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Rocks deposited in the Oligocene Paratethys are recognized as one of the most important source rocks in the Flysch
Carpathians. The Sitbofice Member (uppermost NP23 to lowermost NP25 zone) represents the upper part of the Menilite
Formation in the Quter Flysch Carpathians of the Czech Republic. This paper presents results of bulk geochemical analysis,
Rock-Eval pyrolysis and organic petrography. The geochemical evaluation, source rock potential, kerogen type and thermal
maturity were studied using borehole cores. Based on the classification of Peters (1986), the evaluated Sitbofice Member is
mostly classified as a “very good” source rock according to TOC and variable, mostly “poor” to “good” according to the petro-
leum potential. However, the average petroleum potential value assigned the member to “good” source rock which is in ac-
cordance with the TOC classification if the “live” TOC is used. A comparable distribution between kerogen type Il and Ill has
been indicated by HI. Unlike this, the organic petrography observations show the organic matter belongs to the kerogen type
Il which corresponds to the relationship of residual hydrocarbon potential versus TOC and HI calculated based on “live” or-
ganic carbon. Presumed immaturity was confirmed by R, and Rock-Eval T,.... Oxygen-restricted conditions or a dysoxic envi-
ronment have been indicated by the TOC/TS ratio.

Key words: Sitbofice Member, Menilite Formation, Outer Flysch Carpathians, source rock potential, thermal maturity,
organic petrography.

INTRODUCTION 2005, 2007, 2013, 2014, 2017; Lewan et al., 2006;
Sachsenhofer and Schulz, 2006; Kosakowski et al., 2009,

2018; Sachsenhofer et al., 2010; Gusterhuber et al., 2013;

The bituminous Menilite Formation was first described by
Glocker (1844) in the Moravia region and referred to as “rocks
with menilite”. Menilite is a layered greyish-brown form of the
opal first reported from Ménilmontant in Paris, France. lts origin
may be explained by diagenesis of diatomites. Nowadays, the
Menilite Formation is regarded as one of the most prolific hydro-
carbon source rocks of the Outer Flysch Carpathians. System-
atic research on the Menilite Formation (or its equivalents) in
Auwustria, Poland and Ukraine has brought detailed characteriza-
tion of the depositional environment, organic matter genetic
type, petroleum potential and thermal maturity (e.g., Koltun,
1992; Schmidt and Erdogan, 1996; Koster et al., 1998a, b;
Schulz et al., 2002, 2004; Curtis et al., 2004; Kotarba et al.,
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Kosakowski, 2013; Ziemianin et al., 2015). Accordingly, the
main aim of this study is to fill the gap and evaluate the source
rock potential, kerogen type and thermal maturity of the
Sitbofice Member of the Menilite Formation in the Zdanice Unit
(Outer Flysch Carpathians, Czech Republic).

GEOLOGICAL SETTINGS

The Western Carpathian Flysch Belt on the territory of the
Czech Republic (Fig. 1) forms a SW-NE trending segment of
the Carpathians. It is subdivided into two groups — the
Krosno-Menilite Group of Nappes (also known as the external
group) and the Magura Group of Nappes (also known as the in-
ternal one, Chlupac et al., 2002). The Krosno-Menilite Group of
Nappes is characterized by successions of variegated shales of
Late Cretaceous to Late Eocene age, menilitic silicites of Early
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Fig. 1. Schematic geological map with position of the selected boreholes Mouchnice-1, Mouchnice-2 and Nevojice-1

The position of the Kfepice-5 borehole from which a detailed stratigraphic description of the Menilite Formation originates is added;
the cross-section is according to Picha et al. (2006)

Oligocene age and Krosno-type flysch of the Late Oligocene to
Early Miocene age (Picha et al., 2006).

The Krosno-Menilite Group of Nappes comprises the Pouz-
drany, Zdénice, Zdounky, Silesian, Subsilesian and Fore-
-Magura units (Chlupac et al., 2002). The stratigraphic range of
these units extends from the Jurassic to the Lower Miocene.
However, most of them encompass the Upper Cretaceous to
Lower Miocene interval.

The entire Carpathian Flysch Belt was thrust north-west-
wards onto the autochthonous Miocene strata of the Carpa-
thian Foredeep and eastern slope (margin) of the Bohemian
Massif (Picha et al., 2006).

ZDANICE UNIT

This tectonic unit forms a part of the external zone of the
Outer Flysch Carpathians. The continuation of this unit in the
Auwustrian territory is named the Waschberg Zone (Fuchs et al.,
2001; Régl et al., 2001; Fig. 1). The Zdanice Unit comprises
strata of the Upper Cretaceous (Campanian-Maastrichtian) to
the Lower Miocene (Egerian to Karpatian). The unit is subdi-
vided into the following formations (Chlupac et al., 2002):

— the Némcice Formation (including the Sheshory Marls),

— the Menilite Formation (including the Subchert and Chert
members, Dynow Marlstone and Sitbofice Member),

— the Zdanice-Hustope&e Formation,

— the Sakvice Marls,

— the Pavlovice Formation,

— the Laa Formation.

The continuous sequence of the Western Carpathian
Flysch Belt is represented by the Némcice Formation of Late
Cretaceous to Early Oligocene age, the Menilite Formation of
Early to Late Oligocene age and the Zdanice-Hustopece For-
mation of Late Oligocene to Early Miocene (Egerian) age. The
Sakvice Marls, Pavlovice and Laa formations represent Ege-
rian to Karpatian age molasse-type sediments of the piggy-
-back type basin formed on the folded Zdanice Nappe.

MENILITE FORMATION

The Menilite Formation is subdivided into the Subchert
Member, Chert Member (also known as menilitic cherts), Dy-
now Marlstone and Sitbofice Member (Stranik et al., 1974;
Stranik, 1981).






The Subchert Member gradually passes up from the She-
shory Marls and is formed of brown stratified marls interbedded
with dark laminated shales with fish scales (Picha et al., 2006).
The member represents strata deposited during stepwise isola-
tion from the world ocean (Svabenicka et al., 2007). The
Subchert Member passes upwards into organic-rich laminated
cherts and non-calcareous siliceous shales of the Chert Mem-
ber. The Chert Member was deposited in bathyal, anoxic condi-
tions with limited influx of detrital material (Picha and Stranik,
1999). The origin of the cherts may be explained by prolonged
deposition of diatomites related to low salinity, cooling of cli-
mate and increased seasonality (Krhovsky, 1981). A water
depth from 200 to 1000 m of the depositional environment for
the Chert Member was suggested by Brzobohaty (1981) and
Gregorova (1988). The Dynow Marlstone composed of nanno-
fossil pelagic limestones and marlstones overlies the Chert
Member. During its deposition anoxic conditions still affected
the deep water environment. Slightly increased surface salinity
enabled a mass development of calcareous nannofossils, but it
did not reach the normal values required to enable the return of
planktonic foraminifers (Krhovsky, 1981). The argillaceous se-
quence of the Sitbofice Member represents the terminal part of
the Menilite Formation (Stranik, 1981). The base of the Sitbo-
fice Member is commonly formed of slumps and debris flows
with an erosional base (Stranik, 1981) related to the Sitbofice
Event of Krhovsky and Djurasinovic (1993). The characteristic
section of this member is formed of brown non-calcareous
shales, occasionally with bodies of mudstone in the lower part,
to green and brown shales with carbonate concretions in the
upper part (Stranik et al., 1981). The Sitbofice Member reflects
the restoration of normal marine salinity. Anoxic conditions al-
ternated with oxic episodes is as apparent from horizons with
articulated fish skeletons. The total thickness of the Menilite
Formation in the Zdanice Unit does not exceed 200 m. The
Menilite Formation in the Zdanice Unit was assigned to the
Lower Oligocene (Krhovsky et al., 1992). However, earlier stud-
ies admit also the Eocene—Oligocene transition boundary
(Stranik and Hanzlikova, 1968). The stratigraphic cutting out of
the Zdanice Unit is shown on Figure 2 with brief comparison to
analogous units of the Austrian Molasse Basin and Waschberg
Zone. The Eocene—Oligocene boundary represents a critical

Cantral
e Paratethys
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(Krhowsky at al, 2001)

change from a greenhouse climate into the ice-house condi-
tions associated with the major extinction in the Early Oligocene
(Prothero et al., 2000) and overall ocean fertility increase
(Baldauf and Barron, 1990; Salamy and Zachos, 1999; Thomas
et al., 2000) as a prerequisite of hydrocarbon development.

COMPARISON WITH STRATIGRAPHIC ANALOGUES
IN AUSTRIA, POLAND AND UKRAINE

The Eggerding and Zupfing formations within the Austrian
Molasse Basin and the Thomasl Formation in the Waschberg
Zone are regarded as stratigraphic analogues of the Sitbofice
Member (Wagner, 1996, 1998; Krhovsky et al., 2001).

The lithology of the Eggerding Formation is dominated by
grey laminated pelites with laminae of white nannofossil lime-
stone/nannochalk (Sachsenhofer et al., 2010). The thickness of
the formation ranges from ~35 to ~50 m. The overlaying Zup-
fing Formation is composed of dark grey hemipelagites, distal
turbidities, and slump and slide bodies (Sachsenhofer et al.,
2010). This formation is up to 450 m thick. The lithology of the
Thomasl Formation is composed of dark variegated shales with
calcareous and marly layers and sandy or silty intercalations
(Rogl et al., 2001).

Based on the terminology of Peters (1986), Sachsenhofer
et al. (2010) evaluated the lower part of the Eggerding Forma-
tion as a “very good” source rock for oil and the upper part as a
“good” oil-prone source rock. Both the Eggerding and the lower
part of the Zupfing formations are considered to be minor
source rocks (Schulz et al., 2002; Sachsenhofer et al., 2010).
According to Pupp et al. (2018), the Thomasl Formation en-
countered in the Poysdorf and Thomasl wells holds a “fair” to
“good” source rock potential which is in contrast with the “poor”
potential of the same formation of the Ottenthal section.

Kerogen type Il and Ill within the lower part of the Eggerding
Formation (Schulz et al., 2004; Sachsenhofer et al., 2010) and
predominantly of type Il within the rest of the Eggerding
(Schmidt and Erdogan, 1996) and Thomasl formations (Pupp et
al., 2018) are indicated by Rock-Eval hydrogen index (HI) val-
ues. The prevailing immaturity was supported by vitrinite reflec-
tance (R;) measurements and Rock-Eval T, values in all of
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Fig. 2. Oligocene stratigraphic correlation of the Zdanice Unit, Austrian Molasse Basin and Waschberg Zone

Modified according to Krhovsky et al. (2001) for Czech territory and according to Wagner (1996, 1998) for Austrian territory;
stages of the Central Paratethys are according to Rogl (1998); NP Zones are according to Berggren et al. (1995)






the Eggerding, Zupfing and Thomas! formations (Sachsenhofer
etal., 2010; Pupp et al., 2018).

Oxygen-restricted conditions were indicated by the TOC/TS
ratio in the Eggerding and Zupfing formations (Sachsenhofer et
al., 2010) and supported by biomarkers in the Thomasl Forma-
tion within the Ottenthal section (Pupp et al., 2018). Strongly ox-
ygen-depleted conditions were indicated by biomarkers in the
same formation in the Thomasl well (Pupp et al., 2018).

Several comprehensive studies have been published from
the Polish and Ukrainian Carpathians. The Menilite Shales are
known in the area of Poland from the Skole, Subsilesian,
Silesian and Dukla units and strata occurring in tectonic win-
dows of the Magura Unit. In the area of Ukraine, the Menilite
Shales are known from the Boryslav—Pokuttya, Skyba (Skole),
Krosno (Silesian), Chornogora and Dukla units. Most of the
studies are focused on the Boryslav—Pokuttya, Skole, Silesian
and Dukla units.

The source rock potential is variable, mostly very good to
moderate (Kotarba and Koltun, 2006; Kotarba et al., 2013,
2014). Good to excellent petroleum potential has been ob-
served in the Skole (Skyba) and Boryslav—Pokuttya units
(Kosakowski et al., 2009; Sachsenhofer and Koltun, 2012). Lo-
cally, the TOC exceeds 20 wt.% (e.g., ten Haven et al., 1993;
Kruge et al., 1996; Koster et al., 1998a, b; Kotarba et al., 2007;
Kosakowski et al., 2009) but normally ranges between 4 and 8
wt.% (Sachsenhofer and Koltun, 2012; Kosakowski, 2013;
Kosakowski et al., 2018).

Oil-prone kerogen type Il prevails in all the Boryslav-
-Pokuttya, Skole (Skyba), Silesian (Krosno) and Dukla units
(Koltun et al., 1998; Sachsenhofer and Koltun, 2012; Kosa-
kowski, 2013; Kotarba et al., 2013, 2014, 2017). Admixtures of
kerogen type | and IVIIl or Il are present in the Boryslav-
-Pokuttya, Skole (Skyba), Silesian (Krosno) and Dukla units
(Kosakowski, 2013; Kotarba et al., 2013, 2014, 2017). Admix-
tures of kerogen type | and significant admixtures of kerogen
type Ill have been observed within the Skole (Skyba) Unit

(Kosakowski, 2013). The composition of kerogen type lI-1ll was
also indicated in the Ukrainian part of the Krosno (Silesian) Unit
by Sachsenhofer and Koltun (2012).

The Tmax temperature indicates the bottom of the “oil win-
dow” in the Boryslav-Pokuttya Unit and immaturity or an initial
stage of low-temperature thermogenic process in the Skole
(Skyba) Unit (Koltun et al., 1998; Kotarba et al., 2007, 2014,
Kosakowski, 2013). The initial to final stage of low-temperature
thermogenic process in the Silesian (Krosno) Unit and initial to
main stages of the “oil window” and locally even overmaturity in
the Dukla Unit have been observed by Kosakowski (2013) and
Kotarba et al. (2013, 2014, 2017), respectively. In general, an
increasing trend of maturity towards the internal units has been
observed (e.g., Kruge et al.,, 1996; Kdoster et al., 1998a, b;
Kotarba and Koltun, 2006; Sachsenhofer and Koltun, 2012).

SAMPLES AND METHODS

Four core intervals from 3 boreholes representing the Sitbo-
fice Member were studied (Fig. 3). All three boreholes pene-
trated the Zdanice Nappe and reached autochthonous units
(crystalline basement overlain by Miocene strata of the Carpa-
thian Foredeep). In the Zdanice Nappe the Némcice, Menilite
and Zdanice-Hustopede formations were encountered (Fig. 3).

Two borehole cores came from the Mouchnice-1 borehole
(Core No® 6 from the depth of 997.5 to 1002 m and Core No® 7
from 1050.5 to 1055 m, respectively), one from the Mouchnice-2
borehole (depth of 1040 to 1043.9 m) and one from the
Nevajice-1 borehole (depth of 500 to 503 m). Each core was
lithologically described and sampled in order to record detailed
changes and to cover the whole sequence of cored intervals (Ta-
ble 1). The samples were ground and total organic matter, total
sulphur and free and residual hydrocarbons were determined.
Samples of up to 80 mg were used for each measuring round.
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Fig. 3. Borehole profiles comparison

Modified according to Stranik (1979) for Krepice-5, Krejci et al. (1989) for Nevojice-1, Dohnal et al. (1987) for Mouchnice-1 and Krejéi et
al. (1991) for Mouchnice-2; stages of Central Paratethys are according to Rogl (1998); NP Zones are according to Berggren et al. (1995)






Table 1

Characteristics of the organic matter from the Sitbofice Member in the area of the Zdanice Unit
in the SE part of the Czech Republic

Depth Rock-Eval data Bulk geochemical data
Borehole Si | S: [8+Sz] T HI Pl [ Toc| T1s | Tocs | TiIc | calc.Eq. | R,
[m] [mg HC/g] rcl | [mg Helg TOC) (wt.%] | [wt.%] wt%l | W%l | (%)
9975 | 01 | 26 | 27 | 423 150 002| 17 | 31 0.56 0.2 2.0 -
9979 | 01 | 43 | 44 | 414 151 002| 28 | 31 0.91 0.4 31 024
9985 | 0.0 | 06 | 06 | 422 81 003| o8 | 29 0.26 0.2 1.8 -
9990 | 01 | 24 | 25 | 410 90 003| 27 | 32 0.83 0.0 00 |028
9991 | 0.0 | 08 | 08 | 412 55 005| 14 | 25 0.56 0.0 04 -
Mouchnice-1 | 9995 | 00 | 06 | 07 | 417 65 005| 10 | 21 0.47 0.1 0.7 -
(Core No° 6)
9998 | 0.0 | 1.0 | 11 | 421 98 003| 11 | 28 0.41 05 4.1 -
10005 | 00 | 12 | 13 | 422 100 003| 12 | 33 0.37 03 25 -
10009 | 0.1 | 16 | 1.7 | 420 104 003| 16 | 22 0.70 03 2.1 -
10010 | 00 | 08 | 09 | 413 58 005| 14 | 21 0.65 0.0 03 -
10020 | 00 | 16 | 1.7 | 424 121 003| 13 | 28 0.52 0.8 6.4 -
10505 | 01 | 15 | 16 | 411 72 005| 214 | 29 0.73 0.0 0.1 -
105095 | 02 | 53 | 54 | 410 136 003| 39 | 31 1.24 0.2 1.7 -
10515 | 02 | 85 | 86 | 421 247 002| 34 | 34 1.02 29 | 240 -
10519 | 0.7 | 237 | 244 | 407 346 003| go | 44 1.55 19 | 158 -
10520 | 02 | 74 | 76 | 409 166 002| 45 | 31 1.44 0.0 0.0 -
Mouchnice-1 | 19503 | 02 | 71 | 7.3 | 412 188 002 38 | 38 1.00 0.6 46 -
(Core No® 7)
10528 | 01 | 49 | 51 | 413 163 003| 309 | 30 1.00 0.7 55 -
10535 | 02 | 77 | 7.9 | 406 184 003| 42 | 32 1.31 0.0 0.1 -
10539 | 02 | 64 | 65 | 405 213 003| 39 | 28 1.16 0.1 06 -
1054.0 | 05 | 265 |27.0 | 416 541 002| 49 | 25 1.95 62 | 521 -
10550 | 03 | 93 | 96 | 410 232 003| 40 | 32 1.25 17 | 145 -
1040 | 00 | 03 | 04 | 413 53 006| 06 | 27 0.23 1.0 8.3 -
10405 | 01 | 46 | 47 | 411 202 002| 23 | 38 0.64 03 2.8 -
10409 | 01 | 57 | 59 | 416 249 002| 23 | 32 0.73 1.2 9.7 -
10411 | 01 | 29 | 30 | 410 131 003| 25 | 28 0.79 0.1 07 -
10419 | 05 264 [269 | 413 535 002| 49 | 39 1.27 0.4 34 -
Mouchnice2 | 10421 | 0.1 | 32 | 33 | 412 153 003| 21 | 27 0.80 03 24 -
10425 | 08 269 |27.7 | 403 406 003| g6 | 40 1.64 0.0 0.1 -
10429 | 03 144 |148 | 410 384 002| 38 | 34 1.09 03 24 -
10432 | 04 (205 |209 | 410 468 002| 44 | 35 1.23 038 69 026
10435 | 03 | 93 | 96 | 403 249 003| 37 | 33 1.14 0.1 07 -
10439 | 04 [11.9 | 122 | 409 322 003| 37 | 40 0.92 0.2 1.7 -
500 | 00| 1.1 | 12 | 414 85 003| 13 | 24 0.54 0.1 1.0 -
501 | 01| 36 | 38 | 404 126 004| 29 | 23 1.23 0.1 09 |0.31
Nevojice-1 sy [ 01 | 20 | 21 | 400 80 006| 25 | 29 | 08 | 00 0.0 -
503 | 02| 7.7 | 80 | 401 238 003| 32 | 21 1.53 0.0 0.0 -

S, —free hydrocarbons content; S, — residual hydrocarbon potential; S4+ S, — petroleum potential; T,..,—temperature of maximum of S, peak;
HI — hydrogen index; Pl — production index; TOC — total organic carbon; TS — total sulphur content; TIC — total inorganic carbon; Calc. Eq. —
calcite equivalent; R, — random vitrinite reflectance






The borehole correlations and stratigraphical reconstruc-
tion of the cored intervals within the Menilite Formation were
done based on borehole gamma logging records (Hrubanova
and Tézky, 1980; Selle, 1987, 1988; Kowalska et al., 1988).

Contents of total carbon (TC), total organic carbon (TOC)
and fotal sulphur (TS) were analysed using the ELTRA S/C Ele-
ment Analyser. TOC was determined after sample de-carbon-
ization by concentrated phosphoric acid. Total inorganic carbon
(TIC) was calculated by the difference between TC and TOC.
Based on TIC, the calcite equivalent was calculated as TIC
8.333, where 8.333 is the stoichiometric calculation factor for
CaCOs. All results are given in weight percent (wt.%).

Rock-Eval pyrolysis was used to assess the source rock po-
tential, prevailing kerogen type and thermal maturity (Espitalié et
al., 1977; Lafargue et al., 1998; Behar et al., 2001). Free hydro-
carbon content Sy [mg HC/g rock], residual hydrocarbon poten-
tial S, [mg HC/g rock] and temperature of maximum of S, peak
Tmax [°C] were determined using the Rock-Eval 6 instrument
(Institut Francais du Petrole). The petroleum potential (PP) is
represented by S4+S; values [mg HC/g rock], the production in-
dex (Pl) was calculated as S+/(S1+S;) (Lafargue et al., 1998) and
the hydrogen index (HI) as 100 - So/TOC (mg HC/g TOC).

An Olympus BX51 microscope with a Zeiss Photomultiplier
MK3 system and fluorescence was used to measure the ran-
dom reflectance with oil immersion and a lens with 40x magnifi-
cation. The evaluation was carried out in accordance with the
ISO 7404 standard. Random reflectance values were deter-
mined from particulate polished sections by SpectraVision soft-
ware calibrated by spinel (R = 0.422%) and sapphire (R =
0.596%) standards. The maceral composition was determined
using the same equipment according to ICCP (1998, 2001).

RESULTS

The gamma logging records of the Menilite Formation inter-
vals from the selected boreholes were correlated and the best
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fit distinguished (Fig. 4). As the result, the reconstructed depth
was established. In this arrangement the cores of the
Nevojice-1 and Mouchnice-2 boreholes were correlated with
the Mouchnice-1 borehole profile as analogous sequences
(Fig. 4). As a consequence, the expected sequence of the
Menilite Formation in the area was restored (Fig. 5).

The Krepice-5 borehole gamma log of the Menilite Forma-
tion, including its stratigraphic description (Stranik, 1979;
Stranik etal., 1981), was attached for more detailed subdivision
of the Menilite Formation (Fig. 4). Based on this, the previous
indications of all studied cores according to the sample charac-
ter belong to the Sitbofice Member was confirmed. Moreover,
the NP24 zone was demonstrated by the presence of Helico-
sphaera recta in the lowermost Mouchnice-1 (Core No® 7).
However, the lowermost part of NP25 cannot be excluded
within the uppermost part of the succession.

BULK GEOCHEMICAL DATA

The lithology of all cores is composed predominantly of
non-calcareous dark grey silty shales with laminae of siltstone.
A marly layer has been distinguished within the Mouchnice-1
(Core No® 7) with the calcite equivalent of 52 wt.% (TIC of 6.2
wt.%). The average value of calcite equivalent excluding this
single sample with the maximum value reaches only 3.6 wt.%
which represents a TIC content of <0.5 wt.%.

TOC and Rock-Eval pyrolysis data were used for the pri-
mary assessment of the source rock potential and determina-
tion of the predominant type of organic matter. TOC ranges
from 0.63 to 6.9 wt.%, with the average of 2.9 wt.% (Fig. 5; Ta-
ble 1). TOC values vary widely and do not show a significant
correlation with the TIC. The highest values of TOC were deter-
mined on the Mouchnice-1 (Core No® 7) samples (from 2.1 to
6.9 wt.%) and Mouchnice-2 samples (from 0.63 to 6.6 wt.%).
The Sitbofice Member evaluated has higher TOC in a wider
range as compared to the stratigraphical analogues of the Aus-
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Fig. 4. Final gamma log correlation of the Menilite Formation from boreholes Nevojice-1, Mouchnice-1 and Mouchnice-2

The Kfepice-5 borehole gamma log including its stratigraphic description (Stranik, 1979; Stranik et al., 1981) is attached
for more detailed subdivision of the formation; cores from Nevojice-1 and Mouchnice-2 boreholes (symbolized as coloured
rectangles) were correlated to the profile of Mouchnice-1 as an analogousical sequences
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Fig. 5. Chart selection of results sorted according to the real depth of the Sitbofice Member

Schematic lithology; TOC - total organic carbon; TS — total sulphur; HI — hydrogen index; T,., — temperature of maximum of S, peak

frian Molasse Basin and Waschberg Zone (Schmidt and Erdo-
gan, 1996; Sachsenhofer et al., 2010; Gusterhuber et al., 2013;
Pupp et al., 2018).

The total sulphur content of the samples studied ranges
from 2.1 to 4.4 wt.% and does not show a single trend. The av-
erage content is equal to 3.0 wt.%. The TOC/TS ratio was
used as the environmental indicator. Values around 2.8 are
typical of normal marine conditions. In contrast, values >2.8
are believed to indicate brackish conditions, whereas a signifi-
cantly lower TOC/TS ratio possibly reflects sulphate reduction
(Berner, 1984; Berner and Raiswell, 1984). In the case of
euxinic bottom water conditions, bacterial sulphate reduction
occurs both in the water column and in the sediments
(Raiswell and Berner, 1985). The TOC/TS ratio of the cores
studied reaches an average of 0.93 with the highest value of
1.95. The TOC/TS has a slightly decreasing upwards trend
(Fig. 5) as clearly evident on samples from the Mouchnice-2
borehole and both cores of the Mouchnice-1 borehole which
start and terminate the restored succession. Samples from the
uppermost Mouchnice-1 (Core No® 6) reach an average

TOC/TS value of 0.57, while those of the lowermost cored se-
guence of Mouchnice-1 (Core No® 7) reach 1.24. Samples
from other cores reach values of nearly 1.

ROCK-EVAL PYROLYSIS

The HI ranges from 53 to 541 mg HC/g TOC (with an aver-
age of 196 and median of 153 mg HC/g TOC). The HI distribu-
tion (Fig. 6) has a random character in the Mouchnice-1 (Core
No° 7) and Mouchnice-2 samples, but shows a narrow range in
the Nevojice-1 samples (from 85 to 238 mg HC/g TOC) and es-
pecially in the Mouchnice-1 (Core No°6) samples (from 55 to
151 mg HC/g TOC). Lower HI values associated with the low
TOC may suggest mineral matrix errors affecting the HC yields
(Espitalié et al., 1980).

All samples studied reach a relatively narrow range of T .,
values from 400 to 424°C indicating low thermal maturity and
the presence of a large portion of unconverted original organic
matter. This pattern is reflected in the kerogen type determina-
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tion and the evaluation of its source rock potential. Organic mat-
ter type determined based on the HI and T (Espitalié et al.,
1985) indicates a comparable distribution between genetic
components related to kerogen type Il and Il (Fig. 6).

In the case of a very narrow Ta interval, additional data are
needed to interpret the depositional environment. The samples
with high Hl values (kerogen type Il in Fig. 6) have a significantly
higher TOC/TS ratio ranging from 0.64 to 1.95 (average 1.2).
By contrast, samples that according to the Rock-Eval pyrolysis
data belong to kerogen type Il have TOC/TS from 0.23 to 1.24
(average 0.7) (Table 1).

The free hydrocarbons content ranges from 0.02 to 0.82 mg
HCl/g rock, while the residual hydrocarbon potential ranges be-
tween 0.34 to 26.9 mg HC/g rock (Table 1). The petroleum po-
tential varies between 0.36 to 27.7 mg HC/g rock with an aver-
age of 7.4 mg HC/g rock. Samples of Mouchnice-1 (Core No® 7)
and Mouchnice-2 reach higher values in all parameters of free
hydrocarbons content, residual hydrocarbon potential and pe-
froleumn potential with average petroleum potentials of 10.01 or
11.8 mg HC/g rock, respectively. The production index values
vary between 0.02 and 0.06 with an average of 0.03 (Fig. 7).

ORGANIC PETROGRAPHY

The organic matter occurring in the samples analysed con-
sists of macerals of the liptinite group with admixtures of the
vitrinite group. All the material studied is fairly homogeneous
(Fig. 8), both lithologically and with respect to its maceral com-
position. The precise classification of the organic particles was
limited due to the extremely fine-grained nature of all samples

studied. The dominant macerals are alginite accompanied by
sporadic cutinite, sporinite and bituminite. This maceral compo-
sition does not agree with Rock-Eval data.

The alginite consists mainly of lamalginite (Fig. 8), derived
from small, unicellular or thin-walled colonial planktonic or ben-
thic algae, with a distinctive lamellar form without recognizable
structure. The translucency of the lamalginite is high.

The vitrinite macerals are present in low amounts and their
size varies between 5 and 30 pm. Vitrinite reflectance measure-
ment was difficult due to the small size of the particles and their
very close association with pyrite. The random vitrinite reflec-
tance (R,) was measured on vitrinite particles (n = 30) and
ranges from 0.24 to 0.31%.

DISCUSSION

SOURCE ROCK POTENTIAL

The cross-plot showing the relationship of petroleum poten-
tial versus TOC demonstrates the high variability of the source
rock potential and of the quality of the source rock. Based on
screening results of this study (Fig. 9) the Sitbofice Member
samples are mostly classified as “very good” (26 of 37 samples)
source rock according to TOC and variable, mostly “poor” (14
samples) to “good” (12 samples) according to the petroleum po-
tential. However, the average petroleum potential of 7.4 mg
HC/g rock indicates a “good” source rock potential.

The different source rock potential estimation is at least
partly caused by inert organic carbon within the TOC. A com-
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prehensive insight can be gained by applying a method sug-
gested by Dahl et al. (2004) who presented a study on Rock-
-Eval pyrolysis performance on samples of variable lithology
and organic matter content. A more precise source rock poten-
tial and kerogen type classification can be determined by “live”
TOC calculated when the inert organic carbon is subtracted
from the TOC. The amount of the inert organic carbon was esti-
mated from the TOC versus S, cross-plot (Fig. 10) and reaches
1.67 wt.% for the Sitbofice Member evaluated. Based on this,
the average “live” TOC reaches only 1.23 wt.% (not 2.9 wt.%)
suggesting mostly a “good” source rock potential which is in ac-
cordance with the average petroleum potential evaluated
based on S; and S, values.

KEROGEN TYPE AND DEPOSITIONAL ENVIRONMENT

There are many studies demonstrating the significance and
credibility of Rock-Eval pyrolysis for kerogen genetic type eval-
uation (e.g., Arfaoui et al., 2007; Aderoju and Bend, 2013;
Ramachandran, 2013; Nady et al., 2015). However, the Rock-
-Eval method itself is often over-interpreted. The influence of

low thermal maturity, lithology or TOC concentration on the re-
sulting values has been well-documented (e.g., Katz, 1983; Pe-
ters, 1986; Dembicki, 1992; Dahl et al., 2004; Gerslova et al.,
2015; Hazra et al., 2017). Therefore, it is advisable to always
use supportive independent analysis such as maceral analysis,
kerogen elemental data or biomarkers to demonstrate the kero-
gen type especially in the case of low-TOC sections (Delarue et
al., 2013; Carvajal and Gentzis, 2015).

A comparable distribution of kerogen type Il and lll has been
indicated by HI values (Fig. 6) in the Sitbofice Member evalu-
ated, the same as in its stratigraphical analogues (Sachsen-
hofer et al., 2010; Pupp et al., 2018). However, a detailed exam-
ination of the selected samples demonstrated the dominant role
of the alginite macerals from the liptinite group (Fig. 8) with ad-
mixtures of huminite from the vitrinite maceral group. The
amount of terrigenous macerals was low. The dominant alginite
would classify the kerogen as type |, but the presence of varying
amounts of spores and pollen together with plant particles sug-
gests rather the presence of kerogen type II. No significant dif-
ferences between the individual samples present was found in
terms of lithology and maceral composition. For this reason, it
seems highly unlikely that the difference between the HI values






Fig. 8A-D — detailed characterization of the organic matter in the mineral ground-mass with dispersed fine pyrite
framboids [Mouchnice-1 (Core No® 7), 1051.5 m]; the same area shown in polarized light (A and C) and fluorescent light
(B and D): V - vitrinite particle, A — alginite, P — pyrite; E, F — selection of samples from Mouchnice-1 (Core No° 6) (997.9
m), Mouchnice-2 (1043.2 m) and Nevojice-1 (501 m) in polarized (E and F) or fluorescence (G) light indicating the
lithological homogeneity and comparable maceral composition of all samples studied

is due to a different kerogen type. The samples studied are
lithologically comparable and the differences in HI cannot be
due to different behaviour of the matrix during pyrolysis, as re-
ported by Dembicki (1992).

The average HI calculated based on the “live” TOC reaches
452 mg HC/g TOC and suggests the presence of kerogen type
I, which is in accordance with the organic petrography observa-
tions and the relationship of residual hydrocarbon potential ver-
sus TOC (Fig. 10). Moreover, the frend as shown in Figure 10
reflects the stratigraphical position of the samples where the
less mature samples of Mouchnice-1 (Core No® 6) from the top
of the sequence are positioned bottom left.

Generally, oxygen-restricted conditions or a dysoxic envi-
ronment can be expected based on the TOC versus TS rela-
tionship within the evaluated Sitbofice Member (Fig. 11), the
same as in the stratigraphical analogues of the Austrian
Molasse Basin and Waschberg Zone (Sachsenhofer et al.,

2010; Pupp et al., 2018). Note that post-depositional processes
which may cause pyrite framboids and the diagenetic degrada-
tion of organic matter may also lead to underestimation of the
TOC/TS ratio.

THERMAL MATURITY

The thermal maturity of the organic matter is a very impor-
tant parameter in terms of source rock potential because the hy-
drocarbons can be produced only under a favourable thermal
regime (Tissot and Welte, 1984). The thermal maturity was indi-
cated by Rock-Eval Pl and T,., temperature supported by
vitrinite R (Table 1).

Both the Rock-Eval T, (from 400 to 424°C) and Pl values
(from 0.02 to 0.06) indicate the immaturity of organic matter
compared to the stratigraphical analogues of the Austrian
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Molasse Basin and Waschberg Zone (Sachsenhofer et al.,
2010; Pupp et al., 2018). A thermal maturity comparable for all
samples according to the Rock-Eval pyrolysis was supported
by R, data (from 0.24 to 0.31% R,). The thermal immaturity in-
dicates the presence of biological thermally labile organic mat-
ter that can release, during the laboratory measurements,
more effluents as discussed above. Even though the Sitbofice
Member studied has source rock potential, no significant
amounts of hydrocarbons were generated because of the low
thermal maturity.

CONCLUSIONS

The present study of organic matter from the Sitbofice
Member of the Zdanice Unit represents the first comprehensive
geochemical results from the Menilite Formation in the territory
of the Czech Republic.

The source rock potential of the Sitbofice Member is in this
study classified mostly as “very good™” according to TOC and
variable, mostly “poor” to “good” according to the petroleum po-
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tential (S1+S2). The average petroleum potential value as-
signed the Sitbofice Member evaluated to “good” source rock
which is in accordance with the TOC classification if the “live”
TOC is used. However, the Sitbofice Member within the area
studied is immature based on both the random vitrinite ref-
lectance and Rock-Eval data.

A comparable distribution between kerogen type Il and Il
has been indicated by Hl. Unlike it, the maceral composition
does not agree with Rock-Eval data. The organic petrography
observations show that the organic matter in the Sitbofice
Member belongs to the kerogen type Il (kerogen type | is not ex-
cluded) with admixtures of variable amounts of kerogen type lIl.
The organic petrography observations indicate that organic
matter consists of alginite macerals from the liptinite group with
admixtures of huminite from the vitrinite maceral group. All of
the samples are fairly homogeneous both lithologically and with
respect to the maceral composition. Moreover, both the rela-
tionship of residual hydrocarbon potential versus TOC (Dahl et

al., 2004) and HI values calculated based on “live” organic car-
bon correspond to kerogen type |l. These results are in agree-
ment with the organic petrography.

Oxygen-restricted conditions or a dysoxic environment
have been indicated by the TOC/TS ratio as a result of gener-
ally high sulphur contents (average of 3.0 wt.%). The TOC/TS
ratio has a slightly decreasing upwards trend. Samples from the
uppermost Mouchnice-1 (Core No® 6) reach an average
TOC/TS value of 0.57, while those of the lowermost cored se-
guence of Mouchnice-1 (Core No® 7) reach 1.24.
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