician

indices are near equilibrium and are comparable to those from
the Cambrian strata. The biomarker indices calculated for the
Tremadocian shales, comparable to the Upper Cambrian,
could be affected by radiation from radiogenic elements
(Lewan and Buchardt, 1989; Court et al., 2006).

SILURIAN STRATA

The Silurian strata represent a continuous succession of
siltstones and claystones interbedded with thin sandstones
(Szymanski and Modlinski, 2003). The Llandovery deposits
are developed as black, dark grey and grey claystones of maxi-
mum thickness 80 m, and Wenlock strata as dark grey, grey
and locally black clay- and siltstones. A lithofacial develop-
ment comparable to the above described strata was observed
also in the Ludlow and Pridoli; however, grey and light grey
claystones dominate (Modlinski and Podhalanska, 2010). The
thickness of the last-mentioned unit varies from 500 to 1400 m
and from 20 to 700 m, respectively.

The primary identification of the origin of free (or
extractable) hydrocarbons present in the rocks investigated
show, in most cases, their syngenetic nature. Only in sparse
samples collected from the Llandovery, Wenlock and Ludlow
strata the geochemical data (P1 values, Table 8; and extractable
hydrocarbons content — Fig. 3C) points to the presence of

epigenetic HC. These samples were excluded from source rock
characterization.

The Llandovery claystones show moderate and locally
good quantitative source rock parameters and indices. The
TOC content varies from 0.02 to 10.2 wt.% with median
0.77 wt.% (Table 8 and Fig. 11). Low values, below 1 wt.%,
prevail but in 11 samples TOC contents over 5 wt.% were af-
firmed (Fig. 11). Similarly high variability is noted in the case
of hydrocarbons (S; and S; + S;) — from 0.12 to 40.6 (with me-
dian 1.51 mg HC/g rock) and from 0.25 to 43.7, (with median
value of 2.1 mg HC/g rock), respectively (Table 8 and Fig. 11).
In four samples the residual hydrocarbon potential exceeded
20 mg HC/qg rock, indicating the presence of excellent source
rocks (Peters and Cassa, 1994). The hydrogen index also varies
over awide range — from 8 to 436 mg HC/g TOC with a median
value of 115 mg HC/g TOC (Table 8 and Fig. 11) showing the
moderate hydrocarbon potential of Llandovery strata. The
extractable hydrocarbon content indicates a very good oil
source potential of these strata (Fig. 3C).

The Wenlock claystones show generally moderate quanti-
tative source rock parameters and indices, but locally they are
enriched in organic matter. The TOC content varies from 0.02
to 1.51 wt.% (Table 8). The median value of TOC (0.73 wt.%)
is comparable to that of the Llandovery strata (Table 8 and
Fig. 11). The hydrocarbons (S; and S,) contents are lower there
than those in the Llandovery and their sum reaches a maximum
of 4.1 mg HC/g rock (Table 8). The residual hydrocarbon po-
tential exceeds 2.5 mg HC/g rock only for four samples
(Fig. 11). Hydrogen index values are comparable to those of
Llandovery strata (Table 8 and Fig. 11). High contents of hy-
drocarbons (saturated and aromatic), up to 85% in some bitu-
mens (Table 4), indicate there the presence of migrated hydro-
carbons (Fig. 3C).

The Ludlow claystones and the Pridoli claystones and
siltstones are poor source rocks. The TOC contents vary from
0.00 to 1.13 wt.% (median 0.19 wt.%) and from 0.02 to
0.52 wt.% (median 0.12 wt.%), respectively (Table 8). Low
TOC values, below 1 wt.% prevail (Fig. 11). The residual hy-
drocarbon potential of both members never exceeds 2.5 mg
HC/g rock (Table 8 and Fig. 11). The HI values are comparable
to those of other Silurian stages, mainly from 100 to 200 mg
HC/g TOC (Table 8 and Fig. 11). The very good oil source rock
assessment of the Ludlow strata (Fig. 3C), may be invalid due
to elevated hydrocarbon contents in bitumen indicating an
epigenetic origin of part of them (Fig. 3C).

The pyrolytic Rock-Eval (Table 8 and Fig. 4E, F) together
with the biomarker (Table 8 and Fig. 5E, F) and stable carbon
isotope (Table 4 and Fig. 6E, F) data point to presence of
oil-prone Type-11 kerogen. The organic matter was deposited in
anoxic (reduced) as well as in sub-oxic conditions, as shown by
values of the pristane/phytane ratio from 0.86 to 2.41 (Table 8).
The presence of Type-111 kerogen (low values of HI) in some
samples (Fig. 4E, F) is probably a result of partial oxidation of
organic matter during deposition (Espitalié et al., 1985). The
low HI values are noted only for organics-poor levels.

The maturity of Silurian strata was mainly based on values of
Tmax temperature and reflectance of vitrinite-like macerals (Table
8; Figs. 4 and 11) and supported by indices determined from the
distribution of aromatic hydrocarbons (Table 6). For interpreta-
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Table 6

Maturity indices calculated based on distribution of phenantrene and its methyl derivatives in bitumens
and Rock-Eval T, temperature of the lower Paleozoic strata

Borehole D[er%h Stratigraphy MPIL | MPR | MPRL 'E,;g'l RT'O%']PW Emcaj
A23-1/88 1319.0 Middle Cambrian 1.00 0.96 0.43 0.97 0.80 n.a.
Biatogora 4K 2775.2 Middle Cambrian 0.95 1.02 0.42 0.94 0.78 447
Zarnowiec IG 1 2734.2 Middle Cambrian 0.95 1.02 0.43 0.94 0.80 441
B16-1/85 1847.5 Upper Cambrian 1.17 1.31 0.48 1.07 0.90 436
B16-1/85 1857.6 Upper Cambrian 0.98 1.05 0.42 0.96 0.77 441
B21-1/95 1731.7 Upper Cambrian 1.01 1.27 0.42 0.97 0.79 438
B4-2A/02 1120.5 Upper Cambrian 1.02 1.61 0.45 0.98 0.84 436
B6-1/82 1432.75 Upper Cambrian 1.44 2.23 0.55 1.23 1.06 431
Debki 3 2680.9 Upper Cambrian 0.92 1.02 0.43 0.92 0.79 440
teba 8 2730.7 Upper Cambrian 1.96 2.33 0.64 1.55 1.28 462
teba8 2734.4 Upper Cambrian 1.69 2.04 0.63 1.39 1.24 443
A8-1/83 1930.5 O.-Tremadocian 2.11 2.28 0.60 1.64 1.18 n.a.
B4-1/81 1103.7 O.-Tremadocian 0.58 0.80 0.32 0.72 0.55 440
B6-1/82 1425.0 O.-Tremadocian 1.17 1.78 0.47 1.07 0.88 434
teba8 2708.8 O.—Arenigian 1.93 1.71 0.59 1.53 1.16 445
Debki 3 2641.0 O.—Caradocian 1.02 1.12 0.45 0.98 0.84 445
teba 8 2666.1 O.—Caradocian 191 1.69 0.59 151 1.16 440
teba 8 2672.7 O.—Caradocian 1.85 1.55 0.58 1.48 1.13 448
Zarnowiec IG 1 2686.2 O.—Caradocian 1.11 1.06 0.45 1.03 0.84 445
B6-1/82 1334.75 S.-Llandovery 0.56 0.69 0.30 0.71 0.51 438
Zarnowiec IG 1 2636.1 S.—Llandovery 1.16 1.20 0.46 1.07 0.87 452

MPI1 =1.5(2-MP + 3-MP)/(P + 1-MP + 9-MP), P — phenantrene, MP — metylphenantrene; MPR = 2-MP/1-MP; MPR1 = (2-MP
+ 3-MP)/(1-MP + 9-MP + 2-MP + 3-MP); Rgy = 0.60MPI1 + 0.37 for MPR <2.65 (Radke, 1988); Reavpr) = —0.166 +
2.242(MPR1) (Kvalheim et al., 1987); Tmax — maximum temparature of the S, peak (Rock-Eval); n.a. - not applicable; O. - Or-

dovician; S. — Silurian

tion, 152 results of R, measurements were used, 150 of them
from Grotek (2006). The lowest maturities, corresponding to the
initial phase of the “oil window” are noted offshore (Leba
Block) and they increase towards the south-west up to the
overmature zone in the Llandovery strata in the vicinity of
Lebork and Stupsk (Grotek, 2006). The lowest maturity was ob-
served for the Pridoli strata, reaching not more then the middle
phase of the “oil window” (Table 8 and Fig. 4F).

IDENTIFICATION AND CHARACTERISTICS
OF THE SOURCE ROCKS WITHIN
THE INDIVIDUAL STRATIGRAPHIC UNITS

The identification of source rock horizons is an essential el-
ement of petroleum system analyses of the petroleum basin in
respect of calculation of the volumetric hydrocarbon potential
of its structural area unit.

Results of geochemical analyses indicate that the Upper
Cambrian-Tremadocian succession has the best hydrocarbon
potential in the lower Paleozoic sequence in the Polish part of
the Baltic region. These strata can be recognized as excellent
source rocks (Tables 2 and 7). Other units, in which elevated
and locally very high organic carbon contents were noted, are

T T T T T T
0.6 - ‘ —
mature
<o
0.5 |- O —
<&
rob4D—————————— <& —
S I
h
) early mature I
03 —|
5 I
] . I I _
& 0.2  immature | |
@ Viddle Cambrian
01— I I <>Upper Cambrian
I I [ 0. - Tremadocian
| | I | | I | |
0.1 0.2 0.3 0.4 0.5 0.6
C.oBp/(BB+ocr)

Fig. 8. Sterane C,, 20S/(20S + 20R) ratio versus C,, BB/(Bp+oicr)
ratio for Cambrian and Ordovician strata of the Polish part
of the Baltic region

Maturity fields after Peters and Moldowan (1993); O — Ordovician
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Table 7

Geochemical characteristics and hydrocarbon potential of the Ordovician strata of the Polish part of the Baltic region

Stratigraph . o
S%Y] Tremadocian Arenigian Llanvirnian Caradocian Ashgillian
Index
TOC [wt%] 0.67t014.5 (36)| 0.00t032 (44)| 0.00t01.30 (16)| _0.01t07.0 (110)| 0.00t00.58 (20)
: 91 0] 0.18 (13) 0.19 ) L19 2D 0.18 ©
rop 42410551 (36) | 43110470  (10)| 44010447 (3) | _42510474  (74) 454 M
w [C] 134 0] 450 3) 443 [0) 445 (14
R [%] 0721023 (6) | 067t01.74 (13) 099t04.2  (15) L1t039 (1)
oL 0.73 ) .15 ©) no data 1.23 (10 1.19 (6)
S, 0.34t0588 (38)| 021t04.0 (15| 0.38t024 (3) | 00510106 (89)| 02410079 (4
[mg HC/g rock] 27.8 (7) 0.57 Q) 0.76 ) 24 17) 0.41 3)
5+, 0.57t0642 (38)| 0.29t05.1 (15| 0.52t03.6 (3) | 0.06t0137 (89)| 027t0157 (4
[mg HC/g rock] 29.7 ©) 0.66 O] 131 0] 38 (17) 0.74 ?)
PI 00410039  (38)| 00210049 (15)| 02710042 (3) | 00010061 (89)| 01210054 (4
0.08 ) 0.26 O | 03 0.36 (17) 043 3)
HI 9tod46  (38)| 48121l (15| 96182 (3) | w0359 @) 6lwlls (4
[mg HC/g TOC] 304 0 84 © 131 o) 164 (17) 91 ?)
BR 2047 (12)| 39t08 (4 2010193 (28) - 1
[mg bit/g TOC] 2% © 36 ® no data 12 ) M
. 020t02.33 (6) | 0.63and 0.87 (2) 09210236 (9
Pristane/phytane — 106 075 0 no data 140 no data
Pristane/n-C,, 0.24t0 1.56  (6) 0.26and 0.27 (2) no data 0.29t00.50 (9) no data
Phytane/n-C,, 0.20t00.79 (6) 0.38 and 0.40 (2) no data 0.17t00.36  (9) no data
Kerogen type II II Il Il II
Maturity mature/overmature mature/overmature mature mature/overmature mature/overmature
Hydrocarbon ood oor
potential excellent poor poor g p

For explanations see Table 2

clayey levels in the Middle Cambrian (Table 2), Caradocian
(Table 7) and Llandovery (Table 8) strata. The other strati-
graphic divisions (Lower Cambrian, Arenigian, Llanvirnian,
Ashgillian, Wenlock, Ludlow and Pridoli) generally show poor
hydrocarbon potential and can be omitted in the general petro-
leum balance of the study region.

Determination of thickness and original organic carbon con-
tent of source rocks were made for Middle Cambrian, Upper
Cambrian—Tremadocian, Caradocian and Llandovery strata.

MIDDLE CAMBRIAN

The only Middle Cambrian rocks with source rock poten-
tial are black claystones occurring in the Eccaparadoxides

oelandicus Zone and the lowermost part, and siltstone interca-
lations within the Paradoxides paradoxissimus Zone.

Precise determination of source rock thickness cannot be
made on the basis of the results of geochemical analyses, due to
the non-representative sampling in the individual boreholes
caused by the domination of sandy facies in the Middle Cam-
brian strata. Therefore evaluation of source rock thickness is
only an estimate.

The primary element of source rock thickness determina-
tion was the estimation of the thickness of clayey rocks. This
was done based on a facial-thickness map of the Middle Cam-
brian strata (fig. 3 in Modlifski and Podhalarska, 2010). The
source rock thickness was estimated from available well data
(core descriptions, well logs) taking into consideration the re-
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Fig. 9. Examples of n-alkane and isoprenoid distributions (GC-FID)
in bitumen extracted from Upper Cambrian strata

Uranium and thorium contents refer to whole rock samples; UCM — unidentified complex mixture

sults of geochemical analyses of dispersed organic matter. The
estimated portion of source rocks varies from 20 to 30% of the
clayey succession thickness, which corresponds to 10-15% of
the Middle Cambrian strata thickness.

An attempt to estimate the source rock potential was made
for 26 boreholes, in which the lithology and TOC content were
determined (Table 9). The estimated thicknesses usually equal
20-30 m. The highest values, ca. 40 m, were recorded in
Biatogora 2, Hel IG 1 and teba 8 boreholes.

The Middle Cambrian strata generally have low dispersed
organic matter contents. The highest median of present TOC
content in the source rock levels was calculated in the
A23-1/88 horehole (0.9 wt.%; Table 9). For the most bore-
holes, medians of the TOC values do not exceed 0.5 wt.%. The
initial total organic carbon (TOC,) content calculated with the
method proposed by Baskin (1997) usually does not exceed
1 wt.% (Table 9). The highest values of TOC, were estimated

in the boreholes: A23-1/88 — 1.7 wt.%, B16-1/85 — 1.2 wt.%
and Biatogora 3 — 1.2 wt.% (Table 9).

It can be generally concluded that the clayey intercalations
within the Middle Cambrian strata are poor and locally moder-
ate source rocks.

UPPER CAMBRIAN -TREMADOCIAN

The Upper Cambrian and Tremadocian strata were depos-
ited continuously. They are developed generally as bituminous
shales. Their thickness varies from a few to ca. 35 metres
(Modlinski and Podhalanska, 2010).

Thickness of the source rocks and their original TOC, con-
tent was determined for 22 boreholes (Table 10). The average
thickness of source rocks, estimated from available well data
(core descriptions, well logs), is ca. 90% of the total thickness
(Table 10).
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Fig. 10. Histograms of total organic carbon and residual hydrocarbons contents, hydrogen index, T,.., temperature and median values

of the individual parameters and indices for the Ordovician strata of the Polish part of the Baltic region

Median parameter and index values are given in bold and italic

The medians of the present TOC content in this succession
calculated for individual boreholes always exceed 3 wt.%. The
highest values, above 10 wt.%, were observed in the B3-9/95,
B4-1/81, B4-2A/02, B4-N1/01, B6-1/82 and B6-3/02 bore-
holes (Leba Block) (Table 10). The lower TOC contents in ar-
eas outside of the £.eba Block reveal higher maturity of the or-
ganic matter (Table 10).

The initial organic carbon content in the Upper Cam-
brian-Tremadocian succession was very high and usually ex-
ceeded 10 wt.% (Table 10). The highest TOC, values were es-

timated in the boreholes B6-3/02 — 20 wt.%, B4-N1/01 and
B6-1/82 — 18 wt.%, and B3-9/95 — 17 wt.% (Table 10).

Generally, it can be concluded that clayey Upper Cam-
brian—-Tremadocian succession is an excellent source rock. The
highest initial organic carbon contents — up to 20 wt.% were
found in the offshore area (“B” profiles) (Table 10).

CARADOCIAN

The Caradocian strata are developed mainly as black and
dark grey claystones of maximum thickness ca. 70 m
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Table 8
Geochemical characteristics and hydrocarbon potential of the Silurian
of the Polish part of the Baltic region
tratigraphy o
Llandovery Wenlock Ludlow Pridoli
Index
0 0.02t0102  (77) | 0.02to 1.51 (127)| 0.00to 1.13 (233)| 0.00t00.52  (34)
TOC [wt.%] 0.77 (13) 0.73 12) 0.19 (14) 0.12 @)
T [C] 43510534 (43)| 42510509 (81)| 430t0448 (61)| 4260435  (3)
447 ) 444 (10) 437 1) 427 0)
Iy 0.68t023 (18)| 1.02t02.5 (36)| 050t01.89 (83)| 0.50t01.02 (15)
%] 113 (10) 120 ©) 105 12) 0.85 4
S, 01210406 (51) | 007t035 (94)| 0.08t02.1 (77)| 03610053 (3)
[mg HC/g rock] 151 (1) 1.07 (12) 0.53 12) 037 0)
S+, 025t043.7 (51 0.13t04.1 (%94 015032  (77) 04210055 (3)
[mg HC/g rock] 21 (10 143 1) 0.74 @ | — 044 ()
. 0.03t00.52  (49) | 0.00t00.63 (90) | 0.00t00.59 (77)| 0.04t00.16 (3)
023 (10) 031 (12) 022 (12) 0.14 0)
HI 810436 (51) 710335 (94| 1810310 (77)| 11210230 (3)
[mg HC/g TOC] 115 1) 128 (12) 121 (12) 161 D)
BR 210196  (15)| 390314 (23)| 2910340 (36)| 106and 117 (2)
[mg bit/g TOC] 120 3) 169 ®) 140 | ~1m O
. 120t0241 (5 | 08610228 (4) | 087t0197 (6)
Pristane/phyt: B e =oe o £.20 —_
ristane/phytane 14 3 181 @ 162 ) no data
Pristane/n-C,, 037t 0.71 (5) 0310046 (4) 04710 1.18 (6) no data
Phytane/n-C,; 0.20t0 0.44 (5) 0.20t0 0.41 (4) 0.39t01.02 (6) no data
Kerogen type I I I I
Maturity mature/overmature mature/overmature mature mature
H
pg;(elﬁicaa;rbon fair/good poor/fair poor poor

For explanations see Table 2

(Modlinski and Podhalafiska, 2010). The thickness of the
clayey facies estimated from available well data (core descrip-
tions, well logs) constitutes ca. 80% of full thickness (Ta-
ble 11). This thickness was assumed as the source rock interval.
Results of geochemical analyses show that ca. 80% of the sam-
ples have above-threshold TOC contents (Table 11).

An attempt to identify the source rock thickness was made
for 18 boreholes, in which the lithology of potential source
rocks has been determined and the TOC contents were avail-
able (Table 11). The estimated thicknesses were usually about
25 m. The highest one, ca. 45 m, was determined in the
B21-1/95 borehole (Table 11).

The Caradocian strata have moderately variable organic
matter contents. The highest median of the TOC present in the
source rock horizons was calculated in the Biatogéra 2 —
3.3 wt.%, Zarnowiec 6K — 2.9 wt.% and Zarnowiec I1G 1—
2.1wt.% (Table 11) boreholes. For most of the boreholes it var-
ied from 0.8 to 1.8 wt.%. The estimation of TOC, values for the
Biatogdra 2 and Zarnowiec 6K boreholes indicate ca. 6.0 and
5.0 wt.%, respectively (Table 11). Also in two other boreholes
the initial organic carbon contents are above 3 wt.% (Hel IG 1 -
3.1 wt.% and Zarnowiec IG 1 — 3.7 wt.%; Table 11).

Generally, the Caradocian claystones have good source
rock parameters (TOC, = 1.8 wt.%, on average). The highest
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Fig. 11. Histograms of total organic carbon and residual hydrocarbons contents, hydrogen index, T,.., temperature and median values
of the individual parameters and indices for the Silurian strata of the Polish part of the Baltic region

Median parameter and index values are given in bold and italic

organic carbon contents were calculated for boreholes local-
ized onshore in the Zarnowiec Block (Table 11 and Fig. 1).

LLANDOVERY

The Llandovery strata are developed almost entirely as
clayey facies: black, dark grey and grey claystones and
siltstones with a maximum thickness up to ca. 80 m (Modlirski
and Podhalaniska, 2010). Results of Rock-Eval analyses reveal
that ca. 90% of the samples have above-threshold TOC con-
tents, so that the source rocks should constitute on average 90%
of the whole thickness of this division (Table 12). Estimation of
source rock thickness was made for 12 boreholes and it varies
from 35 to 65 m, mainly from 50 to 60 m (Table 12).

The strata investigated have moderately variable present
TOC contents. The highest median values were calculated for
the Zarnowiec 1G 1 — 3.9 wt.%, B3-9/95 — 3.2 wt.% and

B21-1/95 — 2.5 wt.% boreholes (Table 12). For the majority of
boreholes values of this index stay below 1.5 wt.% (Table 12).

The highest values of initial organic carbon content were
calculated for the Zarnowiec 1G 1, B3-9/95 and B21-1/95 bore-
holes, with TOC, contents of 7, 5 and 4.3 wt.%, respectively
(Table 12). Generally, the clayey Llandovery strata character-
ize moderate and locally good source rock indices — median of
TOC, equals to 1.7 wt.% and the highest initial organic carbon
contents were affirmed in boreholes localized in the Zarnowiec
and teba blocks (Table 12 and Fig. 1).

CONCLUSIONS

In the Polish part of the Baltic region the best source rock
parameters and indices are observed for the Upper Cam-
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Table 9

Estimated thickness and initial organic carbon content of identified source rocks in the Middle Cambrian strata

Borehole thiTcOktr?less S?huirc(I;(engg(s:k [\',I'V?OC/(Z) ] n Ro [%] | H/C X [I\,?oc/g]
[m] [m]
A23-1/88 176.4 25 0.9 6 1.40 0.65 | 0.45 1.7
AB8-1/83 159.5 25 0.2 2 2.40 0.42 | 0.46 0.5
B16-1/85 261.5 n.det.# 0.7 1 1.13 0.75 | 0.42 1.2
B21-1/95 2415 35 0.3 5 0.90 0.84 | 0.40 0.5
B3-9/95 117.3 (n.d.) 20 0.4 7 nodata | n.c. 0.40 0.6
B4-1/81 194.5 30 0.4 2 0.74 0.93 0.37 0.7
B4-2A/02 89 (n.d.) 30 0.4 5 nodata | n.c. 0.37 0.7
B4-N1/01 84.1 (n.d.) 30 0.5 4 nodata | n.c. 0.37 0.7
B6-1/82 229.5 20 0.5 no data 0.85 0.87 0.39 0.8
B6-2/85 187.0 20 0.4 3 nodata | n.c. 0.39 0.7
B6-3/02 117 (n.d.) 20 0.6 8 nodata | n.c. 0.39 1.0
B8-1/83 201.0 30 0.6 2 0.76 091 | 0.38 0.9
Biatogora 2 261.5 40 0.3 1 nodata | n.c. 0.41 0.5
Biatogdra 3 39 (n.d.) 30 0.7 1 1.01 079 | 041 1.2
Biatogora 6 275.5 30 0.3 1 no data | n.c. 0.41 0.5
Debki 3 125.5 25 0.4 6 no data | n.c. 0.43 0.7
Debki 4 50.5 (n.d.) 25 0.4 10 1.12 0.75 0.43 0.7
Gdansk 1G 1 158.7 20 0.4 7 1.38 0.66 0.44 0.8
Hel 1IG 1 238.0 40 0.4 4 1.24 0.71 0.43 0.7
Koscierzyna I1G 1 310.7 n.det. <0.3 0 1.78 0.55 n.c. n.c.
teba 8 246.0 40 0.6 13 1.31 0.68 0.43 1.0
Malbork 1G 1 193.5 30 0.3 14 1.27 0.70 | 0.43 0.6
Malbork 3 106.5 (n.d.) 20 0.3 1 nodata | n.c. 0.43 0.5
Nowa Koscielnica 1 160.5 20 0.5 14 1.13 0.75 | 0.42 0.8
Stupsk IG 1 97.0 20 0.4 5 4.00 0.21 | 0.46 0.8
Zarnowiec IG 1 273.6 30 0.4 5 1.47 0.63 0.44 0.7

TOC —mean present organic carbon content in the source rock levels, n — quantity of above-threshold TOC measurements, R,
—reflectance of vitrinite-like macerals, H/C — hydrogen/carbon atomic ratio of kerogen, x — relative mass loss of TOC in rela-
tion to the maturity described by the H/C value (after Baskin, 1997), TOC, — initial organic carbon content, n.det. — not deter-
mined, n.d. — not drilled, n.c. — not calculated, values of H/C in italic were calculated from R, values by the equation of
Buchardt and Lewan (1990), TOC and x values in italic were used for calculations by analogy to the neighbouring boreholes,
R, values in italic were calculated from the maturity-depth relation in the individual boreholes, # — value not determined due

to unrepresentative sampling

brian—Tremadocian succession. The present TOC content
reaches ca. 18 wt.%, and, taking into consideration the maturity
of these strata (0.7-0.8% R,), the estimated initial organic car-
bon content might have been even about 20 wt.%. Usually, the
TOC contents are at the level of several per cent. The best
source rocks occur in the £eba Block where organic matter is
less transformed. Lower TOC values were observed in the re-
maining area but, taking into account the maturity of the or-
ganic matter, the initial TOC, values were also a dozen or so
per cent. The Alum Shales from Southern Sweden described by

Lewan and Buchardt (1989), Buchardt and Lewan (1990),
Leventhal (1991), Kanev et al. (1994), Bharati et al. (1992,
1995), Schleicher et al. (1998) and Pedersen et al. (2006) are
very similar to this unit.

Additional sources of hydrocarbons can be considered to be
the Caradocian (Ordovician) and the Llandovery (Silurian)
source rocks. The calculated mean initial organic carbon con-
tents in the Caradocian source rocks in the specific boreholes
vary from 1 to 6 wt.%, usually 1-2.5 wt.%. The best source
rocks within this level occur in the £.eba and in the Zarnowiec
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Table 10
Estimated thickness and initial organic carbon content of source rocks identified
in the Upper Cambrian-Tremadocian succession
Borehole Total thickness [m] | Source rock thickness [m] | TOC [wt.%)] n R, [%] H/C X TOC, [wt.%]
A23-1/88 11.1 10 6.3 5 1.35 0.67 0.44 11
A8-1/83 18.5 16 5.2 13 2.32 0.44 | 0.46 10
B16-1/85 27.0 24 6.6 9 1.01 0.74 | 0.43 12
B21-1/95 34.5 30 9.3 30 no data | 0.87 0.40 15
B3-9/95 4.7 4 13.2 7 nodata | 1.10 0.24 17
B4-1/81 6.5 5 10.8 5 0.73 1.01 0.33 16
B4-2A/02 13.5 11 10.2 19 0.74 0.93 0.37 16
B4-N1/01 13.4 11 11.3 11 nodata | 0.94 | 0.37 18
B6-1/82 26.5 24 10.9 6 0.84 0.87 0.39 18
B6-2/85 24.0 22 9.8 4 nodata | 0.95 0.37 16
B6-3/02 26.5 24 12.0 24 nodata | 0.91 0.39 20
B7-1/91 6.0 4 8.8 16 0.72 0.93 0.38 14
Biatogodra 1 175 16 4.9 6 nodata | n.c. 0.42 8
Biatogora 3 14.0 13 4.5 13 1.24 0.77 | 0.42 8
Biatogora 6 16.5 15 3.2 10 nodata | n.c. 0.42 6
Debki 3 12.0 11 6.0 6 1.18 0.81 0.41 10
Debki 4 12.5 11 3.6 16 1.12 0.75 0.42 6
Hel IG 1 5.0 4 5.8 4 1.15 0.74 | 0.42 10
teba 8 11.5 11 7.2 6 1.17 0.73 0.42 12
Piasnica 2 17.5 16 8.0 2 1.22 0.71 0.43 14
Zarnowiec IG 1 9.6 9 4.6 6 1.34 0.67 0.44 8
Zarnowiec 6K 38.5 35 7.0 8 nodata | 0.75 0.42 12
For explanations see Table 9
Table 11

Estimated thickness and initial organic carbon content of source rocks identified in the Caradocian (Ordovician) strata

Borehole Total thickness [m] | Source rock thickness [m] | TOC [wt.%] n R, [%] H/C X TOC, [wt.%]
B21-1/95 54.0 45 1.2 6 no data 0.87 0.40 2.1
B3-9/95 37.0 30 1.7 2 no data 1.10 | 0.24 2.3
B4-N1/01 37.5 30 0.9 1 no data 0.94 0.37 14
Biatogora 2 34.5 25 3.3 12 1.24 0.70 | 0.43 6
Biatogora 3 35.0 25 0.8 6 1.24 0.70 | 0.43 1.4
Biatogora 6 32.0 25 0.8 3 1.24 0.70 0.43 1.3
Debki 3 34.5 25 15 10 1.20 0.70 0.43 2.6
Gdansk IG 1 13.3 10 0.9 9 1.30 0.69 0.43 1.6
Hel IG 1 25.5 20 1.8 7 1.15 0.74 0.42 3.1
Koscierzyna I1G 1 15.0 10 0.8 1 1.72 0.57 0.46 15
Lebork IG 1 21.1 n.det. <0.3 0 2.30 n.c. n.c. n.c.
teba 8 36.0 25 1.3 11 1.17 0.73 0.43 2.3
Malbork 1G 1 9.5 n.det. <0.3 0 1.23 n.c. n.c. n.c.
Nowa Koscielnica 1 11.0 10 0.6 3 0.99 0.80 | 0.41 1.0
Piasnica 2 325 25 1.2 2 no data n.c. 0.43 2.1
Stupsk 1G 1 22.0 15 0.5 4 4.20 0.19 0.47 0.9
Zarnowiec IG 1 32.2 25 2.1 6 1.25 0.70 0.43 3.7
Zarnowiec 6K 34.5 25 2.9 9 no data n.c. 0.43 5

Values of H/C in italic were calculated from R, values by equation worked out by Buchardt and Lewan (1990) or, in the case of lack of R, measure-
ments the same values were taken as for the Upper Cambrian—Tremadocian succession; for other explanations see Table 9
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Table 12
Estimated thickness and initial organic carbon content of identified source rocks
in the Llandovery (Silurian) strata
Borehole Total Emi:kness Source ro[crﬁ]thickness [\'/I\"?(%] n Ro [%] H/C X TOC, [Wt.%]

B21-1/95 63.0 55 25 2 0.90 0.84 0.42 4.3
B3-9/95 53.0 50 3.2 8 0.70 0.95 0.37 5

B4-N1/01 59.0 55 11 1 0.70 0.95 0.37 1.7
B6-1/82 60.5 55 1.2 3 0.82 0.88 0.39 2.0
Debki 3 63.0 55 0.6 1 1.20 0.72 0.43 1.0
Gdansk 1G 1 40.0 35 1.7 12 1.27 0.70 0.44 3.0
Hel 1IG 1 49.5 45 1.1 6 0.93 0.83 0.40 1.8
Koscierzyna IG 1 71.0 65 0.9 5 1.69 0.57 0.46 1.6
Malbork 1G 1 42.5 40 1.0 5 1.12 0.75 0.42 1.7
Piasnica 2 66.5 60 0.4 1 1.20 0.72 0.43 0.6
Zarnowiec IG 1 63.0 55 3.9 7 1.21 0.72 0.43 7

Zarnowiec 6K 65.5 60 0.6 3 1.20 0.72 0.43 1.0

For explanations see Table 9

blocks, where calculated initial TOC, values equal usually
2—6 wt.%. The TOC, values of the Llandovery source rocks is
usually 1-2 wt.%. The thickness of these units, usually from 20
to 30 mand from 50 to 60 m, respectively point to them as pos-
sible sources of shale gas (Poprawa and Kiersnowski, 2008).

Due to their short distance to the reservoirs, the clayey in-
tercalations within the Middle Cambrian strata cannot be ne-
glected as source rocks. Their TOC content is rather low and
rarely exceeds 1 wt.%. These deposits are the deepest buried
and, thus, have the highest maturities. This is responsible for
their low present HC potential. The proximity of sandstones
caused partial oxidation of organic matter present in the
claystones and potential loss of their generation capabilities.
Estimated initial TOC, values in individual boreholes do not
differ significantly and vary from 0.5 to 1.7 wt.%.

Oil-prone Type-I1 kerogen occurs in all source rock levels
of lower Paleozoic strata in the Polish part of the Baltic region.
It has low organic sulphur contents (Wiectaw et al., 2010a) and
was deposited under anoxic or sub-oxic conditions. The matu-
rity of the strata investigated change from the initial phase of
the “oil window” in both the Silurian and Ordovician strata in
the northeastern part of the t.eba Block to the overmature stage
in the southwestern part of the study area in the deeply buried
sediments at the contact with the Teisseyre-Tornquist Zone.

From the organic geochemistry point of view all source
rock units analysed have suitable parameters and indices

(quantity, quality and maturity) for generation of oils and natu-
ral gases present in the Middle Cambrian sandstone reservoirs
(Kotarba, 2010; Wiectaw et al., 2010b). Also, the tectonics of
the area investigated, showing contact of the lower parts of the
Silurian strata with the Cambrian strata (Poprawa et al., 1999;
Pokorski, 2010), do not exclude any of the source rocks identi-
fied from being sources for the Middle Cambrian reservoir
sandstones. The geochemical characteristics of the oils show
good correlation with source rocks occurring in entire lower
Paleozoic sequence (Wiectaw et al., 2010b).
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