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Abstract

Organic-rich rocks with widely varying ages occur throughout many parts of the Ukrainian
Carpathians, some of which are proven hydrocarbon source rocks. For this study, two
organic-rich successions in the Outer Carpathians, as well as one potential source rock
horizon and three oil samples from the Mesozoic basement of the Carpathian Foredeep, were
chosen for a detailed analysis.

Within the Ukrainian Outer Carpathians, the Lower Cretaceous Shypot Formation and the
Oligocene-Lower Miocene Menilite Formation contain significant source rock potential. The
latter, approximately 1800 m thick in the studied section, is considered to be the primary
source rock interval of the region. The Menilite Formation contains thermally immature
(vitrinite reflectance: 0.24-0.34 %Rr; Thax: 419-425°C), organic-matter-rich sediments
(frequently up to 24 wt.% TOC) that can generate up to 74.5 t of hydrocarbons per m?, which
is a significantly higher generation potential than other source rocks in the entire Paratethys
realm. The studied rocks are dominated by a marine (Type II) organic matter input mixed
with varying amounts of land-plant derived material, which is supported by maceral and
biomarker data. In addition, varying redox and salinity conditions during deposition are
supported by varying dibenzothiophene/phenanthrene (DBT/Phen) and pristane/phytane
(Pr/Ph) ratios. In contrast, the Shypot Formation, roughly 400 m thick in the study area, is rich
in organic-matter (average TOC: 2.83 wt.%), but the hydrogen index (88 mgHC/gTOC) and
the remaining source potential (2 tHC/m?) are low, partly due to the advanced maturity
(vitrinite reflectance: 0.82 %Rr; T 456°C) of the succession. The higher maturities
observed in the Shypot Formation imply that some hydrocarbons must have already been
generated. However, it is argued that these accumulations were likely lost during major uplift
and/or erosion. Preservation of the organic matter was supported by an oxygen-deficient
environment, but strictly anoxic conditions were rare, which is supported by low DBT/Phen
ratios, moderate Pr/Ph ratios and relatively high TOC/S ratios.

The Middle Jurassic rocks, which occur in the Mesozoic basement of the Ukrainian
Carpathian Foredeep, display elevated amounts of organic-matter (4.19 wt.%; max 14.98
wt.%). However, HI values (max: 242 mgHC/gTOC) are low, and organic-matter is
dominated by gas-prone, Type III kerogen (with rare transitions into type II kerogen), which
is supported by a strong predominance of terrestrial macerals. The petroleum potential,
classifies the succession as a fair source rock, with only few intervals displaying a good
source rock potential. Maturity parameters (vitrinite reflectance: 0.69-0.90 %Rr; Tpax: 434°C-
448°C) indicate a marginally mature to peak oil window maturity, suggesting that major
hydrocarbon generation may be restricted to the more mature sediments.

An oil-source rock correlation was performed on Middle Jurassic rocks to investigate a
possible genetic link with oils in the overlying Upper Jurassic reservoirs. However, biomarker
analysis identified significant differences in DBT/Phen ratios, Pr/Ph ratios, sterane
distributions and in isotopic signatures. As a result, an alternative source was investigated,
and the new data collected on the oils was compared to published data on Upper Jurassic
rocks in the Mesozoic basement, which presented a better fit and revealed the likely source of
these oil accumulations.
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Zusammenfassung

In vielen Teilen der ukrainischen Karpaten existieren Gesteine unterschiedlichen Alters mit
hohen Gehalten an organischem Kohlenstoff (TOC), von denen einige als potentielle
Muttergesteine gelten. Zwei Formationen der #dufleren Karpaten, sowie ein potentielles
Muttergestein  und drei Erddlproben aus dem mesozoischen Untergrund des
Karpatenvorlandes wurden im Detail analysiert.

Innerhalb der duBeren ukrainischen Karpaten bilden die Shypot-Formation und die Menilit-
Formation potentielle Muttergesteine, die wihrend der Kreidezeit, dem Oligozédn und dem
frithen Miozén abgelagert wurden. Die Menilit-Formation, die im untersuchten Gebiet eine
Maichtigkeit von 1800 m aufweist, gilt als primdres Muttergestein der Region. Die Gesteine
sind thermisch unreif (Vitrinitreflexion: 0.24-0.34 % Rr; Tyax: 419-425°C) und enthalten viel
organisches Material (bis zu 24 wt.% TOC), welches bis zu 74.5 t Kohlenwasserstoffe pro m’
erzeugen kann und somit ein hdheres Erzeugungspotential besitzt als alle anderen
Muttergesteine des gesamten Paratethys-Raumes. Die untersuchten Proben werden von
mariner organischer Substanz (Kerogen Typ II) dominiert und enthalten unterschiedliche
Mengen von Landpflanzenmaterial, was durch Mazeral- und Biomarkerdaten bestatigt wird.
Zusitzlich wurden unterschiedliche Redox und Salzgehaltbedingungen wéhrend der
Ablagerung der Sedimente durch variierenden Verhéltnisse von Dibenzothiophen/
Phenanthren (DBT/Phen) und Pristan/Phytan (Pr/Ph) bestitigt. Im Vergleich zur Menilit-
Foramtion, beinhaltet die im Untersuchungsgebiet etwa 400 m méchtige Shypot-Formation
geringere Mengen an organischem Material (durchschnittlicher TOC: 2,83 wt.%), welches
aufgrund der fortgeschrittenen Reife (Vitrinitreflexion: 0,82% Rr; Tpax: 456°C) einen
niedrigen Wasserstoffindex (88 mgHC/gTOC) und ein geringes verbleibendes
Erzeugungspotential (2 tHC/m?) aufweist. Der hohere Reifegrad impliziert, dass einige
Kohlenwasserstoffe bereits erzeugt wurden. Es kann jedoch vermutet werden, dass diese
wihrend tektonischer Deformationsphasen und/oder durch Erosion verloren gegangen sind.
Sauerstoffarme Verhiltnisse halfen bei der Erhaltung des organischen Materials, jedoch
waren streng anoxische Bedingungen selten, was durch niedrige DBT/Phen Verhiltnisse,
moderate Pr/Ph Verhiltnisse und hohe TOC/S Verhéltnisse bestatigt wird.

Die Gesteine des mittleren Jura im mesozoischen Untergrund des ukrainischen
Karpatenvorlandes enthalten erhohte Mengen an organischem Material (4,19 wt.%; max:
14,98 wt.%). Der HI (max: 242 mgHC/gTOC) ist jedoch niedrig und das organische Material
wird von einem Kerogen Typ III (mit seltenen Ubergiingen in Kerogen Typ II) dominiert, was
durch eine Dominanz terrestrischer Mazerale belegt wird. Das Erddlpotential (S;+S, der
Rock-Eval Pyrolys) klassifiziert das Muttergestein als ,,fair, wobei nur wenige Intervalle ein
»gutes® Erdolpotential aufweisen. Reifeparameter (Vitrinitreflexion: 0,69-0,90% Rr; Tpax:
434°C-448°C) weisen auf eine geringe Reife bis zu einer maximalen Olfensterreife hin,
woraus geschlossen werden kann, dass die Kohlenwasserstofferzeugung nur auf die reiferen
Sedimente beschrénkt ist.

Fir eine Erdol-Muttergesteinskorrelation wurden Gesteinsextrakte von Proben aus dem
mittleren Jura wurden mit Erdélproben aus den dariiber liegenden Oberjura-Lagerstitten
verglichen. Die Biomarker Analyse identifizierte jedoch signifikante Unterschiede in den
DBT/Phen und Pr/Ph Verhiltnissen, Steranverteilungen und in den Isotopensignaturen.
Darauthin wurde ein alternatives Muttergestein gesucht, wobei die Daten der Erdélproben mit
verdffentlichten Daten von Gesteinen des Oberjura verglichen wurden, welche Ahnlichkeiten
aufweisen und somit die Erddle in den gleichalten Lagerstéttenhorizonten generiert haben.
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1. Introduction
1.1. Study aim

Since Ukraine is not yet energy-self-sufficient, it still relies on oil and gas imports,
particularly from Russia, to meet demands (Van de Graaf and Colgan, 2016). Great hopes
were put into unconventional hydrocarbons, including shale oil and shale gas. However, it
turned out that shale oil and shale gas in the Dniepr-Donets Basin and western Ukraine are
hardly economic (e.g. Misch et al., 2016; Radkovets et al., 2017). As a result, conventional
hydrocarbons have become increasingly important for Ukraine’s economy, as Ukraine strives
to become energy-independent. Apart from the Dniepr-Donets Basin (DDB), which hosts
more than 220 oil and gas fields (e.g. Tari, 2010; Misch et al., 2015), the Ukrainian

Carpathians (Fig. 1) constitute one of the oldest oil and gas provinces in the world.

14° 28°

16° 18° 20° 22° 24°

North European platform East European platform

N
Brno
* ’ Inner West
_ Carpathians

. ' ien
4 Bratislava :
o-b

§ QBudapest
9

50°
: . e Lviv
Outer West Carpathians

Ukraine

48°

Pannonian Basin

\ Apuseni
Mountains

AN

46°

4 Zagreb
Southern Alps P

- Q . -
Belgrade South Carpathians

¥

®* Bucharest

Dinaric Alps Moesian platform

44°
14° 16°

L

18° 20° 29° 24°

28°

26°

- Foredeep Outer Carpathians ;i:I't‘i"V Klippen

Inner Alpine . . Western Ukraine
Carpathian units - Volcanic mountains fv\"-’ border

Fig. 1 General overview of the Carpathians and adjacent areas with the locations of the main

divisions of the Carpathians (after Hrusecky et al., 2006).
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The Ukrainian Carpathians form the NE part of the Carpathian orogenic belt, which stretches
for approximately 1300 km, from Vienna to the Iron Gate on the River Danube in Romania
(Fig. 1). Being a mature oil-producing province, the Ukrainian Carpathians have been
explored significantly, due to the high drilling intensity in these regions, and the most
important source rock horizons have been identified (e.g. Sachsenhofer and Koltun, 2012).
However, past studies have failed to determine the vertical variability of these intervals, and
important organic geochemical data are often lacking or missing entirely. An improved
understanding of the petroleum generation properties of these source rocks may add to the
understanding of new prospects. Therefore, the following successions were chosen for a

detailed analysis:

Oligocene — Miocene Menilite Formation - The Menilite Formation is the primary source
rock interval in the Ukrainian Carpathians (Kdoster et al., 1998; Kotarba et al., 2006; 2007;
Kosakowski et al., 2018). The most important hydrocarbon accumulations are found within
the Boryslav-Pokuttya petroleum system, which hosts more than forty oil and condensate
accumulations, with total recoverable reserves estimated at 2249 MMboe (Boote et al., 2018).
Smaller oil and gas fields in the Skole-Skyba and Silesian-Krosno petroleum systems (most of
them located in Poland), with estimated total recoverable reserves of 200 MMboe, are also
sourced by the Menilite Formation, but are economically less relevant. Since a detailed study
on the Menilite Formation in the Ukrainian Carpathians has not yet been published, an

investigation on this source rock seems worthwhile.

Lower Cretaceous Shypot Formation - The Shypot Formation (Barremian to Albian) is
considered as a potential source rock of the Outer Carpathians (Kotarba and Koltun, 2006).
Generally, only few data are available and all economic hydrocarbon accumulations in the
Ukrainian Carpathians are correlated to the Menilite Formation (Boote et al., 2018; Kotarba et
al., 2019). However, possible petroleum contributions from this source rock should not be

overlooked and will be investigated in the frame of this study.

Middle Jurassic succession and oils in Upper Jurassic reservoirs - Apart from gas, small
oil fields, such as the Kokhanivka and the Orkhovychi oil fields in the Ukrainian part of the
Carpathian Foredeep, provide evidence for another petroleum system (Boote et al., 2018).
Despite the moderate petroleum potential of the Middle Jurassic succession in the Mesozoic
basement of the Carpathian Foredeep (Kosakowski et al., 2012), geological and geochemical

data are limited, and no attempt has been made at correlating this interval with oils from
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overlying Upper Jurassic reservoirs. The current study attempts to correlate these oils using

new geochemical data, and determine their source.

1.2. History of the Petroleum Industry

The petroleum industry looks back at a long-lasting history, starting with the discovery of
natural asphalt, a highly viscous liquid or semi-solid form of petroleum, which was used in
the construction of the walls of Babylon, four thousand years ago. Approximately 400 BC,
petroleum was first used as a fuel in China, and the earliest documented wells were drilled

using bamboo poles in 347 AD, at depths of ~250 m (Vogel, 1993).

Fig. 2 Illustration of the first modern well near Titusville, Pennsylvania (1859) privately

owned by Edwin Drake (Brice and Black, 2013).

The modern history of the petroleum industry began in the 19t century, with the discovery of
Edwin Drake’s well, near Titusville, Pennsylvania in 1859 (Fig. 2). The well was drilled to a
depth of 21 m, and yielded 25 barrels per day. By the end of the year, crude production in the
US reached a total of 2,000 barrels (Vassilliou, 2018). The creation of the oil well
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fundamentally altered the course of the 20th century. Other wells, which were either dug or
drilled around the same time as Edwin Drake’s well, contributed towards this total. Local
wells, like those in Pennsylvania, were quickly outpaced by demand, as the industry grew,

driven particularly by the demand for kerosene and oil lamps (Vassilliou, 2018)

Today, petroleum is used extensively in modern-day life, and has even become a major factor
in military conflicts around the world. Crude oil accounts for 33% of the global energy
consumption, whereas natural gas accounts for roughly 24% (Jia et al., 2016). It is predicted
that the future global energy supply will mainly come from shale gas, tight oil and oil sands,
which will make up approximately 75% of the global energy supply by 2030 (Jia et al., 2016).

1.3. History of the Petroleum Industry in Western Ukraine

The Ukrainian Carpathians constitute one of the oldest and largest petroleum-producing
provinces in the Europe; with reserves of 1.6 bn tons of oil and gas condensates and 7,254
billion m® of gas (Boote et al., 2018; Naftogaz Group, 2020). The first documented data on oil
production in Western Ukraine can be dated back to the 14" century; however, commercial
production did not start until 1854, with the discovery of the Boryslav oil field, which has
become one of the largest onshore oilfields in Europe (Boote et al., 2018). The discovery
marked the rise of extensive petroleum exploration in the Ukrainian Carpathians and at the
time, resulted in the region becoming the largest oil producing region in Europe. In addition,
Ukraine began to export significant amounts of petroleum, and became the first country in the

world to distribute natural gas to other countries (Naftogaz Group, 2020).

After World War II, the oil and gas industry in Ukraine developed significantly due to the
discovery of large reserves, not only in the Carpathians, but also in the Dnieper-Donets basin
and the Black Sea region. In 1972, the Ukrainian oil and gas industry reached the peak level
of oil and gas condensate production (14.4 million tons), whereas the peak level of natural gas

(68.7 bcm) was reached in 1975.
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1.4. Conventional and unconventional hydrocarbons

Conventional hydrocarbons are sources of crude oil, condensates and natural gas that can be
extracted using traditional methods. These resources accumulate within a reservoir rock,
which is sealed by an impermeable seal that keeps hydrocarbons in place (Fig. 3). In contrast,
unconventional hydrocarbons cannot be extracted using conventional operating practices as
the porosity and the permeability are often extremely low, restricting the flow of oil and gas.
In unconventional hydrocarbon deposits, the source and the reservoir rock often coexist, and
traps and seal rocks are generally not needed to keep hydrocarbons in place (Arthur and Cole,

2014).

Conventional and unconvetional hydrocarbon sources

—_—————

Coalbed methane

Conventional
oil and gas

Seal

Sandstone : /fZ
= {:‘;':/T ight gas

Shale oil and gas

Fig. 3 Schematic sketch of different conventional and unconventional hydrocarbon deposits
after Andruleit et al. (2010). The green and red layers indicate oil and gas accumulations in

the sandstone reservoir.

Global petroleum exploration is currently undergoing a strategic shift from conventional to
unconventional hydrocarbon resources, as a result of technological advances and progress in
drilling and development techniques in the recovery of unconventional hydrocarbon resources
(Schulz et al., 2010; Jia et al., 2016). As a result, unconventional hydrocarbons have become
an increasingly important part of the world energy consumption (Zou, 2015), and different
branches of unconventional production have benefited from this in recent years, including

some of the following unconventional resources:
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(1) Coal bed methane (CBM) — Coal beds, which contain methane that was
generated either through bacterial processes or by thermal decomposition of

organic matter (e.g. Moore. 2012).

(i1) Oil/Tar sands — Shallow, unconsolidated sand bodies, where conventional
crude oil has become degraded (through evaporation, biodegradation and water

washing) to produce a viscous heavy-oil residue (Arthur and Cole, 2014).

(ii1))  Oil shales — Thermally immature organic rich (>5 wt.% TOC) source rocks
where hydrocarbons are produced artificially through pyrolytic processes

(Symington et al, 2010).

(iv)  Shale oil/gas — Mature to over mature source rocks, where hydrocarbons have
been generated but not expelled (Curtis, 2002). Production of hydrocarbons is

achieved through hydraulic fracturing.

(V) Tight oil/gas — Sandstone reservoirs containing hydrocarbons which are
trapped within a reservoir rock with extremely low porosity and permeability.

Hydrocarbons can only be produced through hydraulic fracturing (Zou, 2015).

1.5. Unconventional hydrocarbons in the Ukraine

Ukraine has a significant potential for developing unconventional hydrocarbons, such as shale
gas and coal-bed methane (CBM). However, in many regions, further explorations are needed
to identify potential prospects. The most prospective regions for unconventional hydrocarbon
exploration are observed in the Dniepr-Donets Basin (DDB) in eastern Ukraine, and within

the Lubin basin in western Ukraine.
Western Ukraine

Thick Silurian black shales within the Lubin Basin have attracted much interested for shale
gas exploration in the past. These deposits are the continuation of coeval deposits in Poland,
and form an approximately 200 km wide NNW-SSE trending belt between the Ukrainian
shield and the western margin of the East European Platform. However, recent studies
(Kotarba and Koltun, 2006; Radkovets et al., 2017) have yielded disappointing results, which
have led to a decline in interest for shale gas exploration in recent years. Nonetheless, a

potential for sweet spots, which may be productive, remains.


https://www.sciencedirect.com/science/article/pii/S0264817211002029#bib30

Rauball Thesis |14

Eastern Ukraine

The Dniepr Donets Basin is a major coal-mining district in eastern Ukraine. The DDB, which
is approximately 650 km long, is a Late Devonian rift-basin located within the East-European
Platform (Sachsenhofer and Koltun, 2012). Apart from organic-rich black shales,
Carboniferous (Upper Visean “Rudov Beds”) successions contain major coal reserves, which
are intensively mined. High methane content in the coals from the DDB present a high

potential for coal bed methane projects (Kuznetsov, 1963).

Thick organic-rich black shales, which occur within the Rudov Beds, are an additional
prospect for unconventional hydrocarbon exploration, as these sediments hold a slight shale
gas potential (Schulz et al., 2010; Sachsenhofer and Koltun, 2012). However, their economic
potential remains questionable due to disadvantageous mineralogy and insufficient maturity at

reasonable drilling depths (Misch et al., 2016).

1.6. Oil to source correlations in conventional plays

Oil to source correlations determine the genetic relationship between a petroleum source rock
and a crude oil, which can be of great interest for scientific and economic reasons (Curiale,
1993). The most critical piece of information for petroleum explorationists is the confirmation
that the targeted sedimentary basin has generated oil or gas. The second most important
information is determining its source. To conduct such a correlation, oil samples from
producing wells, seeps, abandoned wells etc. are compared with their counterparts extracted
from the potential source rock. Each crude oil has a specific composition that can be
determined using biomarker ratios or by compound specific isotope analysis (CSIA).
Biomakers are complex molecular fossils that occur in crude oils and extracts of petroleum
source rocks (Misselwitz et al., 2013), which can provide important information on the
organic matter, the environmental conditions during deposition and burial (diagenesis), the
thermal maturity experienced by rock or oil (catagenesis), the degree of biodegradation, some
aspects of source rock mineralogy (lithology), and age (Peters et al., 2005). The use of CSIA,
allows us to determine and compare compound specific isotope patterns, which are generally

unique for each source rock and oil sample.


https://www.sciencedirect.com/science/article/pii/S0264817211002029#bib34
https://www.sciencedirect.com/science/article/pii/S0264817211002029#bib60
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2. Geological overview of the Carpathians
2.1. Geology of the Carpathians

The Carpathians are an approximately 1300 km long and 50-150 km wide arced shaped
mountain chain that formed in response to the subduction and continental collision between
the European and Apulian plates and related micro-plates, which resulted in the closure of the
Tethys Sea (Sandulescu, 1988). To the west, the Carpathians are bordered by the Eastern Alps
(Fig. 1), whereas to the southeast, the Carpathians grade into the Balkan mountain chain
(Golonka et al. 2006). The Carpathians can be separated geographically into three
longitudinal segments: 1) the Western Carpathians, 2) the Eastern Carpathians and 3) the
Southern Carpathians.

Western Carpathians

The Western Carpathians stretch from Austria and southeastern Czech Republic into
Slovakia, northern Hungary and southern Poland, and can be sub-dived into an older (Inner
Carpathians) and a younger (Outer Carpathians) range. The Outer and Inner Carpathians are
separated by a narrow (up to 20 km wide), 600 km long strongly tectonized zone known as
the Pieniny Klippen Belt (Slaczka et al., 2006; Golonka et al., 2015; Fig. 1). The Pieniny
Klippen Belt, which emerges in the west from beneath the Neogene sediments of the Vienna

basin, stretches into Poland, Slovakia and the Ukraine (Chorowicz, 2016; Fig. 1).

The Western Outer Carpathians form the SW-NE trending segment of the Outer Carpathians
and comprise the Silesian-Sub-Silesian (Krosno) nappe in the north, and the Magura nappe in
the south. Similar to other parts of the Outer Carpathians, the nappes of the Western Outer
Carpathians consist primarily of siliclastic sediments, Jurassic to Early Miocene in age, which
reach maximum thicknesses of up to several thousands of metres (Slaczka we al., 2006;
Plasienka et al.,1997). However, it should be noted that the majority of sediments in the
Western Outer Carpathians typically range between Late Cretaceous to Early Miocene in age
(Chlupac et al., 2002). The Inner Western Carpathians, which lie to the south of the Western
Outer Carpathians, are typically covered by thick Tertiary sedimentary and volcanic

complexes related to the Pannonian back-arc basin system (Plasienka et al.,1997).
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Eastern Carpathians

The Eastern Carparthians are the continuation of the southeastern part of the Western
Carpathian segment and stretch from southeast Poland and Slovakia, through western Ukraine
and into Romania (Fig. 1). The Outer Eastern Carpathians, which comprise a series of
structurally complex nappes, formed on top of the East European Platform margin during
Eocene-Pliocene subduction (Sandulescu, 1988). In general, each nappe corresponds to a
separate or partly separate sedimentary sub-basin containing different lithostratigraphy and
tectonic structures (Slaczka et al. 2006). Sedimentation in these nappes spans between Late
Jurassic to Early Miocene in age, and may locally exceed thicknesses of up to 6 km (Slaczka
et al. 2006). The Inner Eastern Carpathians, which make up a prolongation of the Northern
Calcareous Alps and are related to the Apulia plate (Picha, 1996), formed during the Mid-
Cretaceous period and comprises a Precambrian and/or Paleozoic crystalline basement with a

Mesozoic sedimentary cover (Sandulescu, 1988).

The Ukrainian Carpathians make up the middle segment of the Eastern Carpathians, which is
divided into the Outer and the Inner Carpathians (including the Transcarpathians; Golonka et
al., 2015; Fig. 4b). In Ukraine, magmatic formations (e.g. Vyhorlat Huta; Sarmatian-
Pannonian) are distributed within the basement of the Transcarpathians, and are observed at
the surface of the southern slope of the Ukrainian Outer Carpathians (Pavlyuk et al., 2013;
Fig. 5a).

Southern Carpathians

The Southern Carpathians, which are commonly known as the Transylvanian Alps, comprise
an E-W and an N-S orientated section (Duchesne et al., 2007; Fig. 4b). The Southern
Carpathians are viewed as a Cretaceous nappe pile (Iancu et al., 2005), which are made up of
the following structural and paleogeographic sections: the Danubian nappes, the Severin
nappe, the Getic and the Supergetic nappes (Burchfiel and Bleahu, 1976). With the exception
of the Severin nappe, which is related to a basin with oceanic crust, all the tectonic sections
comprise a metamorphic basement that contains Precambrian and Paleozoic rocks as well as a
sedimentary cover (Sandulescu and Dimitrescu, 2004). Folds in the youngest rocks continue
westward, until all surface expression disappears before reaching the Danube River (Burchfiel

and Royden, 1982).
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2.2. Geology of the Ukrainian Outer Carpathians

The Ukrainian Outer Carpathians comprise nappes that were thrust northeast-ward over the
authothonous Miocene strata of the Carpathian Foredeep and onto the southwestern margin of
the East European Plate during late Oligocene-Early Miocene tectonism (Slaczka et al., 2006).
In the Ukrainian Outer Carpathians, the following nappes are distinguished from the northeast
(i.e. the most external part of the thrust-belt) to the southwest (most internal part): Sambir,
Boryslav-Pokuttya, Skyba, Krosno, Dukla-Chornohora, Porkulec and Marmarosh (Fig. 4b).
The position of the Chornohora nappe is not completely clear (see Slaczka et al., 2006), and it
has therefore been suggested by Nakapelyukh et al. (2018) that the Chornohora nappe
corresponds to the Dukla nappe. As a result, the Chornohora nappe is often referred to as the

Dukla-Chornohora nappe (see Fig. 4b, 5a, b).
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The Boryslav-Pokuttya nappe, which is known as the Marginal folds in Romania, is located in
the north-eastern part of the Outer Carpathians and comprises Cretaceous-Miocene flysch
sediments as well as Early Miocene molasse, and is therefore commonly classified as part of
the Carpathian Foredeep (Kruglov et al., 1985; Kotarba et al., 2008). In general, the external
part of the Boryslav-Pokuttya nappe and the Skyba nappe are often described together as they
show similar sedimentary sequences. The only differentiation between the two nappes is
based primarily on their tectonic position and the presence of Molasse sediments in the

Boryslav-Pokuttya nappe (Slaczka et al., 2006; Fig. 5a, b).
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Fig. 5 Cross-sections A-B (a) and C-D (b) of the Ukrainian Carpathians. The locations of the
cross-sections are displayed in Fig. 4b (modified after Shlapinskyi, 2015; Nakapelyukh et al.,
2018).

The Skyba nappe forms a large portion of the eastern part of the Eastern Carpathians and
constitutes the largest tectonic unit in the Outer Carpathians, as it stretches from Poland
(where it is known as the Skole nappe) into Romania (Tarcau nappe). The Skyba nappe can be
subdivided further into six individual thrust-folds (also referred to as sub-nappes; Slaczka et
al., 2006), which can reach maximum widths of up to 12 km for each individual sub-nappe.
The maximum recorded width for this nappe is observed in the central part of the Ukrainian

Outer Carpathians where the tectonic unit reaches approximately 40 km (Slaczka et al., 2006).
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Towards the northwest, the nappe decreases in size, and is eventually thrust beneath the Sub-

Silesian nappe (Fig. 4b)

Flysch-type sediments in the Outer Carpathians range from Early Cretaceous to Early
Miocene in age and may locally reach thicknesses of up to 6 km (Slaczka et al., 2006; Fig.
6a). As a result of uprooting, generally only the central parts of the basins are preserved
(Slaczka et al., 2006). The sediments are bordered to the northeast by a molasses-filled
foredeep and to the southeast by the Pienniny Klippen belt (Kotarba et al., 2007).

The Menilite Formation, which forms the upper part of the sedimentary succession of the
Ukrainian Outer Carpathians (Fig. 6a), is the primary source rock of the region and occurs in
almost all nappes (Sachsenhofer and Koltun, 2012). The formation is dominated by organic-
rich shales which were deposited in oxygen-depleted marine conditions during the partial
isolation of the Paratethys (including the Carpathian basins) from the Mediterranean and the
World Ocean during Oligocene time (Popov et al., 2004). Basin isolation was a result of both
tectonic deformations during the Alpine Orogeny and a fall in eustatic sea level (Schulz et al.,
2005). The Menilite Formation comprises of shales, siltstones and sandstones, and can reach a
maximum thickness of approximately 2050 m in some regions of the Ukrainian Outer

Carpathians (Koltun et al., 1998).

Early Cretaceous anoxic black shales, which are commonly interbedded by laminated
siltstones and minor sandstone beds, make up the base of the flysch belt (Fig. 6a). These
sediments were deposited in oxygen-depleted marine conditions, which partly coincide with a
global anoxic event during Barremian to Albian times (OAE-1; Schlanger and Jenkyns, 1976;
Jenkyns, 1980). Depending on the tectonic position of these sediments, the successions are
assigned to either the Shypot or the Spas Formation. The Spas Formation, which is entirely
confined to the Skole-Skyba nappe, crops out locally in the northwestern part of the nappe
(Vialov et al., 1988), whereas the Shypot Formation crops out frequently in the more internal

nappes (Krosno, Dukla-Chornohora and Burkut) of the Outer Carpathians.

The Shypot and Spas formations are both primarily composed of organic-rich black shales
with minor siltstones and sandstones in their lower part and by thick-bedded sandstones in
their upper part. The Spas Formation, which reaches a total thickness of approximately 200 m
in its lower part, is thinner than the Shypot Formation (300 m; Slaczka et al., 2006). In

addition, the upper part of the Shypot Formation comprises a 200 m thick interval comprising
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of dark, quartzitic sandstone with black shale intercalations (Albian in age), which is not

encountered in the Spas Formation (Slaczka et al., 2006).
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Fig. 6 Stratigraphic column of the (a) Cretaceous to Miocene succession in the external part of

the Skyba nappe in the Outer Carpathians, and the b) pre-Miocene basement of the Carpathian
Foredeep (after Kotarba and Koltun, 2006; Kotarba et al., 2011).

Petroleum habitat - The Ukrainian Outer Carpathians constitute one the largest petroleum

provinces in Central Europe. More than 80 small oil and gas fields, which are mostly located

on Polish territory, are hosted by Upper Cretaceous-Paleocene, Eocene and Oligocene

sandstones within complex, faulted antiformal structures. The main oil-bearing region is the



Rauball Thesis |21

Boryslav-Pokuttya petroleum system, which hosts more than forty oil and condensate
accumulations with total recoverable reserves estimated at 2249 MM boe (Boote et al., 2018).
The Skole-Skyba (Fig. 4a) as well as the Silesian-Krosno petroleum system extend from
Poland into western Ukraine, are economically less relevant, and contain total recoverable

reserves of approximately 200 MMboe (Boote et al., 2018).

Source rocks - Two organic-rich intervals are found within the Ukrainian Outer Carpathians:
the Oligocene - Lower Miocene Menilite Formation and the Lower Cretaceous Shypot and
Spas Formations (Sachsenhofer and Koltun, 2012). Both formations have a basin-wide extent,

with significant source rock potential.

The Menilite Formation is traditionally divided into Lower (Lower Oligocene), Middle
(Upper Oligocene) and Upper (Lower Miocene) members (Koltun, 1992). The Menilite
Formation is dominated by oil-prone source rocks which formed under euxinic conditions
(Koltun et al., 1998). The thermal maturity varies significantly, both vertically in relation to
burial depth, and laterally in the different tectonic units, but generally increases from the outer
(external) to the inner (internal) parts of the orogenic belt (Kosakowski et al., 2018). The
average TOC content for these rocks ranges between 4-8 wt.% (max: up to 26 wt.%) and the
HI values average between 292-344 HC/gTOC (max: 900 HC/gTOC) in the Boryslav-
Pokuttya, Skyba, Krosno, Dukla and Porkulets nappes (Kosakowski et al., 2018).

The Shypot Formation is significantly less well understood, and data is limited. However, the
formation 1s considered as an additional potential source rock horizon in the Outer
Carpathians (Kotarba and Koltun, 2006). Sediments are organic-matter-rich and TOC content
exceeds 2 wt.% frequently and reaches up to 8 wt.% in some parts of the succession. The
petroleum potential is considered as fair (S, values up to 9.38 mgHC/gRock), but HI values
are low, and generally do not exceed 200 mgHC/gTOC often, indicating a dominance of type
IIT kerogen, or II/IIT kerogen. This is also supported by the presence of high percentages of
vitrinite in all samples (Kruge et al., 1996).

Reservoir rocks — In the Boryslav-Pokuttya petroleum system (sensu Boote et al., 2018),
Structural traps consist of stacked duplexes; Paleogene and Miocene deep-water reservoir
sandstones are sealed by the overlying Miocene molasse. Whereas, in the Skole-Skyba and
Silesian-Krosno petroleum systems, petroleum accumulations are hosted by Upper
Cretaceous-Paleocene, Eocene and Oligocene sandstones within complex, faulted antiformal

structures (Kotarba and Koltun, 2006).
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2.3. Geology of the Ukrainian Carpathian Foredeep

The Polish and Ukrainian Carpathian Foredeep developed as a peripheral foreland basin in
front of the advancing Carpathian orogenic wedge during early and middle Miocene times. In
Ukraine and Poland, the East Carpathian Foredeep overlies the western margin of the East
European Platform, and is partly over-thrust by the Eastern Carpathians (Oszczypko et al.,
2006).In the Carpathian Foredeep, clastic marine sediments (Miocene in age; Kosakowski et
al., 2013), typically make up a significant portion of the sedimentary cover, and can reach
thicknesses of up to 6 km (Kurovets et al., 2004; Oszczypko et al., 2006; Fig. 5b). The
remaining sedimentary cover comprises of a discontinuous, locally developed, Permian-
Mesozoic sedimentary succession, which overlies Precambrian and/or Palacozoic (from the
Cambrian-Carboniferous) sediments that occur in the basement of the Outer Carpathians

(Oszczypko et al., 1989; Oszczypko et al., 2006;).

In Ukraine, the basement complex of the Carpathian Foredeep is traditionally known as the
Kokhanivka and the Rava Ruska Zones (Fig. 7b), whereas in Poland, it is referred to as the
Kielce Fold Belt and the Lysogory-Radom Block (Buta & Habryn 2011). The boundary
between the Kokhanivka and the Rava Ruska Zones as well as the Kielce Fold Belt and the
Lysogory-Radom Block is marked by the Holy Cross Fault, which stretches from Poland into
Ukrainian territory (Fig. 7b), whereas the southwestern margin of the Kokhanivka Zone is

formed by the Krakovets Dislocation (Fig. 7b).

Jurassic aged rocks, which make up part of the sedimentary succession of the basement
complex in the Carpathians Foredeep (Fig. 6b), comprise of Lower-Middle Jurassic
(Hettangian-Callovian) and Upper Jurassic-Lower Cretaceous (Oxfordian-Valanginian)
sediments (Kotarba et al., 2011). Due to deformations and tectonic repetition of sedimentary
sequences in this region, the true thickness of the successions is difficult to estimate and the
identification of the Mesozoic succession and its boundaries with the underlying sediments
remains problematic (Kosakowski et al., 2013). Nonetheless, it has been estimated that the
Middle Jurassic strata reaches thicknesses of up to 1000 m in the basement complex of the
Ukrainian Foredeep, which is significantly higher compared to southeastern Poland, where
age-equivalent sediments vary from dozens to several hundreds of metres and only exceed

100 m in a few regions (Moryc, 2004).



Rauball Thesis |23

& ~_ B

'S A

a) «e® Poland "3% N b) S \\?‘L
G’a‘qﬁ k /, 'DS'G/;D Opaka-1—Fa > "\

raxo oredeeplb : . X

)/ e|Lviv ‘91‘15%

we <)

Lubaczow-157: 3
V¢
Poland w3y
Ukraine Kokhanivka-26
N S0

Orkhov chi-ST—m
OrkhO\yychi-2 =

AY

Slovakia

Lopushna oil
field %
Hungary < Korolyn-6 339 _
“% Korolyn-2-"""\
>

Cy o,
/)/'
3,
3 [ s

)

Romania S C_ Wells O OilFields
=5 ;

£ Q& Outer Carpathian boundary

K Carpathian Foredeep boundary
HCEZ Holy Cross Fault Zone

KRD Krakovets Dislocation

daspaioS

Southern Carpathians

[ ]outer carpathians _RRF Rava Ruska Fault

. recorded and presumed occurence
[ carpathian Foredeep (il ZMehanEst % of the Middle Jurassic strata

Fig. 7: (a) Structural map of the Carpathian Fold-Thrust Belt and its foredeep basin (after
Nakapelyukh et al., 2018; Oszczypko et al., 2006; Slaczka et al., 2006) (b) Sub-crop map of
the Middle Jurassic strata and the locations of the discussed oil wells in the northern part of

the Ukrainian Carpathians (after Kosakowski et al., 2012a).

In Ukraine, Middle Jurassic rocks (also known as the Kokhanivka Formation) range in age
from Aalenian to Bathonian (Pienkowski et al., 2008), and represent the depositional systems
varying from estuary/foreshore (lower part) to dysoxic shelf sediments. Callovian sediments
are regarded to represent a shallow carbonate-siliciclastic shelf (Pienkowski et al., 2008),
whereas Oxfordian-lower Kimmeridgian strata were formed by a carbonate ramp grading
upwards into a rimmed platform (upper Kimmeridgian-Valanginian). A generalized
lithostratigraphic column of the Paleozoic and Mesozoic basement of the Carpathian Foredeep
for the eastern part of Poland as well as the northern section of the Ukrainian Carpathian

Foredeep is provided in Fig. 4.

Petroleum habitat — The Carpathian Foredeep hosts at least two petroleum systems: a
microbial gas system and a thermogenic oil system. To date, more than 40 gas fields and
several small oil fields have been detected in the Ukrainian sector the Carpathian Foredeep
(Boote et al., 2018). Of those, eleven deposits were found within the Mesozoic basement of
the Carpathian Foredeep (Kotarba et al., 2011). Three of them are small heavy oil fields; the
Kokhanivka and Orkhovychi fields (Fig. 5a), which occur near the Polish-Ukrainian border,
and the Lopushna oil field (Fig. 5a) in the southeastern part of the Carpathian Foredeep.
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Source rocks — In the upper part of the Ukrainian Carpathian Foredeep, large quantities of
microbial gas are sourced from immature Neogene shales (Kotarba, 1992; Kosakowski et al.,
2013), and additional thermogenic gas and condensate are sourced from mature Neogene
depo-centers (Kotarba and Koltun, 2011). In the Paleozoic-Mesozoic basement of the
Carpathian Foredeep, Cambrian, Ordovician, Silurian, Middle Jurassic siliclastics
(Kokhanivka Formation) and Upper Jurassic deep-water carbonate mudstones are regarded as
potential source rocks (Kosakowski et al, 2012; Kosakowski et al., 2013; Kotarba et al., 2011;
Wieclaw et al., 2011). Cambrian and Ordovician successions display moderately low TOC
content (< 1.0 wt.%), whereas Silurian rocks can reach up to 2.6 wt.% TOC in some regions
(Wieclaw et al., 2011). However, it should be noted that data for some of these intervals is
extremely limited and results are based on only a few samples. Nonetheless, the best source

rocks properties are found within the Middle and Upper Jurassic strata.

The Middle Jurassic strata are organic-matter-rich and reach a maximum TOC content of up
to 25.9 wt.% in Ukrainian territory (Kosakowski et al., 2013). Generally, samples from the
Polish part of the basement complex display a higher median TOC value compared to rocks in
the Ukrainian part of the basement (Kosakowski et al., 2012). However, HI values for both
territories are low, and only range from 13-289 mgHC/gTOC, with a median of only 57
mgHC/gTOC, indicating a dominance of type III kerogen, with only minor local inputs of
type II kerogen. Maturity parameters such as T,y values (approximately 430; Kosakowski et
al., 2012) and vitrinite reflectance mesaurements (0.51-0.65 wt.%; Kosakowski et al., 2012)
indicate an early phase oil window maturity, particularly for the Ukrainian sediments,
suggesting that hydrocarbons may have been generated in intervals with good petroleum

potential (Kosakowski et al., 2012).

Data on Upper Jurassic rocks are scarce, but data indicate a fair to good hydrocarbon potential
for narrow intervals within the Upper Jurassic succession. TOC content is moderate (max. 1.5
wt.%), but HI values are very high (max: 557 mgHC/gTOC). Sulphur content in these
samples is generally elevated, indicating the presence of type IIS kerogen, which typically
enables petroleum generation below the normal limits of the oil window (Kosakowski et al.,

2012)
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Reservoir rocks — In general, Lower Palacozoic reservoir rocks in the Ukrainian Carpathians
contain weak reservoir features due to their limited porosity (Karnkowski, 1999; Kurovets et
al. 2011). In contrast, intervals within the Middle Jurassic strata and the Upper Jurassic-Lower
Cretaceous carbonates (Kosakowski et al., 2012; Kosakowski et al., 2013) host heavy oil
deposits (Glushko, 1968; Vul et al., 1998; Kurovets et al., 2011). These reservoir rocks are
provided by carbonate buildups and inner platform sediments (Kotarba et al., 2011). Kurovets
et al. (2011) distinguished three main types of reservoir rocks: (i) Fractured low-permeable
limestones with small inter-granular porosity; (ii) Organo-detrital limestones with high
porosity (15-20%) and permeability (up to 100-10-3 pm?); (iii) Fractured pseudo-oolitic
limestones with high porosity (20-30%), but low permeability. The reservoir rocks are sealed
by autochthonous Miocene strata, which in some areas reach thicknesses of up to 5000 m
(Krajewski et al., 2011). In addition, microbial gas, sourced by Neogene shales, is trapped in
karstified Jurassic and Cretaceous carbonate and sandstone reservoirs, as well as in overlying

Miocene (Sarmatian) sandstones (Boote et al., 2018).
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3. Samples and Methods

Oligocene - Miocene Menilite Formation - 233 outcrop samples were collected from
outcrops near the village of Spas, approximately 50 km west of Ivano-Frankivsk; 153 samples
of the Lower Menilite Member from a profile location to the SW of Spas in the Oriv sub-
nappe (base of section: 48°51°27” N 24°02°50” E); six samples of the Middle Menilite
Member from a location to the west of Spas (48°54°17” N 24°02°23” E); and 74 samples of
the Upper Menilite Member, which includes four samples of the overlying Polyanytsya
Formation from a location to the north of Spas (base of section: 48°54°00” N 24°03°33” E).

Lower Cretaceous Shypot Formation - 94 outcrop samples were collected from the lower
part of the Shypot Formation from an outcrop along a small tributary of the river Bystrets,
west of the village Bystrets (base of section: 48°07'18" N 24°3827" E), Iwano-Frankiwsk,
Ukraine. The study area is located in the south-eastern part of the Ukrainian Outer

Carpathians, in the Chornohora Nappe.

Middle Jurassic succession and oils in Upper Jurassic reservoirs - 89 core samples from
the Mosty-2 (2361 - 2560 m), Korolyn-6 (3418 - 3523 m) and Korolyn-2 (3642-3652; 3696-
3712; 3870-3996 m) boreholes, as well as three oil samples from Upper Jurassic reservoirs in

the Kokhanivka-26, Orkhovychi-2 and Orkhovychi-5 boreholes, were collected for analysis.

It should be noted that not all methods were applied to all samples, and only a subset of

samples were used for some methods. All analytical methods are described in detail below.
Bulk parameter measurements

All rock samples were analysed for their total carbon (TC), total sulphur (TS) and total
organic carbon content (TOC) using an ELTRA Elemental Analyser. Samples measured for
TOC were treated twice with 50% phosphoric acid to remove inorganic carbon. Results are
based on the averages of at least two corresponding measurements of approximately 100 mg
of analytical powder, and are given in weight percent (wt.%). The total inorganic carbon
(TIC) was determined by subtracting the TC with the TOC. TIC was then used to calculate the
calcite equivalent percentages (= TIC*8.333).
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Rock Eval Pyrolysis

Rock-Eval pyrolysis was carried out with approximately 100 mg of analytical power, using a
Rock-Eval 6 analyser in order to determine the S;, S, (mg HC/g rock) and Ty, for all
samples. S; determines the amount of hydrocarbons present in the rock, whereas S,
determines the amount of hydrocarbons formed during pyrolysis. The petroleum potential
(S1+S; [mg HC/g rock]), the hydrogen index (HI=S,/TOC*100 [mg HC/g TOC]) and the
Production Index (S;/[S;+S;]) were calculated using the S; and S, measurements. Ty, 1S a
maturity parameter and indicates the temperature during Rock-Eval pyrolysis at which the
maximum amount of hydrocarbons can be generated (Espitalié et al., 1984). S;, S, and Tyax

results are based on at least two corresponding measurements.
Organic petrography and vitrinite reflectance

Polished blocks were prepared for semi-quantitative maceral analysis and vitrinite reflectance
(% Rr) measurements. Maceral composition was determined using white light and
fluorescence light. The macerals included in the study were vitrinite (higher plants), liptinite
(sporinite, telalginite, lamalginite) and inertinite (charred plant material). In addition, the
volume percentages for the mineral matrix, pyrite and glauconite were determined in order to
calculate the total maceral amounts in comparison to the mineral matter. For their maturity
assessment, vitrinite reflectance was measured in nonpolarized light using a Leice DM4P
microscope equipped with Hilgers FOSSIL MOT, with a 50x oil objective, following
established procedures (after Taylor et al., 1998).

Geochemical biomarker anaylsis

Based on the HI and TOC results, samples were selected at similarly spaced intervals for
biomarker analyses. Samples were extracted in a Dionex ASE 200 accelerated solvent
extractor using dichloromethane at 75° C and 50 bar for approximately 1 hour. Asphaltenes
were precipitated from the solution using a hexane-dichloromethane solution (80:1) and then
separated by centrifugation. The hexane-soluble fractions were separated into NSO
compounds, saturated hydrocarbons and aromatic hydrocarbons using medium pressure liquid
chromatography (MPLC) with a Koéhnen-Willsch instrument (Radke et al., 1980). The
saturated and aromatic hydrocarbon fractions were analysed by a gas chromatograph equipped
with a 30 m DB-5MS fused silica column (i.d. 0.25 mm; 0.25 mm film thickness), coupled to

a ThermoFischer ISQ Dual-quadrupole mass spectrometer. Using helium as the carrier gas,
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the oven temperature was set to increase from 70°C to 300°C at 4°C min-1, which was
followed by an isothermal period of 15 min. With the injector temperature set to 275°C, the
sample was then injected with a split ratio of 10. The spectrometer was operated in EI
(electron ionization) mode over a scan range from m/z 50 to 650 (0.7 s total scan time). Data
was processed using an Xcalibur data system where individual compounds were identified on
the basis of retention time in the total ion current (TIC) chromatogram and by comparison of
the mass spectra with published data. Percentages and absolute concentrations of various
compound groups in the saturated and aromatic hydrocarbon fractions were calculated using
peak areas from the gas chromatograms and their relations to the internal standards
(deuterated n-tetracosane and 1,1’-binaphthyl, respectively). Concentrations were normalized

to TOC.

Isotopy

Stable carbon and oxygen isotope ratios of carbonate phases were measured. The powdered
samples were treated with 100 % H3;PO, at 70 °C in an online system (Gasbench II) and the
released CO? analyzed by a ThermoFisher DELTA-V ir-MS. The values were normalized to
the V-PDB standard for both §"°C and §'*0 and have a standard deviation of 0.8 %o for 8"°C
and 0.1 %o for 3'°0.

The study of compound specific isotope analysis (CSIA) was performed by Martin Sweda at
the Montanuniversitaet Leoben, following established procedures (Bechtel et al., 2013). The
n-alkanes were separated from branched/cyclic hydrocarbons by an improved 5 A molecular
sieve method for the analysis of stable carbon and hydrogen isotope ratios on individual n-
alkanes and isoprenoids. Stable C and H isotope measurements were made using a Trace GC-
ultra gas chromatograph attached to the ThermoFisher Delta-V isotope ratio mass
spectrometer (irMS) via a combustion and high temperature reduction interface, respectively
(GC Isolink, ThermoFisher). The GC coupled to the irMS was equipped with a 30 m DB-
SMS fused silica capillary column (i.d. 0.25 mm; 0.25 pm film thickness). The oven
temperature was programmed from 70-300 °C at a rate of 4 °C/min followed by an
isothermal period of 15 min. Helium was used as carrier gas. The sample was not split and
was injected at 275 °C. For calibration, a CO, or H2 standard gas was injected at the
beginning and at the end of each analysis. Isotopic compositions are reported in the 6 notation
relative to the PDB (for C) and SMOW (for H) standards. Analytical reproducibility (0.2%o

for 8'°C; 2—3%o for 8D) was controlled by repeated measurements of n-alkane standard mixes.
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Nannoplankton determination

The study of calcareous nannofossils was conducted by Stepan Coric at the Geological Survey
of Austria (GBA) in Vienna, in order to determine the age of the investigated intervals. Smear
slides for the study of calcareous nannofossils were prepared for selected samples using
standard procedures described by Perch-Nielsen (1985) and were examined under a light
microscope LEICA DMLP (cross and parallel nicols) with 1000x magnification. For

biostratigraphic attribution, the nannofossil zonation of Martini (1971) was applied.
Mineralogy - XRD

Preparation of the studied samples for X-ray diffraction (XRD) measurements with a X Pert’
Powder Diffractometer built by Panalytical, included hand-milling to a grain size of ~10 um.
For determination of the bulk mineralogy, the semi-quantitative mineral analysis with nearly
random particle-orientation were used. Quantitative interpretation was done according to

Schultz (1964). All mineral amounts are given as wt.%.
Biogenic Silica analysis

Diatoms were detected in samples in the Menilite Formation. In order to quantify the amount
of biogenic silica, samples were treated using a modified version of the process described by
Zolitschka (1988). However, none of the samples yielded statistically relevant concentrations,

and are therefore not discussed in the current study.
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4. Summary of publications

4.1. Publication I: The Oligocene-Miocene Menilite Formation in the Ukrainian

Carpathians: a world-class source rock

This study investigates the petroleum potential of the Oligocene-Miocene Menilite Formation,
the primary source rock of the Ukrainian Carpathians. Despite extensive research, detailed
studies on the vertical variability on the source rock properties of the Menilite Formation in
the Ukrainian Carpathians are still missing. Within the frame of this study, more than 200
rock samples were investigated for their bulk parameters (TOC, Rock Eval), whereas a subset
of these samples underwent additional biomarker, mineralogical (XRD) and petrographical
(maceral percentages, vitrinite reflectance) analysis. The studied section is located 50 km west
of Ivano-Frankivsk, along the Chechva River, and comprises an almost complete succession,
approximately 1800 m thick, which can be subdivided into the Lower, Middle and Upper

Menilite Members.

The Eocene-Oligocene transition represents an important step in the geodynamic evolution of
the Tethyan realm, as the reorganization of the European-Asian and African plates heavily
influenced the isolation of the Paratethys, a marine sector separated from the rest of the
Tethys (Miclaus et al., 2007). This resulted in anoxic conditions and the deposition of the
organic-rich Oligocene-Lower Miocene Menilite shales, which are found throughout many
parts of the Outer Carpathians and have become of great importance due to their high

petroleum-generation potential.

Lower Menilite Member

The Lower Oligocene Lower Menilite Member is approximately 330 m thick in the studied
section of the outer part of the Skyba nappe, and comprises a chert horizon at its base, an

overlying sandstone-rich interval and a sandstone-poor upper part.

The chert horizon, which is interpreted as diagenetically altered diatomites, was deposited
during the nanoplankton zone NP22. Black shales with very high TOC content (up to 21
wt.%) and HI values (600-800 mgHC/gTOC) are observed in this section. This is due to
elevated concentrations of algal-derived lam- and telalginite, which indicates excellent
preservation of mainly algal material. Oxygen depleted conditions are indicated by low Pr/Ph
ratios (1.0-1.7), and a moderately enhanced DBT/Phen ratio suggests that small amounts of

free H,S were available. TOC/S ratios are often elevated (3-7), most likely due to very high
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organic-matter-content and the limited diffusion of sulphate from the water column, inferring

a sulphate-limited environment.

The overlying interval (between 310-195 m from the top of the Lower Menilite Member),
contains frequent beds of Kliwa sandstones, and is referred to in this thesis as the “sandstone-
rich interval”. These sandstones are considered to be deep-marine deposits and represent the
transition from a deep-marine channel fill to a depositional fan lobe. TOC content of
interbedded black shales are high (>8 wt.%) and exceed 20 wt.% in its upper part, indicating
that organic matter accumulation was high shortly before and after the deposition of channel
fill sediments. HI values for the black shales are slightly lower compared to rocks within the
underlying chert horizon, and typically range between 400-650 mgHC/gTOC. Higher land-
plant input is observed through higher concentrations of land-plant derived biomarkers. C;s
HBIs, which occur in significant concentrations in some samples, may indicate an input of
diatom-derived material. Pr/Ph ratios, which vary significantly, were mainly controlled by the
landplant input rather than by the redox conditions and therefore should be taken with caution.
TOC/S ratios in samples below 276 m (from the top of the member) are consistent with
marine, reduced-oxygen conditions and high ratios are likely the result of higher TOC

contents in these samples.

The sandstone-poor upper part (127-0 m from the top of the member), contains a lower
proportion of turbiditic sandstones, which suggests a change from a deep-marine channel to a
pelitic distal lobe setting. TOC content of the Menilite shales are very high (up to 20 wt.%)
and display a decreasing upwards trend. HI values typically range between 350 to 400
mgHC/gTOC, and are generally lower than in the underlying sediments, likely due to a
decrease in alginite concentrations and a higher contribution of land-plant derived macerals
(vitrinite, inertinite, sporinite). High concentrations of land-plant derived biomarkers support
this assumption. Pr/Ph ratios suggest an upward decrease in oxygen availability. However, a
positive correlation with CPI (r* = 0.58) indicates that Pr/Ph ratios may be influenced not only
by redox conditions but also by the input of detrital land plants. Samples surrounding the
“streaky limestones” (Jaslo Limestone), near the top of the sandstone-poor upper part, are
characterized by relatively high DBT/Phen ratios, which suggests the presence of minor
amounts of free H,S in the water column. In addition, this interval is also characterized by the
lowest recorded Pr/Ph ratios and MTTC ratios vary slightly, but are consistent with normal

marine conditions.
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Middle Menilite Member

The Upper Oligocene Middle Menilite Member was considered previously to be of Late
Oligocene age and was not studied in detail; however, new nannoplankton data suggests an
Early Miocene age (NN2) for this section. If the age dating and the stratigraphic position are
correct, the Upper Oligocene succession is either missing or very thin at the locations studied.
Nevertheless, organic matter for this section varies depending on the lithology, and TOC
contents as well as HI values in the grey shales are lower (0.80-0.96 wt.% TOC; 77-135
mgHC/gTOC) compared to those observed in the black shales (3.19-8.80 wt.%; 311-360
mgHC/gTOC).

Upper Menilite Member

The Lower Miocene Upper Menilite Member, which makes up the upper section of the
Menilite Formation, comprises an approximately 10 m thick chert horizon at its base, and a
very thick (1300 m) overlying black shale succession with minor thin sandstone beds, which
are interpreted to have been deposited in a basin-plain setting. Black shale accumulations
were interrupted by a major volcanic event, which resulted in the deposition of a 70 m thick

tuff interval in its upper part.

TOC contents for all samples are moderately high (2-7 wt.%), and reach a maximum near the
base of the succession (up to 23 wt.%). Relatively low TOC contents (1-2 wt%) are observed
in the samples near the transition to the Polyanitsa Formation towards the top of the section.
This is also observed in the recorded HI values, which are typically around 400 mgHC/gTOC
for all samples, and decrease near the top (200 to 300 mgHC/gTOC), due to lower
contributions of algal material. Land-plant derived biomarkers occur in minor concentrations,
although high amounts of oleanane in the uppermost sample indicates a higher contribution of
angiosperm material. Diatoms occur sporadically, but concentrations of C,s HBIs are low for
all samples. Pr/Ph ratios in samples from the Upper Menilite Member are generally lower than
in samples from the Lower Member, and infer strongly oxygen-deficient conditions. MTTC
ratios suggest normal marine conditions with minor salinity variations and DBT/Phen ratios
reach maximum values in the middle part of the succession, which probably suggests the

presence of free H»S.

As a result of the immense thickness as well as the moderately high TOC content, the Source
Potential Index (SPI) for the Upper Member is significantly higher (57.9 tHC/m?) compared
to the Lower Member (16.6 (tHC/ m?), despite a significantly higher average TOC Content.
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4.2. Publication II: Hydrocarbon potential of the Lower Cretaceous (Barremian-Albian)

Shypot Formation in the Chornohora nappe, Ukraine.

Lower Cretaceous rocks have long been regarded as a potential hydrocarbon source rock of
the Ukrainian Outer Carpathians (Kruge et al., 1996). However, the only available study on
the Shypot Formation (Barremian-Albian) in the Chornohora nappe by Koltun et al. (1998)
failed to address the vertical variability of the source rock properties and did not conduct
biomarker analysis. As a result, 94 rock samples were investigated within the frame of this
study in order to determine the hydrocarbon potential of the Shypot Formation. The studied

section comprised a 405 m thick succession near Bystrets, in the Chornohora Nappe.

The Formation comprises organic-rich shales, which are frequently interbedded with
siltstones and sandstones. TOC content for these rocks exceeds 9 wt.% locally in the lower
part of the succession and averages 2.83 wt.% for the entire section. Maceral analysis
indicates high percentages in terrestrial organic matter (vitrinite: 34-60 vol.%; inertinite: 0-12
vol.%; sporinite: 15-34 vol.%) as well as moderate percentages of aquatic macerals (alginite:
18-32 vol.%), suggesting an oil to gas-prone type Il (and II) kerogen. This is supported by
very low HI values, which are encountered throughout the entire succession (average 88
mgHC/gTOC). Vitrinite reflectance measurements as well as Tmax values indicate peak oil
window maturity (vitrinite reflectance: 0.82 %Rr; Tpax: 456°C). Lower Pr/Ph ratios (1.0-2.3)
indicate an oxygen-deficient environment, with rare intervals <1.0 restricted to the lower part
of the studied succession. This is also supported by high TOC/S ratios, which argue against
strict anoxic conditions. Very low DBT/Phen ratios, partly due to lower DBT concentrations,
indicate that free H»S was not available in the water column, thus providing an additional
argument against anoxic conditions. Oxygen-depleted conditions observed in the Shypot
Formation may be related to the late Barremian to Albian global anoxic event (OAE 1;

Schlanger and Jenkyns, 1976; Jenkyns, 1980).

According to the petroleum potential, the formation is considered to be a poor to good source
rock, despite very high TOC contents. Due to the higher maturities, it is likely that
hydrocarbons have already been generated, and the petroleum potential and the HI values can
therefore not be considered as the original amount. As a result, the remaining SPI indicates
that 1.8 tHC/ m? can be generated, whereas the original SPI, which is a rough estimate based
on the marginal mature outcrop samples from previous data collected by Koltun et al. (1998)
on the Shypot Formation in the Chornohora nappe, yields an SPI in the order of 4 tHC/m?,
implying that approximately 2 tHC/m? have already been generated.
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4.3. Publication III: Petroleum potential of Middle Jurassic rocks in the basement of the
Carpathian Foredeep (Ukraine) and oil-to-source correlation with oil in Upper Jurassic

reservoirs.

Middle Jurassic succession

Middle Jurassic rocks are regarded as a potential source rock interval of the Ukrainian
Carpathian Foredeep as they contain moderately high TOC contents (Kosakowski et al.,
2012). However, data on these rocks are limited and further analysis was needed. As a result,
89 core samples representing Middle Jurassic strata, were studied from the Mosty-2 (2361 to
2560 m), Korolyn-6 (3418 and 3523 m) and Korolyn-2 (3642-3652; 3696-3712; 3870-3996
m) boreholes, in order to detemine their petroleum poential. In general, Middle Jurassic rocks
display very high organic-matter-content (average TOC: 4.19 wt.; max.: 14.98 wt.%) and are
considered to be very good source rocks. However, the petroleum potential is fairly low,
classifying these rocks only as fair source rocks, with only a few intervals containing good
source rock potential. Thermal maturity of these rocks is mainly controlled by the present-day
depth and strata in Mosty-2 are marginally mature, whereas sediments in Korolyn-6 and

Korolyn-2 reach peak oil window maturity.

The organic matter is dominated by terrestrial macerals, resulting in low HI values (max: 242
mgHC/gTOC), and therefore classifying the organic matter primarily as a gas-prone type III
kerogen (with rare intervals containing type II kerogen). As a result of the high terrestrial
input, Pr/Ph ratios are often high (max: 2.84) as well. In addition, DBT/Phen ratios are

generally low, suggesting that free H,S was not available in the water column.

Upper Jurassic Qil-source correlation

To our knowledge, no attempt has been made to correlate oils from Upper Jurassic reservoirs
in the Carpathian Foredeep with Middle Jurassic strata or age-equivalent rocks. As a result,
two oil samples from the Orkhovychi well and one sample from the Kokhanivka borehole,
both located close to the Polish-Ukrainian border, were studied for their genetic relationship
with Middle and Upper Jurassic sediments in the Mesozoic basement of the Ukrainian
Carpathian Foredeep. In addition, two oil samples (Lubaczow-157; Opaka-1) from the same
oil family as the studied oils, located on Polish territory, are included for comparison studies

and were previously studied by Curtis et al. (2004) and Wieclaw (2011).
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The main arguments against a genetic link between the accumulated oils and Middle Jurassic
rocks can be made using biomarker data. DBT/Phenanthrene ratios are very high for all the oil
samples (>2.70) compared to the ratios observed in the analysed Middle Jurassic rocks
(<0.50). In addition, differences in pristane/phytane ratios, which are typically high in the
Middle Jurassic strata and low in the analysed oils, agree with this assumption. Cy7-Cs5-Cpo
sterane distributions, which infer a genetic relationship if data plot in close proximity, indicate
different depositional environments for both the Middle Jurassic strata and the oils. This is
also supported by compound specific isotope analysis (CSIA), which determined that there
was no genetic link among the oil samples from the Upper Jurassic reservoirs and the Middle

Jurassic rocks.

Since the analysed Middle Jurassic strata were not the source for these oils, an alternative
source was investigated. Published biomarker data on organic-rich Upper Jurassic rocks by
Kosakowski et al. (2012), was compared to the new data collected from the Orkhovychi and
Kokhanivka oil fields. Considering their maturity, and the fact that the Upper Jurassic rocks
are compatible with the high DBT/Phen ratios and display similar sterane distributions as
detected in the oils, it was concluded that it is very likely that these rocks are the source for

these oils.
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5. General conclusion and outlook

Within the frame of this thesis, the petroleum generation properties of the most significant
source rock intervals in the Ukrainian Carpathians as well as important aspects of their
petroleum systems were discussed in detail, which may contribute to future exploration,
particularly in the internal parts of the Outer Carpathians, where large areas remain relatively
unexplored. The study investigates the importance of the Oligocene-Lower Miocene Menilite
Formation, which contributes towards the majority of the petroleum accumulations in the
Ukrainian Carpathians, and discusses the possibility of a potential Lower Cretaceous source
rock, the Shypot Formation, which is generally ignored and overlooked in terms of its
petroleum generation. To date, no Cretaceous-sourced oil and gas has been identified, even
though the author of this thesis provides evidence that hydrocarbons have likely already been
generated by the Shypot Formation.

The current study has answered many important questions. However, more data and
investigations are needed, in particularly in regards to the organic-rich Middle Jurassic
succession, which has been ruled out as a potential source rock for Upper Jurassic oil
accumulations in the Mesozoic basement of the Ukrainian Carpathians. As a result, organic-
rich Upper Jurassic rocks are regarded as the likely source, but available data on this interval
are extremely scarce and more data are needed to conduct a more accurate and thorough oil-
source correlation. In addition, only recently, new data presented by Radkovets et al. (2016),
on the petroleum accumulations from the south-eastern part of the Ukrainian foreland
autochthon in the Lopushna oil field, where oil occurs in Upper Jurassic, Cretaceous and
Paleogene reservoirs, have been published and correlated to the Menilite Formation, but

uncertainty still remains.

Clearly, future work needs to focus on further oil to source correlations in the Ukrainian
Carpathians, with a particular focus on unidentified potential source rocks such as the Lower
Cretaceous Shypot Formation and the organic-rich Upper Jurassic succession. Many parts of
the Ukrainian Carpathians are still unexplored and further exploration in these regions is not

out of the question.
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Abstract

This study investigates the hydrocarbon potential of Oligocene—Miocene shales in the
Menilite Formation, the main source rock in the Ukrainian Carpathians. The study is based on
the analysis of 233 samples collected from outcrops along the Chechva River in western
Ukraine in order to analyse bulk parameters (TOC, Rock-Eval), biomarkers and maceral

composition.

In Ukraine, the Menilite Formation is conventionally divided into Lower (Lower Oligocene),
Middle (Upper Oligocene) and Upper (Lower Miocene) Members. The Early Oligocene and
Early Miocene ages of the lower and upper members are confirmed by new nannoplankton
data. The Lower Menilite Member is approximately 330 m thick in the study area and
contains numerous chert beds and turbidite sandstones in its lower part together with organic-
rich black shales. The shales have a high content of silica which was probably derived from
siliceous micro-organisms. The TOC content of the shales frequently exceeds 20 wt.% and
averages 9.76 wt.%. HI values range between 600 and 300 mgHC/gTOC (max. 800
mgHC/gTOC). The Middle Member contains thin black shale intervals but was not studied in
detail. The Upper Member is about 1300 m thick in the study area and is composed mainly of
organic-rich shales. Chert layers are present near the base of the Member, and a prominent
tuff horizon in the upper part represents a volcanic phase during shale deposition. The
member grades into overlying molasse sediments. The average TOC content of the Upper

Menilite succession is 5.17 wt.% but exceeds 20 wt.% near its base.

Low Thax and vitrinite reflectance measurements for the Lower (419°C and 0.24-0.34 %R,
respectively) and Upper (425°C and 0.26-0.32 %Rr, respectively) Menilite Member
successions indicate thermal immaturity. Biomarker and maceral data suggest a dominantly
marine (Type II) organic matter input mixed with varying amounts of land-plant derived

material, and indicate varying redox and salinity conditions during deposition.

Determination of the Source Potential Index (SPI) shows that the Menilite Formation in the
study area has the potential to generate up to 74.5 tons of hydrocarbons per m?. The Chechva
River outcrops therefore appear to have a significantly higher generation potential than other
source rocks in the Paratethys realm. These very high SPI values for the Menilite Formation
may explain why a relatively small area in Ukraine hosts about 70% of the known

hydrocarbon reserves in the northern and eastern Carpathian fold-thrust belt.
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1. Introduction
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Fig. 1. (a) Outline map of central-eastern Europe showing the location of the study area in the
western Ukrainian segment of the Carpathian fold-thrust belt. (b) Structrual map of the
Ukrainian Carpathians (after Slaczka et al., 2006; Radkovets et al., 2017) showing the sample
locations in the Skyba nappe, about 50 km west of the town of Ivano-Frankivsk (red and
black stars). (¢) Samples of the Lower (A-B), Middle (C) and Upper (D-E) Members of the

Menilite Formation were collected from locations along the Chechva River.
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The Ukrainian Carpathians are one of the oldest petroleum-producing provinces in the world
(Boote et al., 2018). Petroleum production began in 1854 with the discovery of the Boryslav
oil field, one of the largest onshore oilfields in Europe (Kotarba et al., 2007). The Lower
Oligocene — Lower Miocene Menilite Formation is the primary source rock interval in this
region (Koster et al.,, 1998; Kotarba et al., 2006; 2007; Kosakowski et al., 2018). Age-
equivalent “Maikopian” source rocks are important elsewhere in the Paratethys realm
including the Alpine Foreland Basin, Caucasus foredeep, Kura Basin and South Caspian

Basin (Sachsenhofer et al., 2018a, 2018Db).

The Ukrainian Carpathians form the NE part of the Alpine—Carpathian orogenic belt which
stretches for approximately 1300 km from Vienna to the Iron Gate on the River Danube in
Romania (Slaczka et al., 2006) (Fig. 1a). The study area in western Ukraine is located within
the Outer Carpathians which consists of a series of structurally complex, NE-verging nappes
(Fig. 1b). The nappes are composed of rocks which range in age from Early Cretaceous to
Early Miocene (Slaczka et al., 2006). The Outer Carpathians are bordered to the NE by a
molasses-filled foredeep and to the SW by the Pienniny Klippen belt (Kotarba et al., 2007).

The Ukrainian Outer Carpathians are a mature oil-producing province, and the source rock
potential of the Menilite Formation has been investigated in detail in previous studies (Koltun,
1992; Kruge et al., 1996; Koltun et al., 1998; Kdster et al., 1998). However large areas remain
relatively unexplored, particularly in internal parts of the foldbelt. An improved understanding
of the petroleum generation properties of the Menilite shales and of the petroleum system may
contribute to future exploration in this area. Therefore, the primary objective of this study was
to investigate the source rock potential of the Menilite shales in the study area and to interpret

the shales’ depositional environment.



Rauball Thesis |49

2. Geological setting

The Outer Carpathians comprise a series of nappes which were thrust NE-ward during Early
Miocene tectonism onto the SW margin of the East European Plate (Fig. 1b). In Ukraine, the
following thrust sheets are distinguished from NE (i.e. the most external part of the thrust
belt) to the SW (most internal): Sambir, Boryslav-Pokuttya, Skyba, Krosno, Chornohora,
Dukla, Porkulec and Marmarosh (Kotarba et al., 2008). The Sambir and Boryslav-Pokuttya
nappes include molasse sediments and are considered as part of the Carpathian Foredeep. The
Boryslav-Pokuttya nappe includes flysch sediments similar to those typically found within the
Skyba nappe. The Skyba nappe extends from Poland (where it is referred to as the Skole
nappe) into Romania (= Tarcau nappe) and is composed of six tectonic slices which are

referred to as sub-nappes (Slaczka et al., 2006).
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Flysch-type sediments in the Outer Carpathians range from Early Cretaceous to Early
Miocene in age (Fig. 2) and may locally be more than 6 km thick (Slaczka et al., 2006). In the
Outer Carpathians, the Menilite Formation is dominated by organic-rich shales which were
deposited in oxygen-depleted marine conditions during partial isolation of the Paratethys
(including the Carpathian basins) from the Mediterranean and the World ocean during
Oligocene time (Popov et al., 2004). Basin isolation was a result of both tectonic deformation
during the Alpine Orogeny and a fall in eustatic sea level (Schulz et al., 2005). The upper
boundary of the Menilite Formation is diachronous (NP24-NN3) and is marked by a change
to flysch- (“Krosno type”) or molasse-type deposits (e.g. Svabenicka et al., 2007; Kusmierek
etal., 2013).

The Menilite Formation is present in most of the nappes in Ukraine but only continues up into
the Lower Miocene in the Boryslav-Pokuttya nappe and the external part of the Sykba nappe
(see Fig. 2). Samples for this study were collected from the outer part of the Skyba nappe

(Fig. 1b) where the Menilite Formation reaches its maximum thickness (Slaczka et al., 2006).

In Ukraine, the Menilite Formation is divided into Lower, Middle and Upper Menilite
Members (Andreyeva-Grigorovich et al., 1986). The Lower Oligocene Lower Menilite
Member consists primarily of organic-rich black shales and thick turbidite sandstones. The
base of the formation corresponds roughly to the Eocene — Oligocene boundary and is marked
by the presence of chert intervals. Coccolith limestones (approximately 10 cm thick) are used
as stratigraphic markers (Haczewski, 1989). The member ranges in thickness from 250 m to

500 m in the Ukrainian Outer Carpathians (Kotarba et al., 2012).

The Middle Menilite Member is considered to be Late Oligocene in age (Andreyeva-
Grigorovich and Gruzman, 1994). The type section in the Spas area, west of Ivano-Frankivsk
(Fig. 1b), was described in detail by Vialov et al. (1988). According to these authors, the
lower 50 m of the 135 m thick succession are dominated by grey, carbonaceous mudstones
but contain intercalations of thin (5-20 cm), black, laminated, carbonate-free mudstones. Rare
silty mudstones and thin sandstones intervals (2-25 cm) occur. The upper part consists of
intercalations of grey carbonaceous mudstones and fine- to medium-grained sandstones. In
the uppermost part, intercalations of black and grey mudstones (4-20 cm) occur together with
0.8-2.5 m thick sandstones. The Middle Menilite Member is generally thought to be poor in

organic material (Andreyeva-Grigorovich et al., 1986).
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The Upper Menilite Member is primarily composed of organic-rich shales and may reach
thicknesses exceeding 1000 m (Andreyeva-Grigorovich et al., 1986). A chert horizon at its
base is used to mark the boundary between with the Middle Member, and a prominent tuff
interval in the upper part of the succession is also used as a marker. The top of the member
transitions into the organic-lean shales and grey molasse sandstones of the Early Miocene
(NN23) Polyanitsa Formation, which is up to 600 m thick (Andreyeva-Grigorovich et al.,
1997). The Menilite Formation is exposed at the surface within the Boryslav-Pokuttya nappe
and the Skyba nappe. Due to the structural complexity of the Outer Carpathians, deep
boreholes may penetrate the formation multiple times in the subsurface due to thrust
repetition. Although structures become less complex in the more internal units of the Outer
Carpathians, the Menilite Formation occurs here at widely-varying depths due to nappe

superposition (Kotarba et al., 2008).
3. Petroleum Systems

Two organic-rich intervals are found within the Ukrainian Outer Carpathians: the Lower
Cretaceous Shypot and Spas Formations, and the OligoceneLower Miocene Menilite
Formation (Sachsenhofer and Koltun, 2012). Both formations have a basin-wide extent with
significant source rock potential; however, the Menilite Formation is considered to be the
primary source rock in the region (Kotarba and Koltun, 2006; Kotarba et al., 2019). The
petroleum potential of the Menilite Formation in general decreases from outer (external) to

inner (internal) units in the fold-thrust belt (Kotarba et al., 2007).

The Boryslav-Pokuttya petroleum system (sensu Boote et al., 2018) is located within the
frontal part of the flysch belt (Fig. 1b) which is the main oil-bearing area in the Ukrainian
Carpathians. The area hosts more than forty oil and condensate accumulations with total
recoverable reserves estimated at 2249 MM boe (Boote et al., 2018). Structural traps consist
of stacked duplexes; Paleogene and Miocene deep-water reservoir sandstones are sealed by

the overlying Miocene molasse (Kotarba and Koltun, 2006).

The Skole-Skyba and Silesian-Krosno petroleum systems extend from Poland into western
Ukraine. However, with estimated total recoverable reserves of only 200 MMboe (Boote et
al., 2018), these systems are economically less important than the BoryslavPokuttya
petroleum system. More than 80 relatively small oil and gas fields (most of them located in
Poland) are hosted by Upper Cretaceous — Paleocene, Eocene and Oligocene sandstones

within complex, faulted antiformal structures.
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4. Samples and Methods

For this study, samples of the Menilite Formation were collected from outcrops near the
village of Spas, about 50 km west of Ivano-Frankivsk (Fig. 1b). All sampled sites are located
in the outer part of the Skyba nappe. In total, 233 samples were collected: 153 samples of the
Lower Menilite Member from a profile location to the SW of Spas in the Oriv sub-nappe
(base of section: 48°51°27”N, 24°02°50”E); six samples of the Middle Menilite Member from
a location to the west of Spas (48°54°17”N, 24°02°23”E); and 74 samples of the Upper
Menilite Member, which includes four samples of the overlying Polyanitsa Formation, from a
location to the north of Spas (base of section: 48°54°00”N, 24°03°33”E). The Middle and
Upper Menilite Member are from the Berehova sub-nappe. The Lower and Upper Menilite
Member were sampled along the banks of the Chechva River, whereas samples from the
Middle Menilite Member were collected from a small tributary to the west (Fig. lc).
Together the three outcrops form the Chechva profile of previous studies (Andreyeva-
Grigorovich et al., 1986). In addition, two samples which were of Eocene age were collected
from the banks of the River Chechva from locations stratigraphically underlying the Lower

Menilite Member outcrop.

All the samples were cleaned, dried and pulverized before laboratory analyses were
performed. The samples were then analysed for their total carbon (TC), total sulphur (TS) and
total organic carbon content (TOC) using an ELTRA Elemental Analyser. Samples measured
for TOC were treated twice with 50% phosphoric acid to remove inorganic carbon. Results
are based on the averages of at least two corresponding measurements and are given in weight
percent (wt.%). The total inorganic carbon (TIC) was determined by subtracting the TC with
the TOC. TIC was then used to calculate the calcite equivalent percentages (= TIC*8.333).

Rock-Eval pyrolysis was carried out using a RockEval 6 analyser in order to determine the S,
S, (mg HC/g rock) and T, for all samples. S; determines the amount of hydrocarbons
present in the rock, and S, the amount of hydrocarbons formed during pyrolysis. The
petroleum potential (S; + S,; mg HC/g rock) and the hydrogen index (HI = S, / TOC*100;
HC/g TOC) were calculated using the S; and S, measurements. Ty« 1S @ maturity parameter
and indicates the temperature during Rock-Eval pyrolysis at which the maximum amount of
hydrocarbons can be generated (Espitalié et al., 1984). S;, S, and Ty, results were based on

at least two measurements.
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Based on the HI and TOC results, a total of 36 samples were selected at similarly spaced
intervals across the Lower and Upper Menilite Member successions for biomarker analyses.
Samples were extracted in a Dionex ASE 200 accelerated solvent extractor using
dichloromethane at 75° C and 50 bar for approximately 1 hour. Asphaltenes were precipitated
from the solution using a hexane — dichloromethane solution (80:1) and then separated by
centrifugation. The hexane-soluble fractions were separated into NSO compounds, saturated
hydrocarbons and aromatic hydrocarbons using medium pressure liquid chromatography
(MPLC) with a Kéhnen-Willsch instrument (Radke et al., 1980). The saturated and aromatic
hydrocarbon fractions were analysed by a gas chromatograph equipped with a 30 m DB-5MS
fused silica column (i.d. 0.25 mm; 0.25 mm film thickness), coupled to a ThermoFischer ISQ
Dual-quadrupole mass spectrometer. Using helium as the carrier gas, the oven temperature
was set to increase from 70 °C to 300 °C at 4° C min—1, which was followed by an isothermal
period of 15 min. With the injector temperature set to 275 °C, the sample was then injected
with a split ratio of 10. The spectrometer was operated in EI (electron ionization) mode over a
scan range from m/z 50 to 650 (0.7 s total scan time). Data was processed using an Xcalibur
data system where individual compounds were identified on the basis of retention time in the
total ion current (TIC) chromatogram and by comparison of the mass spectra with published
data. Percentages and absolute concentrations of various compound groups in the saturated
and aromatic hydrocarbon fractions were calculated using peak areas from the gas
chromatograms and their relations to the internal standards (deuterated n-tetracosane and 1,1'-

binaphthyl, respectively). Concentrations were normalized to TOC.

Stable carbon and oxygen isotope ratios of carbonate phases were measured. The powdered
samples were treated with 100 % H3;PO4 at 70 °C in an online system (Gasbench II) and the
released CO2 analyzed by a ThermoFisher DELTA-V ir-MS. The values were normalized to
the V-PDB standard for both 8"°C and 3'*0 and have a standard deviation of 0.8 %o for 5"°C
and 0.1 %o for §'°0.

A total of 33 polished blocks (24 Lower Oligocene and nine Lower Miocene samples) were
prepared for semi-quantitative maceral analysis and vitrinite reflectance (% Rr)
measurements. Maceral composition was determined using white light and fluorescence light.
Vitrinite reflectance measurements were determined using a Leica microscope and following

established procedures (Taylor et al., 1998).



Rauball Thesis |54

Smear slides for the study of calcareous nannofossils were prepared for selected samples
using standard procedures described by Perch-Nielsen (1985) and were examined under a
light microscope LEICA DMLP (cross and parallel nicols) with 1000x magnification. For
biostratigraphic attribution, the nannofossil zonation of Martini (1971) was applied. In total,
71 samples from the Lower and Upper Menilite Members were investigated for the

nannofossil biostratigraphy.

Diatoms were detected in several samples. In order to quantify the amount of biogenic silica,
12 samples were treated using a modified version of the process described by Zolitschka
(1988). However, because none of the samples yielded statistically relevant concentrations,

the results of this technique are not discussed in the present paper.

The study of calcareous nannofossils was conducted in the Geological Survey of Austria
(GBA) in Vienna, whereas the remaining research was performed in the laboratories at

Montanuniversitaet Leoben, Austria.
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5. Results

5.1. Lithology and Stratigraphy

1. Lower Menilite Member

The Lower Oligocene Lower Menilite Member in general consists of alternating organic-rich
black shales and thick turbidite sandstones which typically dip at an angle of about 80°
throughout the entire Chechva River profile. The member is approximately 330 m thick in
this area although neither the boundary with underlying Globigerina marls nor the upper

boundary with the Middle Menilite Member are exposed.

Fig. 3. Outcrop photographs of the Lower and
Upper Menilite Members at locations along the
Chechva River (Fig. 1c). (a) Thick chert beds in
the Lower Menilite Member; (b) transition from
the Lower Member shales to the Kliwa
sandstones; (c) alternating shales and sandstones
in the Lower Member, (d) sandstone-poor interval
in the upper part of the Lower Member. (e, f)
Upper Menilite Member: (e) thin chert beds
within shales; (f) thick black shale succession.
Note that not all the photographs show the true
stratal dip.

The base of the Lower Menilite Member is marked by a chert-rich interval (329-311 m from
the top of the member), which is used as a horizon marker. The interval consists of alternating
chert layers, up to 15 cm thick, and thin shales (Fig. 3a). The number and thickness of chert
layers decreases upwards. A 30 cm thick sandstone layer occurs near the top of the interval.

The overlying sandstone-rich interval of the Lower Menilite Member (310-195 m from the

top of the member) is dominated by thick (up to 2 m) sandstone beds (Kliwa Sandstones)
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which are interbedded with thin shale layers (Fig. 3b,c). With the exception of a sandstone
layer near the base of the unit, the sandstones are typically fine to middle-grained and

frequently show irregular bases and wavy tops. Bioturbation was not observed.

The sandstone-poor upper part of the Lower Menilite Member (127 m - 0 m; Fig. 4) is
primarily composed of alternating organic-rich shales and thin (typically 5-20 cm) turbidite
sandstones (Fig. 3d); the number and thickness of sandstone beds decreases upwards. An
interval in the middle part of the Lower Menilite Member, estimated to be approximately 70
m thick, was covered by vegetation and is not exposed. Two thin, laminated marl beds occur
near the top of the Lower Menilite Member and in previous studies have been referred to as
“streaky limestones™; based on their stratigraphic position in the upper part of the Lower
Menilite Member, they have been correlated with the coccolith-rich Jaslo Limestone
(Kulchytsky and Sovchyk, 1986; Shlapinski, 2012) which is used as stratigraphic marker in
the Oligocene succession throughout the Carpathians (Haczewski, 1989; Melinte-Dobrinsescu
and Brustur, 2008). Above the “streaky limestones”, a single chert layer (2 cm thick) was
observed. The carbonate content of the organicrich shales in general increases above the
“streaky limestones” as organic-lean grey shales become more abundant and the number of
organic-rich black shales decreases. The transition to the overlying Middle Menilite Member
is not exposed. A number of horizons with dolomite concretions occur within the generally

carbonate-lean Lower Menilite Member. Some concretions contain minor amount of ankerite.

Samples from the lowermost, chert-dominated part of the Lower Menilite Member are barren
of calcareous nannofossils. However, based on the presence of Reticulofenestra umbilicus and
the absence of Coccolithus formosus in the sample from 316 m depth* relative to the top of
the Member, the sample can be attributed to NP22 (lower Rupelian). The sample from 268 m
contains well-preserved nannofossils with common Cyclicargolithus floridanus and very rare,
mostly broken specimens of Reticulofenestra umbilicus, which may have been reworked from
older sediments. As a result, this part of the section can be assigned to NP22/23 (middle
Rupelian).

Samples from the upper part of the Lower Menilite Member (243.5-26.5 m depth*) are
generally barren of calcareous nannofossils, but all the studied samples contain detrital
terrestrial plant remains. Rare diatoms were observed in samples from depths* of 243.5 m and
125.5 m, whereas samples from 107 m, 97 m, 61 m and 50.5 m contain abundant diatoms.
Aragonitic spicules of benthic didemnid ascidians were observed in the sample from 231 m.

Most ascidians live in shallow-marine waters but spicules may also occur in turbidite deposits
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(Varol and Houghton, 1996 cum lit.; Toledo et al., 2007). Samples from 228 m and 120.5 m
contain nannofossils with a bloom of Cyclicargolithus floridanus. Melinte-Dobrinescu and
Brustur (2008) described similar blooms of Cyclicargolithus floridanus in NP24-aged samples
from the Eastern Carpathians and NW Transylvania. The common occurrences of
Pontosphaera desueta, P. enormis and P. multipora suggest a shallow-marine depositional
environment, but transport into deeper-water domains by turbidity currents may also have
occured. Based on the absence of R. umbilicus and C. formosus, samples from depths of 228

m and 120.5 m can be attributed to nannoplankton Zone NP23/24.
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Fig. 4. Bulk geochemical data (after Sachsenhofer et al., 2018b) and total carbonate isotope
data for samples of the Lower Menilite Member from the Chechva River profile with

nannoplankton zones.

2. Middle Menilite Member

The overlying Middle Menilite Member (Upper Oligocene) was not studied in detail.
However, six samples were collected for analyses and comparison from locations along a
small river near the village of Lopianka, a few km to the NW of Spas. The exposed section

was approximately 7.5 m thick, comprising alternating black shales and organic-lean grey



Rauball Thesis |58

shales and sandstone beds (approximately 10 cm thick). The carbonate content of the grey
shales (22.6 wt.%) was in general higher than that of the black shales (4.2 wt.%). The
lithology of the studied section suggested that it represented the lower part of the Middle
Menilite Member. However, samples of grey shale contained Helicosphaera ampliaperta
which has its first occurrence in the upper NN2 (20.43 Ma) at the base of chron C6An.1r

(Lourens et al., 2004), indicating an Early Miocene rather than a Late Oligocene age.

3. Upper Menilite Member

The Upper Menilite Member, which is approximately 1300 m thick in the studied profile
along the Chechva River (Fig. 5), is marked by the occurrence of multiple thin chert beds
(“Upper Chert”) at its base (Fig. 3¢). The overlying sediments are dominated by alternating
black and dark grey shales with a varying abundance of sandstone beds (typically 20 to 50
cm thick; max. 3 m). The number of sandstone beds is in general low (Fig. 3f) but is slightly

higher in the lower part of the member.
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An approximately 70 m thick horizon consisting of dacitic tuffs, tuffites and tuffogenic clays
and sandstones (Andreyeva-Grigorovich et al., 1997) near the middle of the member is used
as a regional marker. The carbonate content of the black shales increases in the uppermost
part of the member near to the transition with the overlying grey shales of the Polyanitsa

Formation. Thin, grey sandstone beds are present in the uppermost part of the Upper Menilite

Member.

Sediments from the lower part of the member (1343-348 m depth) contain rare and
moderately preserved calcareous nannofossils accompanied by detrital terrestrial plant
remains. Diatoms occur sporadically in samples from 1106.5 m, 947 m and 933.5 m which
contain rare Reticulofenestra pseudoumbilicus, indicating an NN1 / lower NN2 (Aquitanian /

earliest Burdigalian) age.

The upper part of the profile (278-25 m) contains common and well-preserved nannofossils
dominated by Coccolithus pelagicus, indicating a shallow- and relatively cold-water marine
environment with a high nutrient input, possibly caused by upwelling (Veto, 1987). The
occurrence of Coronosphaera mediterranea, Helicosphaera carteri and Reticulofenestra
pseudoumbilicus indicate a Miocene age. The sample from 278 m contains H. ampliaperta
which indicates a depositional age younger than 20.43 Ma (upper NN2; early Burdigalian). In
addition, this part of the section is characterized by high percentages of nannofossils which
were reworked from the Upper Cretaceous and Eocene. Rare diatoms were observed in a

sample from a depth of 51 m.
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5.2. Bulk parameters of organic matter and maceral composition

A summary of bulk parameters from the Lower and Upper Menilite Members from samples
from the Chechva River profiles was presented in a recent overview paper (Sachsenhofer et

al., 2018b) and is shown in Figs 4 and 5.

The TOC content of black shales from the Lower Menilite Member averages 9.76 wt.% (max.
24.25 wt.%). HI values typically range between 400 and 650 mgHC/gTOC in the lower part
of the member (max. 800 mgHC/gTOC), and from 300 and 450 mgHC/ gTOC in the upper
part (max. 475 mgHC/gTOC).

The average HI for the shales in the Lower Menilite Member is 448 mgHC/gTOC. The Kliwa
sandstones have lower values of TOC (0.10-0.86 wt.%) and HI (29-165 mgHC/gTOC). TOC
contents and HI values for grey shales in the Middle Menilite Member are low (0.80-0.96
wt.% TOC; 77-135 mgHC/gTOC) compared to black shales (3.19-8.80 wt.%; 311-360
mgHC/gTOC).
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In the Upper Menilite Member, TOC exceeds 20 wt.% near the base of the unit and ranges
from 1.52 to 23.11 wt% (average: 5.17 wt.%). Relatively low TOC contents (1.17-2.18 wt.%)
are observed near the top of the member. HI values typically range between 300 and 500
mgHC/gTOC (average: 379 mgHC/gTOC). In four samples from the overlying Polyanitsa
Formation, TOC contents (0.87-1.21 wt.%) and HI values (111-119 mgHC/gTOC) are low.
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Fig. 7. Photomicrographs of samples from the Upper Menilite Member (a, b; 1299 m) and the
Lower Menilite Member (c, d; 107 m) from the Chechva River profile. (a, c)
Photomicrographs in white light showing inertinite, glauconite, vitrinite and pyrite; (b, d)
Photomicrographs in fluorescence mode illumination showing lamalginite, sporinite,

telalginite and pyrite.

Low Tpax values for samples from the Lower, Middle and Upper Menilite Members (average:
419°C, 425°C and 425°C, respectively) together with vitrinite reflectance measurements for
samples from the Lower (0.24-0.34 %Rr) and Upper (0.26-0.32 %Rr) Menilite Members,

indicate that the organic matter is thermally immature (Fig. 6, Table 1).
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The trend of sulphur content versus depth is similar to the trend of TOC content versus depth
(Figs 4 and 5). TOC/S ratios, which are commonly used as a parameter to distinguish between
anoxic and oxic conditions as well as between marine and freshwater deposits (Berner and
Raiswell, 1984), are 0.23-10.38 wt.% in the Lower Menilite Member, 1.54-8.53wt.% in the
Middle Menilite Member, and 0.99-15.14 wt.% in the Upper Menilite Member. High ratios
were observed in black shales with very high TOC contents (>10 wt.%).

The maceral composition (Table 1; Fig. 7) for the Lower Menilite Member is characterized by
high proportions of vitrinite (15-47 vol.%) and lamalginite (30-43 vol.%); also present are
telalginite (10-23 vol.%), sporinite (4-23 vol.%) and inertinite (1-8 vol.%) In the Upper
Menilite Member, the maceral composition consists of moderate proportions of vitrinite (16-
38 vol.%), lamalginite (13-39 vol.%) and telalginite (16-31 vol.%), with minor sporinite (8-23
vol.%) and inertinite (3-7 vol.%). Lamalginite is in general considered to represent the
remains of algae or bacterial mats, whereas telalginite is typically of planktonic derivation

(Hutton, 1995).

Glauconite as well as framboidal pyrite was observed frequently in samples from both the
Upper and Lower Menilite Members. Fig. 8 shows that there is a strong correlation between

the hydrogen index (HI) and the amount of lam- and telalginite.
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5.3. Molecular composition of sample extracts

Geochemical data are listed in Table 2, and the vertical variations of biomarker proxies versus
depth are shown in Figs 9 and 10 for the Lower and Upper Menilite Members respectively.
Yields of extractable organic matter (EOM) vary between 3.25 and 36.07 mg/g TOC (average
19 mg/g TOC; Table 2). Extracts from all samples are dominated by NSO compounds (48-
75% of the EOM). In the Upper Menilite Member, saturated hydrocarbons are often more
abundant than aromatic hydrocarbons; but this is not the case in the Lower Menilite Member
where saturated hydrocarbons are less abundant than aromatic hydrocarbons. The total
relative percentages of saturated and aromatic hydrocarbons vary between 16 and 48 mg/g
TOC (average 32 mg/gTOC) which is typical for sediments of low maturity (Tissot and
Welte, 1984).
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Lower Menilite Member from the Chechva River profile.
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n-alkanes and isoprenoids

Extracts of samples from the Lower Menilite Member contain high amounts of long-chain n-
alkanes (nCx6-32: 13-52 %), which is characteristic of higher land plants (Peters et al., 2007);
however they are less abundant (13-19 %) in samples from the chert horizon at the base of the
unit (323.4-310.0 m) (Table 2). Long-chain n-alkanes are in general less abundant in samples
from the Upper Menilite Member and range from 17 to 32 %, except for the sample at the top

of the succession (59.0 m) in which long-chain n-alkanes make up 40% of the total amount of

n-alkanes.
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Fig. 10. Profile of biomarker ratios versus depth with nannoplankton zones for samples of the

Upper Menilite Member from the Chechva River profile.

Concentrations of short-chain n-alkanes, which are derived from microbial organisms or algae
(Dinel et al., 1990), show an opposite trend (Figs 9 and 10). They are abundant (50-63 %) in
extracts of samples from the chert horizon at the base of the Lower Menilite Member, but
present in lower proportions in samples from the overlying part of the Lower Member (16-38

%) and the Upper Member (23-47 %).
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Table 1. Maceral composition of the Lower and Upper Menilite Members.
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CPI values (Bray and Evans, 1961) in general range from 1.3 to 1.9. Values are lower in the
chert horizon at the base of the Lower Menilite Member (0.9-1.2) and higher in the upper part
of the Upper Menilite Member (2.1-2.4; Table 2).

Pristane (Pr) and phytane (Ph) form preferentially under oxidizing (pristane) and reducing
(phytane) conditions respectively, and the Pr/Ph ratio can therefore be used as a redox
indicator of the depositional environment (Peters et al., 2007). Pr/Ph ratios below 1.0 reflect a
strict anoxic environment, whereas ratios above 1 suggest a suboxic to oxic environment or a
high terrigenous input under oxic conditions. The Pr/Ph ratio for samples from the Lower
Menilite Member varies widely (1.0-4.5; Table 2). Samples with relatively high Pr/Ph ratios
(>3.0) occur irregularly throughout the member (Fig. 9), but decrease upwards in the upper
part. Pr/Ph ratios in samples from the Upper Menilite Member (0.4-1.3) are generally lower
(Fig. 10) and suggest oxygen-deficient depositional conditions. In common with the Lower

Member, values tend to decrease upwards.

C25 highly branched isoprenoids (HBIs) are regarded to be biomarkers for marine diatoms
and may form C25 HBI thiophenes due to sulphurization (Nichols et al., 1988; Summons et
al., 1993; Volkman et al., 1994). C25 HBIs are present in samples from both the Lower and
the Upper Menilite Members (Table 2). Elevated concentrations with an upward-increasing
trend are observed in samples from the bottom half of the Lower Menilite Member (5.5-304.0
ng/g TOC), but concentrations in samples from the remaining part of the succession are lower
(8.7-33.8 ng/g TOC). Concentrations in samples from for the Upper Menilite Member are of
the same order of magnitude (3.4-75.0 pg/g TOC).

Steroids

High sterane concentrations, as well as high sterane/ hopane ratios (>1.0), are typical of
marine organic matter with major contributions from planktonic and/or benthic algae
(Moldowan et al., 1986). In samples from the Lower Menilite Member, sterane concentrations
range from 20.23 to 478.95 ng/g TOC. The highest concentrations are found towards the
middle of the succession, in samples from between 260.5 m and 209.0 m (Table 2), although
there was no clear trend versus depth. In samples from the Upper Menilite Member, sterane

concentrations range from 80.47 to 262.48 pg/g TOC (Table 2).
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Table 2. Organic geochemical data for samples from the Lower and Upper Menilite Members.
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Fig. 11. Triangular diagram for C,7, C,s and Cy9 steranes for samples of the Lower and Upper

Menilite Members.

The relative proportions of C,7, Cys and Cy9 steranes in a sample (Fig. 11) may provide
palaeoenvironmental information (Huang and Meinschein, 1979). For samples from the
Lower Menilite Member, C,gs and Cy9 steranes (23-47 %; 26-58 %) are slightly elevated
compared to C,; steranes (11-32 %). For the Upper Menilite Member, C,7, Cys and Cyo
steranes are more or less equally abundant for the samples analysed. However, Cys (34-41 %)
steranes are slightly elevated compared to C,;7 (23-31 %) and Cy (28-35 %) steranes. Cpg
steranes correlate roughly with the Pr/ Ph ratio (1> = 0.56), suggesting that both parameters
may be controlled by land-plant input. Elevated concentrations of Cyg steranes in Cenozoic
samples may indicate derivation from diatoms (Peters et al., 2007). However, no correlation

between Cyg steranes and HBI concentrations was observed for the studied samples.

High sterane/hopane ratios for samples from the Lower (0.51-4.62) and Upper Menilite
Members (1.64-3.92; Table 2) are consistent with a marine depositional environment. The
20S isomer of the Cy9 sterane occurred in amounts which were not sufficient to be quantified,

and the 20S/(20S + 20R) isomer ratio of Cy9 steranes was close to zero.
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Terpenoids

Hopanes are non-aromatic cyclic triterpenoids which originate from precursors in bacterial
membranes (Ourisson et al., 1979). They were found in all the samples analysed with
concentrations ranging from 24.6 to 165.7 mg/g TOC in the Lower Menilite Member and 30.4
to 110.7 mg/g TOC in the Upper Menilite Member. The highest concentrations were in

general found in samples from the middle of both members.

Moretane/hopane ratios can be used as a thermal maturity parameter for immature to early oil-
window mature source rocks (Peters et al., 2007). Ratios below 0.15 indicate mature source
rocks, whereas ratios up to 0.8 occur in source rocks which are considered to be immature
(Peters et al., 2007). Moretane/hopane ratios in samples from both the Lower Menilite
Member (0.22-0.54) and the Upper Member (0.15-0.53) indicate a low level of thermal
maturity. This is in agreement with low 22S/(22S+22R) isomerization ratios of C3, hopanes

for samples from both Lower and Upper Members (0.32-0.39 and 0.22-0.35, respectively).

The trisnorneohopane/trisnorhopane (Ts/Tm) ratio is a thermal maturity parameter which can
also be influenced by the source of organic matter (Moldowan et al., 1986) and by differences
in lithology and in the oxicity of the depositional environment. The Ts/ Tm ratios for samples
from the Lower and Upper Menilite Members are low (0.04-0.39 and 0.18-0.44, respectively),
indicating their thermal immaturity (Figs 9 and 10).

Dibenzothiophene, phenanthrenes

The dibenzothiophene/phenanthrene (DBT/Phen) ratio reflects the availability of free H,S in
the water column (Hughes et al., 1995). DBT/Phen ratios for samples from the Menilite
Formation are generally low (0.160.87) but exhibit clear trends versus depth (Figs 9 and 10).
Maximum values are observed in samples from the chert horizon at the base of the Lower

Menilite Member.
Land-plant related biomarkers

Diterpenoids (e.g. cadalene, retene, simonellite), which are gymnosperm-derived biomarkers
(Simoneit, 1986; Alexander et al., 1988; Wakeham et al., 1980), were encountered in higher
concentrations (7.63-480.02 pg/g TOC) in samples from the Lower Menilite Member
compared to the Upper Member (3.55-58.55 ng/g TOC) (Table 2).

Oleanane was the only angiosperm-derived biomarker (Moldowan et al., 1995) observed in

samples from the Menilite Formation (Kd&ster, 1998).
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Similar to the diterpenoids, its concentration is higher in samples from the Lower Menilite
Member (1.8149.06 ng/g TOC) than in samples from the Upper Member (0.96-6.83 ug/g
TOC).

Thus in general, gymnosperm-derived biomarkers are dominant in the samples analysed (>90
%), but angiosperm-derived biomarkers make up 40 % of total land-plant derived biomarkers
in some samples from the Upper Menilite Member.

Chromans

Methyltrimethyltridecylchromans (MTTCs) are formed from bacteria or archaea and are used
as markers for palaeosalinity (Sinninghe Damsté, 1987). They were observed in all the Lower
and Upper Menilite samples analysed. The MTTC ratio is calculated by dividing the trimethyl
MTTCs by the sum of the methylated MTTCs (Sinninghe Damsté, 1987). The MTTC ratio
for the Lower Menilite Member ranges from 0.11 to 0.74 and increases from base to top. The
ratio for the Upper Menilite Member is relatively uniform throughout the middle and upper
part of the succession and ranges from 0.15 to 0.61, indicating mesosaline conditions in the

water column during deposition.
Stable carbon isotope composition

Carbonate contents are typically low in the Menilite Formation. Therefore, isotope ratios from
only a limited sample set (samples containing >5 wt.% calcite equivalent) were used to

determine the 8'°C and 5'*0 isotope compositions.

In the Lower Chert horizon, the bulk carbon isotopic composition is moderately stable and
8"°C and §'°0 values range between -3 and +5%o and from -7 to -5%o, respectively. Since the
carbonate content is particularly low in the sandstone-rich part of the Lower Menilite
Member, three dolomite concretions were analysed for their isotopic composition. §'°C and

8'80 values range from -7 to +4%o and from -13 to -2%o, respectively.

The carbonate content in sediments in the sandstonepoor upper part of the member is higher,
and isotope ratios for carbonate-rich shales, carbonate concretions and “streaky limestones”
were determined. 813C values for carbonate concretions range from -12%o in the lower part to
+5%o towards the top of the member. A similar trend was recorded for 8'°0 values which
range from -11%eo in the lower part to 0%o and +1%o towards the top. The “streaky limestone”

sample had a 5"°C value of -4%o and a §'*0 value of -9%o.
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In the Upper Menilite Member, carbon isotopic composition values are typically more stable
compared to the Lower Menilite Member. §'°C values range between -2%o and +1%o, and
show little variation for samples near the transition to the Polyanitsa Formation. 5'*0 values
reach a minimum of -14%o. towards the bottom of the Upper Member and range from -13%o to
-3%o for the remaining samples. Similarly, 'O values remain relatively constant near the

transition to the Polyanitsa Formation.
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6. Discussion

Deposition of organic matter-rich Oligocene to Lower Miocene rocks of the Menilite
Formation (and of ageequivalent “Maikopian” sediments) was a consequence of the isolation
of Paratethys from the Mediterranean Sea and the World ocean (Vetd, 1978; Popov et al.,
2004; Sachsenhofer et al., 2018a; 2018b). Basin isolation resulted in oxygen-depleted
conditions and facilitated the development of salinity and thermal stratification (Kovac et al.,
2017). Strong subsidence after basin isolation increased water depths in many Paratethyan
basins to more than 1000 m, but water depths in the Carpathian Basin remained permanently
high from Cretaceous times onwards (Slaczka et al., 2006). Oligocene and Miocene thrusting

further increased subsidence in the Outer Carpathians.

The outcrops along the Chechva River form the type section of the Menilite Formation in the
Ukrainian Carpathians (Andreyeva-Grigorovich et al., 1986), and an almost complete
succession comprising the Lower, Middle and Upper Menilite Members can be studied here.

The stratigraphy, depositional environment and source rock potential of the Menilite
Formation are discussed in the following section. However, because many organic
geochemical proxies are influenced by diagenetic processes, the discussion starts with a brief

outline of the thermal maturity of the studied succession.

6.1. Maturity

Tmax measurements for samples from the Lower (~415-425 °C), Middle (423-427 °C) and
Upper (~420-430 °C) Menilite Members, as well as sterane and hopane isomerisation ratios,
Ts/Tm ratios and vitrinite reflectance measurements for the Lower and Upper Members (0.24-
0.34 and 0.26-0.32 %Rr, respectively), indicate that the organic matter is immature. T,
measurements for samples of the Middle and Upper Menilite suggest a higher thermal
maturity than for Lower Oligocene (Lower Menilite) samples, despite being younger. This
may be attributed to a deeper structural position in the lowermost tectonic slice in the Skyba
nappe, or to differences in facies; for example, source rocks with a higher sulphur content
may display lower Ty,.x values (Veto et al., 2000). This is noticeable in the Upper Menilite
Member. The low thermal maturity for both the Lower and Upper Members is consistent with

the light blue fluorescence colour of the liptinite macerals.
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6.2. Stratigraphy

In previous studies, the Lower Menilite Member has been considered to be Early Oligocene
(AndreyevaGrigorovich et al., 1986), and this age assignment was supported by new
nannoplankton data from the basal chert horizon (NP22) and from samples from depths of
268-118 m (relative to the top of the Member) (NP23). The Solenovian event, a carbonate-
rich, low salinity marker horizon at the base of NP23 (e.g. Popov et al., 2004), was not
recorded; carbonate-rich samples in the lower part of the succession, where the horizon could
be expected to occur; were not observed. The “streaky limestones” (Jaslo Limestone) is often
taken to mark the boundary between the Lower and Upper Oligocene. Unfortunately however,

age-diagnostic nannoplankton were absent from the top part of the Lower Menilite Member.

The Middle Menilite Member has previously been dated as Late Oligocene (Andreyeva-
Grigorovich et al., 1986; Kotarba and Koltun, 2006). However, the nannoflora observed in the
studied samples, considered to represent the Middle Menilite Member, clearly indicate an
Early Miocene (NN2) age. Based on geological position and lithology, the samples appear to
belong to the lower part of the Middle Member. Nevertheless, the stratigraphic position of the
sediments, exposed in a small isolated outcrop, was not completely clear. If the age dating
and the stratigraphic position are correct, the Upper Oligocene succession is either missing or
very thin at the locations studied. By contrast, sediment accumulation rates must have been
very high during Early Miocene times (NN2) perhaps due to intensive turbidite deposition
and an increase in basin subsidence accompanyiung a phase of increased regional

compressional (Slaczka et al., 2006; Nakapelukh et al., 2017).

An Early Miocene age for the Upper Menilite Member was confirmed by the samples
analysed (NN2). The 70 m thick tuff horizon in the middle of the member, which is known to
occur in the external part of the Skyba nappe and in the Boryslav-Pokuttya nappe, has not to
the authors’ knowledge yet been dated.



6.3. Depositional environments

The Lower Menilite Member

Lower chert horizon
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Deposition of the Lower Menilite Member began during NP22 with the deposition of the

lower chert horizon (Figs 3a, 9). Chert intervals are interpreted to be composed of

diagenetically altered diatomite. Some chert intervals (samples from ~322 m to 316 m) have

high contents of carbonate which is at least partly derived from calcareous nannoplankton.

Shalerich sediments between the chert beds are very rich in organic matter (~20 wt.% TOC).

The very high HI values (600-800mgHC/gTOC) are a result of the high contents of algal-

derived lam- and telalginite (Fig. 8), and indicate excellent preservation of mainly algal

material. This is consistent with the low concentrations of land-plant derived biomarkers in

samples from the lower chert horizon, which are lower than in any other part of the Lower

Member. Surprisingly, the concentration of C,s HBIs, which are often considered as

biomarkers for diatoms, is low.
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Pr/Ph ratios (1-1.74; Table 2) indicate strongly oxygen-depleted but not strictly anoxic
conditions. A moderately enhanced DBT/Phen ratio suggests that small amounts of free H,S
were available. However, the absence of arylisoprenoids shows that photic zone anoxia was

not developed during deposition of the chert (or the rest of the Menilite Formation).

On average, MTTC ratios are lower in the lower chert horizon than in the remaining section
of the Lower Member, which may indicate slightly elevated salinity. TOC/S ratios are often
high (3-7), indicating a sulphate-limited environment (Berner and Raiswell, 1984). However,
high TOC/S ratios are probably a result of the very high organic matter contents and the
limited diffusion of sulphate from the water column (Schulz et al., 2002 ).

Time-equivalent cherts are present throughout the entire Carpathians but are missing in other
Paratethyan basins. The cherts have been related to upwelling (e.g. Picha et al., 2006) but,
based on trace fossils and fish fauna, Kotlarczyk and Uchman (2012) proposed that they were

deposited in oxygen-depleted conditions due to thermal stratification of the water column.

8"°C values (-3 to +5 %o) are within the range typical for marine carbonates, whereas 8'%0
values are low (-7 to -5 %o). The low 8'°0 values may be due to elevated palacotemperatures
(~50°C, cf. Bojanowski et al., 2018), or to increased freshwater influx or diagenetic overprint.
Palaeotemperatures in the order of 50°C are unreasonably high for the Oligocene in the
Carpathians (Bojanowski et al., 2018). As calcareous nannofossils are missing in this section,

the low 5'*0 values are interpreted probably to reflect a diagenetic overprint.

The sandstone-rich interval in the Lower Menilite Member

The interval between 310 and 195 m contains frequent beds of Kliwa sandstones (Figs 3b, 9).
These sandstones are considered to be deep-marine deposits (Kotlarczyk and Uchmann, 2012;
Miclaus et al., 2009), although Dziadzio et al. (2006, 2016) assumed a shallow-water
depositional environment. In the present paper the conventional interpretation was followed,
and the thick, laterally continuous sandstone beds were interpreted as deep-water deposits
representing the transition from a deep-marine channel fill to a depositional fan lobe (e.g.

Miclau et al., 2009).

The TOC contents of interbedded shale samples from the lower part of the succession are high
(up to 8 wt.%) and exceed 20 wt.% in the upper part, indicating that organic matter
accumulation was high shortly before and after the deposition of channel fill sediments. HI

values are high (~400-650 mgHC/gTOC) but are reduced compared to values for the lower
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chert horizon (Table 1) due to decreasing proportions of alginite. A higher land plant input is
indicated by higher concentrations of land-plant derived biomarkers (Fig. 9). C25 HBIs occur
in significant concentrations and may indicate an input of diatom-derived material; diatoms

were also observed in some smear slides.

Pr/Ph ratios for this part of the Lower Member vary widely and correlate positively with the
content of land-plant biomarkers (oleanane + diterpenoids; r> = 0.77), with relative
percentages of C,g steranes (1> = 0.80), with CPI (r* = 0.78) and with the amount of long-chain
n-alkanes (1> = 0.48; Fig. 12). This suggests that Pr/Ph ratios were mainly controlled by the
landplant input rather than by redox conditions. Based on the absence of bioturbation in the

shales, a continuation of oxygen-depleted depositional conditions is likely.

MTTC ratios suggest normal-marine conditions. TOC/S ratios in samples below 276 m are
consistent with marine, reduced-oxygen conditions. Higher values in samples from above this

depth are biased due to very high TOC contents.

Carbonate concretions within the sandstone-rich but largely carbonate-free interval of the
Lower Menilite Member show strongly varying values of §"°C (-7 to +4 %) and 8'°0 (-13 to
-2 %o). Varying 8'°0 values may indicate different diagenetic temperatures, whereas low 8'°C
values may indicate the addition of isotopically light, methane-derived carbon. Bojanowski et
al. (2012) reported even lower 8'"C values (-38.7 %o to -34.7 %o) from concretions underlying

the Jaslo Limestone in the Polish Carpathians.

The sandstone-poor upper part of the Lower Menilite Member

Compared to the underlying unit, the upper interval of the Lower Menilite Member (127-0 m)
contains a lower proportion of turbiditic sandstones, suggesting a change from a deep-marine
channel to a pelitic distal lobe setting. TOC contents of shale samples are very high and in
general decrease upwards from 20 to 5 wt.%. HI values are in the order of 350 to 400
mgHC/gTOC. The decrease in HI compared to the underlying sediments reflects a decrease in
the content of alginite (Fig. 8) and a higher contribution of landplant derived macerals
(vitrinite, inertinite, sporinite). High concentrations of land-plant derived biomarkers are

consistent with this interpretation.

Pr/Ph ratios suggest an upward decrease in oxygen availability. However, a positive
correlation with CPI (1? = 0.58) shows that Pr/Ph ratios may be influenced not only by redox

conditions but also by the input of detrital land plants (see above).
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Samples from above and below the stratigraphic level of the “streaky limestones” (Jaslo
Limestone) are characterized by relatively high DBT/Phen ratios, suggesting the presence of
minor amounts of free H2S in the water column. This interval is characterized by the lowest
Pr/Ph ratios recorded. MTTC ratios vary but are consistent with normal marine conditions.
The sediments above the chert horizon represent deep-water settings, in which deep-marine
channels transported (Kliwa-type) sandstones from the European platform into the oxygen-
depleted basin (Popdayuk et al., 2006). A deep-water environment is also supported by the
observation of a deep-marine bentho-pelagic fish (family Macrouridae) in a sample from
above the Jaslo Limestone (Gorbach, 1961 in Kotlarczyk et al., 2006). Kliwa-type sandstones
are a common part of the Oligocene succession throughout the Carpathians (e.g. Picha et al.,
2006; Slaczka et al., 2006; Sylvester and Lowe, 2004). Age-equivalent sediments in many
Paratethyan basins contain elevated organic matter contents due to extensive anoxia.
However, TOC contents in the Carpathians are significantly higher than in other basins and
this may reflect high bioproductivity and the excellent preservation of organic matter.

8C (11 %o to +5 %o) and 8'°0 values (-11%o to +1 %o) for dolomite concretions in the
sandstone-poor part of the member display similar values to those in the sandstone-rich
interval, consistent with the addition of methane-derived carbon and the varying mineralogy.
8"°C (-12 to +2) and 8'%0 (-11 to -5) values in calcareous shales vary over a similar wide
range. 8'°C and 8'®0 values for the “streaky limestone” (Jaslo Limestone) are -4 %o and -9 %o,
respectively, similar to those in the under- and overlying calcareous shales. These values are
lower than average 8'°C (+1.4+1.4 %o) and &0 (-4.7+1.1 %o) isotopic composition data

published by Bojanowski et al. (2018) for the Jaslo Limestone.

The Upper Menilite Member

Upper chert horizon

The upper chert horizon, about 10 m thick, is present at the base of the Upper Menilite
Member. The chert is interpreted to be composed of diagenetically altered diatomite,
suggesting that that diatom blooms reoccurred during Early Miocene time. In comparison to
the lower chert horizon, TOC/S ratios are higher and the DBT/Phen ratio (of a single sample)
and HI values are lower. This indicates that free H,S was in general absent from the water
column and that anoxia was less strict. This result agrees well with the model of Kotlarczyk
and Uchmann (2012) who tentatively identified upwelling and less oxygen-depleted

conditions during the deposition of the upper chert horizon.
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Black shale succession

The upper chert horizon is overlain by a very thick black shale succession with minor thin
sandstone beds which is interpreted to have been deposited in a basin-plain setting. Black
shale accumulation was interrupted by a major volcanic event which resulted in the deposition
of the 70 m thick tuff interval (Fig. 5). Glauconite was observed in all samples and suggests a

detrital input from a near-shore setting.

TOC contents are moderately high (2-7 wt.%), but significantly higher values occur near the
base of the succession. Relatively low TOC contents (1-2 wt%) are observed in samples near
the transition to the Polyanitsa Formation. HI values are approximately 400 mgHC/gTOC, but
range between 200 to 300 mgHC/ gTOC near the top of the Upper Menilite Member, due to a
lower contribution of algal material (Fig. 8). Land-plant derived biomarkers in general occur
in minor concentrations, although high amounts of oleanane in the uppermost sample (Fig.
10) indicates a higher contribution of angiosperm material. Diatoms occur sporadically, but

concentrations of C,s HBIs are in general low.

Pr/Ph ratios in samples from the Upper Menilite Member are generally lower than in samples
from the Lower Member, and suggest strongly oxygen-deficient conditions. MTTC ratios
suggest normal marine conditions with minor salinity variations. DBT/Phen ratios reach
maximum values in the middle part of the succession which probably suggests the presence of

free H,S.

Carbonate contents are elevated in the uppermost part of the Upper Menilite Member and
remain constant into the basal section of the Polyanitsa Formation. For this study, the
boundary was defined where TOC contents decrease below 1.2 wt.% and HI decreases

significantly from >180 mgHC/gTOC to <120 mgHC/gTOC.

The thick Lower Miocene black shale succession in the studied area is unique in the
Carpathians (and in the entire Paratethys; Sachsenhofer et al., 2018a,b). In internal units of the
Outer Carpathians, the Lower Miocene succession is dominated by (Krosno-type) sandstones
transported from the thrust front into the deep-marine basin (Slaczka et al., 2006; Kotlarczyk
et al., 2006). Hence, black shales are restricted to the most external units, but even there, their
thickness is in general significantly lower (e.g. Sachsenhofer et al., 2015). This may be
because significant thicknesses of the Upper Menilite Member had been eroded before
deposition of the Polyanitsa Formation (AndreyevaGrigorovich et al., 1997; Popadyuk et al.,

2006). Also, subsidence rates must have been high in the study area in order to allow the



accumulation of sediments about 1300 m thick (Upper Menilite Member) or even 1450 m
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thick (Middle and Upper Menilite Members) during less than 5 million years (NN2).

8"C (-2 %o to +1 %) ratios for the black shale succession are fairly uniform and are consistent

with with a marine environment. §'*0 values are very low (-14 %o to -3 %o) and may indicate

a diagenetic overprint and/or a freshwater influx (Bojanowski et al., 2018).

6.4. Source rock potential

Two samples of Eocene age were collected from an outcrop along the Chechva River

stratigraphically below the Menilite Formation, and had low TOC contents (0.88-1.32 wt.%)

and moderate HI values (311-428 mgHC/gTOC).
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Fig. 13. Cross-plot of petroleum potential versus TOC for samples of the Lower, Middle and
Upper Menilite Members and for two Eocene samples from the Chechva River profile. The

cross-plot also includes samples from sandstones in the Lower and Upper Menilite Members.
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Higher amounts of organic matter occur in the Menilite Formation, in which the average TOC
content in shale samples from the Lower and Upper Members is 9.76 wt.% and 5.17 wt.%,
respectively. Average HI values are 448 mgHC/gTOC for samples from the Lower Member
and 379 mgHC/gTOC for samples from the Upper Member, indicating the dominance of oil-
prone Type II kerogen. Grey and black shales within the Middle Member have poor source
rock potential (0.80-0.96 wt.% TOC; 77-135 mgHC/gTOC) and good to very good potential
(3.19-8.80 wt.%; 311-360 mgHC/gTOC), respectively.

A cross-plot of Rock-Eval S; + S, (petroleum potential) versus TOC (Fig. 13) indicates the
excellent source rock potential of both the Lower and Upper Members. The Source Potential
Index (SPI = thickness * [S; + S,] * bulk density/1000; Demaison and Huizinga, 1994), which
was calculated using the data from Table 3, indicates SPI values of 16.6 tons of hydrocarbons
per square metre surface area (tHC/ m?) for the Lower Member, and 57.9 tHC/m? for the
Upper Member. Estimates for unexposed sections in the measured outcrop profiles were
included in these calculations, and the true SPI values for black shale intervals may therefore

be higher.

Even if hydrocarbons generated from the Middle Member are neglected, the cumulative SPI
of the Menilite Formation exposed at outcrop along the Chechva River (75 tHC/m?) is higher
than that of any other source rock unit known to the authors (cf. Demaison and Huizinga,
1994). Source rocks elsewhere in the Paratethys area, including the Carpathians, have
significantly lower SPI values, reaching 10 tHC/m? only in a local area in the Polish part of
the Silesian-Krosno nappe (Sachsenhofer et al. 2018a,b). The SPI of the Lower Oligocene
Lower Menilite succession is higher (16 tHC/m?) than that of time-equivalent rocks in the
Polish and Romanian Carpathians (up to 10 tHC/m?). Even though the 330 m thick organic-
rich sequence of the Lower Menilite Member itself represents an important source-rock level,
the exceptionally high SPI of the Chechva River section is mainly a result of the great
thickness (>1000 m) of organic-matter rich Lower Miocene shales in the Upper Menilite
Member. The SPI of this section is also enhanced because of the comparative rarity of
turbidite sandstones in the succession; these sandstones are common in time-equivalent

sections in other parts of the Carpathians.
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Net thickness §1+8S2 Density SPI

Age [m] [mg HC/g rock] [p] [tHC/m?]
L. Miocene 1225 22,52 2.1 57,9
L. Oligocene 190 41,7 2.1 16,6

Table 3. Calculation of the source potential index (SPI) for samples of the Lower and Upper

Menilite Members from the Chechva River profile.

Nearly 70 % of the proven reserves in the North and East Carpathian fold-thrust belt (2249 of
3279 MM boe; Boote et al., 2018) are concentrated in the Boryslav-Pokuttya nappe of
Ukraine, where the Upper Menilite Member has a similar thickness to that in the external part
of the Skyba nappe (e.g. Vialov et al., 1988; Kosakowski et al., 2018). It can therefore be
proposed that the prolific nature of the Boryslav-Pokuttya petroleum system is mainly related
to the large thickness of the Menilite Formation, the exceptional high SPI in this region, and
the occurrence of these source rocks within the oil window. In addition, the Boryslav-
Pokuttya petroleum system may have retained most of its hydrocarbons with less evidence of
leakage (surface seeps) than in the SkoleSkyba and Silesian-Krosno petroleum systems

(Boote et al., 2018).
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7. Conclusions

The Lower Oligocene to Lower Miocene Menilite Formation at outcrop along the Chechva
River in western Ukraine is approximately 1800 m thick and can be divided into Lower,
Middle and Upper Members. The generally organic-matter lean Middle Member was
considered previously to be of Late Oligocene age and was not studied in detail, but new
nannoplankton data suggest an Early Miocene age for the unit. By contrast, the Early
Oligocene and Early Miocene ages for the Lower and Upper Menilite Members were

confirmed by the biostratigraphic data in this study.

The Lower Oligocene Lower Menilite Member is approximately 330 m thick, and contains
chert beds (“lower chert horizon™) at its base and thin coccolith limestones in its upper part.
The frequent sandstone beds, in particular in the lower part of the member (above the lower
chert horizon), are interpreted as turbidite deposits. The total organic carbon (TOC) content of
interbedded shale samples frequently exceeds 20 wt.% and averages 9.76 wt.%. HI values are
up to 800 mgHC/gTOC and more typically range between 300 and 600 mgHC/gTOC in the
rest of the section. Pr/Ph ratios >1.0 tend to refute a strictly anoxic setting and may suggest a
suboxic to oxic environment or a high terrigenous input under oxic conditions. The high TOC
contents are due to the abundant input of land-plant derived material, consistent with
relatively low HI values (<400 mgHC/gTOC), very high Pr/Ph ratios (up to 5) and the
presence of land-plant derived biomarkers. Biomarkers for diatoms are abundant in samples

with high HI.

The Lower Miocene Upper Menilite Member is ~1300 m thick in the study area. However
this thickness is limited to the external parts of the Skyba nappe and the neighbouring
Boryslav-Pokuttya nappe. The member grades into the overlying molasse sediments of the
Polyanitsa Formation. The average TOC content of shale samples from the member is 5.17
wt.%, and exceeds 20 wt.% in samples from near the base. Pr/Ph ratios decrease upwards and

are in general lower (0.4 -1.3) than in the Lower Member.

Organic matter in both Lower and Upper Members is thermally immature and is dominated
by oil-prone Type II kerogen. Differences in HI are controlled by varying proportions of land-
plant and algal-derived organic matter. Although TOC contents and HI values are on average
higher for the Lower Member than for the Middle and Upper Members, shales from the entire
formation have a good to very good potential to generate oil. The Source Potential Index

(SPI) for the Lower and Upper Members was calculated to be 16.6 and 57.9 tons of
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hydrocarbons per m?, respectively. These SPI values are higher than for any other profile in
the Paratethys realm. The Menilite Formation in the neighbouring Boryslav-Pokuttya nappe,
which has a similar thickness and a similar stratigraphic extent and which is in the oil
window, probably also has similarly high SPI values. This may explain why approximately
70% of the proven hydrocarbon reserves in the northern and eastern Carpathian fold-thrust

belt are found in the Boryslav-Pokuttya nappe.
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Research Highlights:

The Shypot Formation contains an average total organic carbon content of 2.8 wt.%
Organic matter indicates peak oil maturity (~0.85%Rr)

Average HI values and the remaining petroleum potential are low due to higher maturities

It is estimated that approximately 2 tHC/m? have been generated during deep burial
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Abstract

Organic matter-rich rocks occur in the Carpathians, both in Lower Cretaceous and Oligocene.
Whereas, the Oligocene Menilite Formation has been intensely studied, the hydrocarbon
potential of Lower Cretaceous rocks is less well understood. In the present paper a 405 m
thick succession of the lower part of the Shypot Formation in the Chornohora nappe (Ukraine)

is studied using 94 outcrop samples.

Maturity parameters for the Lower Cretaceous rocks indicate peak oil maturity (~0.85%Rr)
and organic carbon content averages 2.8 wt.% for all samples. As a result of the enhanced
maturity, the hydrogen index (88 mgHC/gTOC) and the remaining petroleum potential (2
tHC/m?) are low. Comparisons with coeval rocks from the same tectonic unit, but with lower
maturity suggest that the original petroleum potential was significantly higher (4 tHC/m?).
Probably about 2 tHC/m? have been generated during deep burial (6 km?), but were lost
during uplift and erosion. Macerals analysis reveals a mixed type III-II kerogen, with
domination of terrigenous components, which is also supported by HI values of nearby

marginal mature samples (~200 mgHC/gTOC).

Lower Cretaceous organic matter-rich rocks are found along the entire Carpathian arc. A
compilation of published data for age-equivalent rocks across the Carpathian Fold-Thrust Belt
shows that HI values are mainly controlled by maturity as well as the moderately high
original HI values. Most of these rocks contain predominantly type III-II kerogen, whereas
Lower Cretaceous rocks in the Skole-Skyba nappe near the Polish-Ukrainian border contain

type (III-) IV kerogen.
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1. Introduction

The Ukrainian Carpathians form the NE part of the Carpathian orogenic belt which stretches
for approximately 1300 km from Vienna to the Iron Gate on the River Danube in Romania
(Slaczka et al., 2006; Fig. 1a). They host one of the oldest petroleum-producing provinces in
the world (Boote et al., 2018). Petroleum production began in 1854 with the discovery of the
Boryslav oil field, one of the largest onshore oilfields in Europe (Kotarba et al., 2007). All oil
and gas fields are located within the Outer Carpathians, bordered to the NE by a molasse-
filled foredeep and to the SW by the Pieniny Klippen belt. Internally, the Outer Carpathians
consist of a series of structurally complex, NE-verging nappes which comprise rocks that are

Early Cretaceous to Early Miocene in age (Slaczka et al., 2006; Nakapelyukh et al., 2018).

The Lower Oligocene to Lower Miocene Menilite Formation is the primary source rock
interval in the Carpathians and has been studied extensively in the past (e.g. Curtis et al.,
2004; Kotarba et al., 2007; Kosakowski et al., 2018, Sachsenhofer et al., 2018a,b; Jirman et
al., 2019; Jirman and Gerslova, 2019; Rauball et al., 2019 cum lit.). In contrast, information
on organic matter-rich Lower Cretaceous rocks is limited (e.g. Kruge et al., 1996; Kotarba
and Koltun, 2006; Kotarba et al., 2013, 2014; Slaczka et al., 2014). For example, only few
data are available from the Barremian to Albian Shypot and Spas formations in the Ukraine
(Koltun et al., 1998), as all economic hydrocarbon accumulations in the Ukrainian
Carpathians have been correlated to the Menilite Formation (Kotarba et al., 2019), although

the authors state that a contribution of Lower Cretaceous source rocks cannot be excluded.

The main goal of the present contribution is to provide an analysis of the vertical variation of
organic matter content and hydrocarbon potential of the Lower Cretaceous Shypot Formation,
a potential source rock, several hundred metres thick. For this, we selected a well-exposed
outcrop section west of the village Bystrets in the Chornohora nappe (Fig. 1b). The study
results are compared to source rock data from other areas in the Carpathian Fold-Thrust Belt
and will contribute to a better understanding of the petroleum system, particularly in the

internal parts of the fold-belt, which are still relatively unexplored.
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Fig. 1: (a) Outline map of central-eastern Europe showing the location of the study area in the
Carpathian orogenic belt. (b) Structural map of the Carpathian Fold-Thrust Belt (after
Nakapelyukh et al., 2018; Oszczypko et al., 2006; Slaczka et al., 2006) with the
location of the studied section in western Ukraine. Locations of profiles (1-9) with
comparative samples are also shown.
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2. Geological setting
2.1 Stratigraphy and tectonics

The Outer Carpathians comprise a series of nappes which have been thrust NE-ward, during
Early Miocene tectonism, onto the SW margin of the East European Plate (Slaczka et al.,
2006). In Ukraine, the following thrust sheets are distinguished from the NE (i.e. the most
external part of the thrust-belt) to the SW (most internal): Sambir (Stebnik), Boryslav-
Pokuttya, Skyba (Skole), Krosno (Silesian), Dukla-Chornohora, Burkut, Magura, and Rhakiv
(Nakapelyukh et al., 2018; Fig. 1b). The tectonic position of the Chornohora nappe is not
completely clear (see Slaczka et al., 2006). According to Nakapelyukh et al. (2018), the
Chornohora nappe corresponds to the Dukla nappe, and therefore is often regarded as the

Dukla-Chronohora nappe.

Each thrust-sheet represents a separate or partly separate sedimentary sub-basin containing
different lithostratigraphy and tectonic structures (Golonka et al., 2006). Strata in the Outer
Carpathians ranges from Early Cretaceous to Early Miocene in age and may locally exceed
thicknesses of 6 km (Slaczka et al., 2006). During overthrusting, the tectonic units became
uprooted, and generally only the central parts of the basins are preserved (Slaczka et al.,

2006).
2.2 Lithology of the Early Cretaceous strata

Early Cretaceous black shales make up the base of the flysch belt. They were deposited in
oxygen-depleted marine conditions, which partly coincide with a global anoxic event during
Barremian to Albian times (OAE-1; Schlanger and Jenkyns, 1976; Jenkyns, 1980), and are
assigned to either the Shypot or the Spas Formation, depending on their tectonic position. The
Spas Formation is confined to the Skole-Skyba Nappe and crops out locally in the NW part of
the nappe (Vialov et al., 1988), whereas the Shypot Formation crops out frequently in the

internal Krosno, Dukla-Chornohora and Burkut nappes.

Both formations are primarily composed of organic-rich black shales with minor siltstones
and sandstones in their lower part and by thick-bedded sandstones in their upper part. The
thickness of the organic-rich part of the Spas Formation in the Skyba Nappe (approximately
200 m; Kotlarczyk, 1988) is typically lower than that of the Shypot Formation (up to 300 m;
Slaczka et al., 2006). As described by Slaczka et al. (2006), the upper part of the Shypot
Formation in the Chronohora nappe comprises 200 m of dark, quartzitic sandstone with black

shale intercalations (Albian in age). The studied section is located within the south-eastern
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part of the Ukrainian Outer Carpathians where Lower Cretaceous sediments outcrop within

the Dukla-Chronohora nappe (Fig. 2).
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Fig. 2: Cross-section (A-B) of the Ukrainian Carpathians (modified after Shlapinskyi, 2015;
Nakapelyukh et al., 2018)

3. Petroleum Systems

The Ukrainian Outer Carpathians host two organic rich horizons: the Lower Cretaceous
(Barremian-Albian) Shypot and Spas Formations and the Oligocene-Lower Miocene Menilite
Formation (e.g. Sachsenhofer and Koltun, 2012). The genetic potential of the source rocks
increases from the Jurassic to the Oligocene-Lower Miocene Menilite Formation in the Outer
Carpathians (Francu et al., 1996). The Menilite Formation is the primary source rock interval
of the region (Kotarba and Koltun, 2006) and contains very high TOC contents (locally
exceeding 20 wt.%) with HI values up to 800 mgHC/gTOC (Rauball et al., 2019 cum lit.)

The Shypot and Spas formations are considered as additional potential source rocks (Kotarba
and Koltun, 2006). Their TOC is generally greater than 2 wt.% and may reach as much as 8
wt.%. Rock-Eval data show that the shales contain a type III or II/IIl kerogen (Sachsenhofer
and Koltun, 2012). A type III kerogen is also indicated by the presence of high percentages of
vitrinite (Kruge et al.,, 1996). Despite the occurrence of this potential source rock, no
Cretaceous-sourced oil and gas has been identified across Ukrainian territory (Boote et al.,
2018; Kotarba et al., 2019). However, according to Wigctaw et al. (2020), gaseous
hydrocarbons in the eastern part of the Polish Outer Carpathians originated from Upper
Cretaceous—Palaeocene Istebna shales or Lower Cretaceous strata (Vetovice, Lgota and Spas

shales).


https://www.sciencedirect.com/science/article/pii/S0040195117304626#bb0240
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4. Samples and Methods

For this study, 94 samples from the Shypot Formation in the Chornohora nappe were
collected from an outcrop along a small tributary of the river Bystrets, west of the village
Bystrets (base of section: 48°07'18" N 24°3827" E), Iwano-Frankiwsk, Ukraine. All samples
were cleaned (using water), dried (at 30°C in a drying-cabinet for two days) and pulverized
(to a fraction below 0.2 mm; using a stone grinding machine) before laboratory analyses were

performed.

The samples were analysed for their total carbon (TC), total sulphur (TS) and total organic
carbon content (TOC) using an ELTRA Elemental Analyser and calcium carbonate (12.00 %
Carbon) as a standard. Samples measured for TOC were treated twice with 50% phosphoric
acid to remove inorganic carbon. Results are based on the averages of at least two
corresponding measurements and are given in weight percent (wt.%). The total inorganic
carbon (TIC) was determined by subtracting the TC with the TOC. TIC was then used to
calculate the calcite equivalent percentages (=TIC*8.333 - which is the stoichiometric factor

or CaCOs).

Rock-Eval pyrolysis was carried out using a “Rock-Eval 6” analyser in order to determine the
Si, S; peaks (mgHC/grock) and Tyax for all samples. The S; peak records hydrocarbons
volatilized at 300°C and determines the amount of hydrocarbons present in the rock, whereas
the S, peak is produced during gradual heating from 300 to 650°C, and determines the amount
of hydrocarbons formed during pyrolysis. The petroleum potential (S;+S, [mgHC/grock]), the
hydrogen index (HI=S,*100/TOC [mgHC/gTOC]) and the Production Index (S/[S;+S:])
were calculated. Ty,ax 1s @ maturity parameter and indicates the temperature during Rock-Eval
pyrolysis at which the maximum amount of hydrocarbons can be generated (Espitalié et al.,

1984). Sy, S; and T, results are based on the average of at least two measurements.

Based on the TOC contents and HI values (preferably higher values), a total of 24 samples
were selected at similarly spaced intervals across the Shypot Formation for biomarker
analyses. Samples were extracted in a Dionex ASE 200 accelerated solvent extractor using
dichloromethane at 75° C and 50 bar for approximately 1 hour. Asphaltenes were precipitated
from the solution using a hexane—dichloromethane solution (80:1) and then separated by
centrifugation (1000 rpm). The hexane-soluble fractions were separated into NSO
compounds, saturated hydrocarbons and aromatic hydrocarbons using medium pressure liquid

chromatography (MPLC) with a Koéhnen-Willsch instrument (Radke et al., 1980). The
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saturated and aromatic hydrocarbon fractions were analysed by a gas chromatograph equipped
with a 30 m DB-5MS fused silica column (i.d. 0.25 pm; 0.25 pum film thickness), coupled to a
ThermoFisher ISQ Dual-quadrupole mass spectrometer. Using helium as the carrier gas, the
oven temperature of the GC was set to increase from 70° C to 300° C at 4° C min—1, which
was followed by an isothermal period of 15 min. With the injector temperature set to 275° C,
the sample was injected with a split ratio of 10. The spectrometer was operated in the EI
(electron ionization) mode over a scan range from m/z 50 to 650 (0.7 s total scan time). Data
was processed using an Xcalibur data system where individual compounds were identified on
the basis of retention time in the total ion current (TIC) chromatogram and by comparison of
the mass spectra with published data (e.g. Peters et al., 2007). Percentages and absolute
concentrations of various compound groups in the saturated and aromatic hydrocarbon
fractions were calculated using peak areas from the gas chromatograms and their relations to
the internal standards (deuterated n-tetracosane and 1,1'-binaphthyl, respectively).

Concentrations were adjusted according to the TOC content of each sample.

The samples used for biomarker analysis were also selected for organic petrographic
investigations (with the exception of one sample, where not enough material was available for
further analysis). In total, 23 polished blocks were prepared for semi-quantitative maceral
analysis. Maceral composition was determined using white light and fluorescence light.
Vitrinite reflectance measurements were determined using a Leica microscope and following

established procedures (Taylor et al., 1998).

The Methylphenanthrene Index-1 (MPI-1) was calculated following the equation: (1.5 % (2-
MP + 3-MP)/(Phen + 9-MP + 1-MP)). The MPI-1 was then used to calculate vitrinite
reflectance following the equation (Rc = 0.60 MPI-1 + 0.40) proposed by Radke and Welte
(1982) Phen — Phenanthrene, MP — Methylphenanthrene.
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S. Results
5.1. Lithology

At the study location in the Chornohora nappe, the lower black shale part of the Shypot
Formation is estimated to be about 400 m thick, which is slightly thicker than the 300 m thick
lower part of the Shypot Formation analysed by Slaczka et al. (2006). The sandstone-rich
upper part of the Shypot Formation (Slaczka et al., 2006) was not encountered and may be
missing in this part of the Chornohora nappe. The base of the formation, which is marked by
an unconformity, is fault-bound and underlying sediments were not exposed. The studied
section is primarily composed of organic-rich black shales with minor siltstone and sandstone
beds. Organic-rich shale intervals are represented by brighter and darker shale intervals.
Darker shales outnumber the lighter shales significantly throughout the entire section.
Surprisingly, the lighter shales analysed at 0 m, 257.5 m, 324 m, 332 m, and 385 m (all
positions are relative to the top of the formation) contain a lower carbonate content (average:
3.0 wt.%) than the darker shales (average: 8.0 wt.%). Carbonate content is highest in the
middle of the formation (max. 38.5 wt.%) and generally decreases slightly towards the top.
Sandstones are typically 30 to 40 cm thick (max. 1.5 m). They are fine- to middle-grained and
occur frequently throughout the formation. The percentage of sandy sediments is in the order
of approximately 35 %. Sedimentary structures such as dewatering structures are present in

some sandstone beds.
5.2. Bulk parameters of organic matter and maceral composition

The TOC content of black shales of the Shypot Formation in the Chornohora nappe averages
2.8 wt.% (Table 1; Fig. 3). Maximum TOC contents (up to 9.4 wt.%; Fig. 3) occur 280 to 325
m below the top of the section. HI values are low (average: 88 mgHC/gTOC; max. 185
mgHC/gTOC; Table 1; Figs. 3, 4) and increase slightly in the upper part of the section. On
average, the grey shales contain a lower TOC content (average: 0.86 wt.%) and lower HI
values (average: 49 mgHC/gTOC) than the black shales. T values (average: 456°C; Table
2) show a general upward decreasing trend. Production Index (PI) values range from 0.06 to
0.26 (average 0.13). The calcite equ. varies considerably (Fig. 3), and reaches a maximum of

38.5 wt.% in the lower part of the section.

Sulphur contents reach a maximum of 2.5 wt.% (Fig. 3). TOC/S ratios (Fig. 3), which are
commonly used as a parameter to distinguish between anoxic and oxic conditions, as well as

between marine and freshwater deposits (Berner and Raiswell, 1984), range from 0.7 to 5.2
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(average 2.4) in samples with at least 0.3 wt.% TOC. TOC/S ratios generally increase slightly

in the upper part of the section.

Calcite,, TOC HI Sulphur n-alkane
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Fig. 3: Geochemical data for the Shypot Formation in the Chornohora nappe. Calcite equ. —
calcite equivalents; TOC — total organic carbon; HI — Hydrogen Index; S — Sulphur;
Pr/Ph — Pristane/Phytane.

Yields of extractable organic matter (EOM) for a subset of samples from the Shypot

Formation vary from 3.70 to 22.78 mg/g TOC (average: 9 mg/g TOC; Table 2). Extracts from

all samples are primarily dominated by NSO compounds (31 to 81% of the EOM), with the

exception for sample 281 m (from the top of the section) which contains elevated Asphaltene

content (80% of the entire EOM).

Maceral composition for the Shypot Formation (Table 1) is characterized by a high abundance
of vitrinite (34-60 vol.%; Fig. 5). Moderate amounts of sporinite (15-34 vol.%), lamalginite
(9-19 vol.%) and telalginite (6-20 vol.%) make up the remaining maceral composition.
Inertinite (mainly fusinite) is observed frequently throughout the succession (max. 12 vol.%).
Glauconite and authigenic carbonate minerals (Fig. 5) are also frequently present in most
samples. Without a noticeable trend in the studied section, vitrinite reflectance ranges from

0.74 to 0.86 % (average: 0.83%; Table 1).
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118.0 4.0 12 12.8 171 7.5 0.09 . * ® 50 6 22 Ll 1 3.8 Y
133.0 4.9 14 4.4 105 57 0.08 0.74 39 009 36 7 30 1T 10 59 y
158.0 18 1. 12.0 80 17 0.15 * = ¥ 52 6 24 12 6 34 y
170.0 31 1.0 5.7 81 29 0.13 * - ¥ 45 g 17 13 16 6.2 y
184.0 38 2.2 10.3 111 4.7 0.11 08 52 010 38 6 22 18 16 5.5 y
228.0 18 21 21.3 90 1.9 0.18 td ¥ * 43 7 29 14 7 2.2 ¥
248.0 2.1 1.2 237 74 1.8 0.16 ¥ X ¥ 49 6 19 3 13 3.4 Y
257.0 3.8 19 11.3 89 4.0 0.16 . . ¥ 59 7 16 11 7 5.3 Y
281.0 8.0 22 0.7 127 11.2 0.09 0.8 67 011 49 8 16 16 1 7.9 y
2%4.0 7.5 25 6.1 124 10.4 0.11 x ¥ * 60 6 14 11 9 7.0 y
313.0 82 23 5.6 157 14.0 0.09 0.85 43 011 37 5 26 19 13 113 Y
323.8 9.4 23 38 124 12.8 0.09 " o * 47 7 20 15 11 9.6 n
361.0 2.8 12 4.8 77 25 0.12 0.86 43 011 43 7 29 14 7 5.5 ¥
382.0 3.6 20 14.7 110 21 0.13 = = ¥ 54 5 23 9 8 4.4 y
3%4.0 26 13 111 66 2.4 0.12 * " - 44 4 26 17 9 4.1 ¥
402.3 4.2 21 2.2 86 4.1 0.10 0.86 32 009 55 9 15 12 9 7.1 Y
Table 1: Selected Bulk and Rock-Eval data, vitrinite reflectance and maceral composition for

the Shypot Formation in the Chornohora nappe. TOC — total organic carbon; S — total
sulphur; Calcite equ. — calcite equivalent; HI — Hydrogen Index; PI — Production
Index; n# —number of measurements; * — not defined.
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Fig. 5: Photomicrographs of samples from the Shypot Formation in the Chornohora nappe. (a,
c¢) Photomicrographs in white light showing inertinite, vitrinite, glauconite and pyrite;
(b, d) Photomicrographs in fluorescence mode illumination showing lamalginite,
sporinite, telalginite and carbonate.
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5.3. Molecular composition of hydrocarbons

Geochemical data are listed in Table 2, and the vertical variation of important biomarker

proxies versus depth are shown in Fig. 3.

n-alkanes and isoprenoids - Samples from the Shypot Formation contain high amounts of
short-chain n-alkanes (n-Cis,0: 43-73%) and very low amounts of long-chain n-alkanes (n-

Ca6-32: 2-16 %; Table 2, Fig. 6). The percentage of the long-chain n-alkanes slightly increases

upwards.

Pristane/n-C;7 (0.09-1.33) and phytane/n-C,5 (0.05-0.61) ratios vary significantly and show a
positive correlation with the percentage of long-chain n-alkanes (r>=0.74 and 0.73,

respectively; Fig. 6). CPI values (Bray and Evans, 1961) range from 1.06 to 1.25 (Table 2),

but do not show a clear depth trend.
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Fig. 6: Cross-plot of relative concentration of long-chain n-alkanes versus (a) pristane/n-C;

and (b) phytane/n-C,g ratios.

Pristane/phytane (Pr/Ph) ratios are commonly used as redox indicator. Ratios < 1.0 are
attributed to strictly anoxic environments, whereas ratios above 1 suggest a suboxic (1-3) to
oxic (>3) environments (Didyk et al., 1978). Pr/Ph ratios for the Shypot Formation range from
0.41 to 2.23 (average: 1.58; Table 2, Fig. 3). Although suggested to be used with caution,

ratios < 1.0 are restricted to the lower part of the succession.
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Steroids - Sterane concentrations are very low (0.02-2.32 ug/gTOC), likely due to an
increased thermal maturity of the rocks (Tissot and Welte, 1984). High steranes/hopanes
ratios (1.30-8.54; Table 2), which are prone to maturity (Requejo, 1994; MiBlbach et al.,
2016), are an indicator of a marine organic matter with major contributions from algae, and
can be observed throughout the formation (Moldowan et al., 1986). The highest sterane
concentrations, as well as the highest steranes/hopanes ratios, are both found 49 m below the

top of the section.

The relative proportions of C,7, Cys and Cyg steranes may provide paleoenvironmental
information (Huang and Meinschein, 1979). For the Shypot Formation, the relative
proportions of C,7 steranes (33-54 %) are slightly elevated compared to Cyg(21-35 %) and Cyo
steranes (24-39 %; Fig. 7; Table 2). The ratio of C,3/Cy9 steranes in marine source rocks
increases during geological history (Grantham and Wakefield, 1988). In the Shypot
Formation, the C,3/Cyy steranes ratio varies widely (0.64-1.27; Table 2), but the average ratio

0f 0.90 agrees with the Early Cretaceous age of the rocks.

Terpenoids - Hopanes originate from precursors in bacterial membranes (Ourisson et al.,
1979). Similar to sterane concentrations, hopane concentrations range from 0.01 to 0.29 (ug/g
TOC; Table 2), whereas the 22S/(22S+22R) isomerization ratio of Cj;; hopanes varies
between 0.40 to 0.85 (average: 0.63; Table 2).

Moretane/hopane and trisnorneohopane/trisnorhopane (Ts/Tm) ratios are thermal maturity
parameters, but are also influenced by different source of organic matter and depositional
environment (Moldowan et al., 1986; Peters et al., 2007). The moretane/hopane ratio varies
from 0.07 to 0.32 (average: 0.15), whereas the Ts/Tm ratio ranges between 0.45 to 4.17
(average: 2.31).

Considering the Early Cretaceous age of the Shypot Formation, it is not surprising that

oleanane was not detected in any of the studied samples.
Polycyclic aromatic hydrocarbons (PAH) and S-containing compounds

The dibenzothiophene/phenanthrene (DBT/Phen) ratio reflects the availability of free H,S in
the water column (Hughes et al., 1995). DBT/Phen ratios for the Shypot Formation are
extremely low (<0.02) as a result of low DBT concentrations which are generally insufficient

for quantification.
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The Methylphenanthrene Index-1 (MPI-1) is a maturity parameter and can be used to

calculate vitrinite reflectance (Rc) of a sample (Radke and Welte, 1983). The calculated Rc
for the Shypot Formation ranges from 0.77 to 1.01 % (average: 0.87 %).

Polycyclic aromatic hydrocarbons, including Chrysene, Perylene, which are typically found in

coal deposits and may be used as an indicator for forest fires, are found in high concentrations

(28.6-186.6 ng/g TOC) throughout the succession.
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Fig. 7: Triangle diagram of C,;, Cy3 and C,9 regular sterane composition for the Shypot
Formation in the Chornohora nappe. Modified after Huang & Meinschein (1979).
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6. Discussion
6.1 Maturity and burial depth

Vitrinite reflectance values (average: 0.82 %) indicate peak oil window maturity for the
Shypot Formation at the study location. Ty, values (average: 456°C) and vitrinite reflectance
calculated using MPI-1 values (average 0.87 %) agree with a peak oil window maturity. A
subtle downward increase in maturity with depth of burial is indicated by Ty.x values and a
downward increase in short-chain n-alkanes, which are mainly controlled by the advanced
maturity of the studied section. In addition, since pristane/n-C;7 and phytane/n-C;g ratios
correlate positively with the percentage of long-chain n-alkanes (1*=0.74 and 0.73,
respectively), isoprenoid/n-alkane ratios and the percentage of long-chain n-alkanes are also
mainly controlled by maturity. Furthermore, maturity parameters, including CPI (1.06-1.25),
hopane isomerization (average 0.63), moretane/hopane ratios (0.07 - 0.32; average: 0.15) and

Ts/Tm ratios (average: 2.31), support oil window maturity for rocks at the studied section.

Compared to another outcrop locality in the Chornohora nappe (Gryniava, site 7 in Fig. 1;
433-441°C; Koltun et al., 1998), T« values in the studied profile are significantly higher and
similar T,y values (454-458°C) are observed only at 3.5 km depth (borehole Gryniava-1;
Koltun et al., 1998; Fig. 3). Koltun et al. (1998) reconstructed a maximum burial depth of
about 6 km for the Lower Cretaceous rocks in the Gryniava-1 well and a similar burial depth

has to be assumed for the Shypot Formation exposed at the study location.
6.2. Remaining and original source rock potential

The high maturity of the Shypot Formation implies that hydrocarbons have already been
generated (see also PI values exceeding 0.1). Hence, HI values and the petroleum potential
(S;+S;) cannot be considered original. Consequently, a plot of the petroleum potential vs.
TOC provides information on the remaining source rock potential only (Fig. 8). Based on the
(remaining) petroleum potential, the Shypot Formation is a poor to good source rock (Fig. 8),

despite the very high TOC contents (max. 9.4 wt.%).
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Fig. 8: Petroleum potential vs. TOC for the Shypot Formation in the Chornohora nappe. Data
from additional outcrop and borehole samples in the Grynyava area (site 7 in Fig. 1;
Koltun et al., 1998) are shown for comparison. Classification after Peters and Cassa
(1994).

The remaining source potential of the Shypot Formation was calculated following the

equation for the Source Potential Index (SPI) proposed by Demaison and Huizinga (1994)

(SPI = thickness*[S;+S,]*bulk density/1000). Assuming a net source rock thickness of 263 m

(65 % of the total thickness of the studied section), as well as an average remaining petroleum

potential of 3.3 mgHC/g rock and an average density of 2.3 t/m? (Demaison and Huizinga,

1994), an SPI of 2.0 tons of hydrocarbons per square metre surface area can be calculated

(tHC/m?).

HI values of the marginal mature outcrop samples at Gryniava (average Tmax: 437°C; see Fig.
3) may be used for a very rough estimate of the original SPI. At that locality, HI values range
from 58 to 300 mgHC/gTOC and the average HI is 172 mgHC/gTOC (Koltun et al., 1998).
The average HI at the studied section is 88 mgHC/gTOC, suggesting that about 50 % of the
original potential has already been generated during burial and heating. Hence, the original
SPI may have been in the order of 4.0 tHC/m?, implying that about 2 tHC/m? have been

generated and expelled.
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If the generated hydrocarbons formed any accumulations, it is reasonable to assume that these
accumulations were destroyed during major uplift and erosion. Based on the
thermochronological data, major uplift commenced 12 to 10 Ma ago and post-dated nappe

stacking and shortening (Nakapelyukh et al., 2018).
6.3. Organic matter type and depositional environment

Maceral analysis (Table 1; Fig. 5) reveals a high percentage in terrestrial organic matter
(vitrinite: 34-60 vol.%; inertinite: 0-12 vol.%; sporinite: 15-34 vol.%). However, aquatic
macerals (alginite: 18-32 vol.%) also occur in significant amounts. This suggests a mixture of
type III and II kerogen, which is also supported by HI values of marginal mature samples (ca.
40-300 mgHC/gTOC) from the Chornohora nappe (Koltun et al., 1998). In contrast, high
maturity of the Bystrets section prohibits the use of HI for kerogen classification (Fig. 4).

Relatively high amounts of alginite are reflected by high concentrations of C,; steranes (Fig.
7). Nevertheless, considering the maceral percentages, the content in Cy steranes,

characteristic for woody land-plant input, is surprisingly low.

Preservation of the organic matter was supported by an oxygen-deficient environment,
indicated by Pr/Ph ratios, which are low and range between 1.0 to 2.3. Pr/Ph ratios below 1
reflect strict anoxic conditions, and are only observed in the lower part of the studied
succession. This, together with relatively high TOC/S ratios (Berner and Raiswell, 1984),
shows that strictly anoxic conditions were rare. Very low DBT/Phen ratios, partly due to low
DBT concentrations, suggest that free H,S was not available in the water column, providing
an additional argument against strict anoxic conditions. Oxygen-depletion may be related to

late Barremian to Albian global anoxic event (OAE 1; Jenkyns, 1980).

Glauconite is formed in oxygen-depleted shallow marine environments. Its appearance in
most samples (Table 1) suggests detrital input from near-shore environments, which is in line

with the high percentages of landplant-derived macerals (esp. vitrinite and sporinite).

Vertical trends show that the environment did not change significantly during deposition of

the lower, shaly part of the Shypot Formation.
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6.4 Comparison with coeval rocks in the Carpathian Basin

Stratigraphic rocks equivalent to the Shypot Formation are found in different nappes along the
entire Carpathian Belt. However, many parts of these rocks are unexplored and therefore only
few source rock data are available. The following discussion summarizes bulk geochemical

data from Lower Cretaceous rocks according to their tectonic position.

The most external nappe is the Boryslav-Pokuttya - Marginal Folds nappe. Lower
Cretaceous rocks are absent in the Boryslav-Pokuttya nappe in Ukraine. In contrast, the Sarata
Formation in Romania has been traditionally considered as Lower Cretaceous (e.g. Melinte et
al., 2007; Roban et al., 2017). However, according to Amadori et al. (2012) and Guerrera et
al. (2012), only the lower member of the Sarata Formation may be Lower Cretaceous,
whereas the middle and upper member are probably Late Cretaceous (Campanian —
Maastrichtian) in age. Silicified black shales occur in the lower and in the middle member and
contain on average 1.49 wt.% and 1.37 wt.% TOC, respectively (Fig. 9d; Amadori et al.,
2012). Similar TOC contents (0.3-1.5 wt.%) have been reported recently by Roban et al.
(2017). Both successions are marginal mature (439°C), but HI values vary considerably (Fig.
4b). Organic matter in the lower member has low HI values (47-111 mgHC/gTOC; average:
76 mgHC/gTOC), whereas the middle member displays relatively high HI values (196-394
mgHC/gTOC; average: 290 mgHC/gTOC; based on four samples only), which is the highest
recorded value for all Cretaceous rocks in the entire Carpathian Basin. However, as pointed
out by Amadori et al. (2012), these rocks are probably Late Cretaceous in age and may
represent the Coniacian to early Campanian OAE 3. Relatively high TOC contents (~3 wt.%)
also occur in thin shaly layers within the Cenomanian/Turonian succession (Roban et al.,

2017).

Data from the Skole-Skyba-Tarcau nappe are available from Poland and Ukraine. In both
countries (sites 4 and 5 in Fig. 1) Hauterivian to Aptian aged rocks (Lower Spas Formation)
are immature (average T 429°C) and contain high amounts of organic matter (Ukraine:
2.02-6.19 wt.% TOC %; average 3.30 wt.% TOC; Poland: max. 4.53 wt.%TOC; average: 2.85
wt.%). HI values are very low (~50 mgHC/gTOC) despite of low maturity. Deep borehole
samples in Ukraine (~4400 m; site 6 in Fig. 1) are mature (448°C) and contain even higher
TOC contents (4.05 wt.%; max. 7.84 wt.%) with an average HI of 153 mgHC/gTOC; max.
235 mgHC/gTOC) (Figs. 4b, 9c). Melinte-Dobrinescu and Roban (2011) report high TOC
contents (average: 3.2 wt.%; max. 5.5 wt.%) from the Tarcau nappe in Romanian.

Unfortunately, Rock Eval data are not available.
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Data from the Silesian-Krosno nappe are available from the Polish Carpathians (sites 1-3 in
Fig. 1; Slaczka et al., 2014). Only samples from site 2 are immature to marginal mature (T pax:
435°C). They contain high amounts of organic matter (average 2.5 wt.%, max. 3.72
wt.%TOC) with HI values ranging from 92 to 267 mgHC/gTOC (average 196 mgHC/gTOC).
Average TOC contents (1.6 wt.%) of mature to overmature samples at sites 1 and 3 are
slightly lower, although the maximum content is similar (3.70 wt.%). HI values are low
(average 65 mgHC/gTOC), due to advanced maturity. High TOC contents (2.0-3.7 wt.%)
were also reported from the western Czech part of the nappe (Pavlus and Skupien, 2014).

Lower Cretaceous rocks in the Dukla-Chornohora-Audia nappe have been studied in this
paper and by Koltun et al. (1998) in its Ukrainian sector (Chornohora nappe) and by
Anastasiu et al. (2013) in its Romanian sector (Audia nappe). The average TOC content in
immature to marginal mature outcrops of the Lower Shypot Beds in the Grynyava area (Tpax
437°C) is 4.6 wt.% (max. 7.5 wt.%) and the average HI is 177 mgHC/gTOC. Mature outcrop
samples in Ukraine (this study) and Romania (site 9 in Fig. 1) and mature samples from a
deep borehole are characterized by an average T, of 456°C. The average TOC (1.3 — 2.8
wt.%) and HI values (56-109 mgHC/gTOC) for these regions varies significantly. According
to Melinte-Dobrinescu and Roban (2011), TOC contents in the Audia nappe range from 1.05
to 3.35 wt.%. Marginal mature outcrop samples from the Upper Shypot Beds (439°C) contain
low amounts of organic matter (ca. TOC 1.0 wt.%) with very low HI values (ca. 45

mgHC/gTOC).

Overall, the comparison generally shows a strong dependency of HI values from maturity
(Fig. 4b). Black shales with a remarkably low potential occur in the northwestern part of the
Skole-Skyba nappe and in the upper Shypot Beds (Chornohora nappe). The interpretation of
data from the Marginal Folds in Romania is complicated by the uncertain age data. Apart
from that, most sections contain TOC-rich samples, but HI values are relatively low even in
immature samples, indicating the presence of an original type III-II kerogen. Nevertheless,
their hydrocarbon potential should be considered, although the Menilite formation clearly

contains source rocks with a better quality (Sachsenhofer et al., 2018a,b).
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Fig. 9: Lithostratigraphic correlation of age equivalent rocks of the Shypot Formation in the
Carpathian Basin (after Jankowski et al., 2012). Bulk parameters and Rock Eval data
according to Koltun et al. (1998), Anastasiu et al. (2013), Slaczka et al. (2014) and
Amadori et al. (2012).
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7. Conclusion

The Shypot Formation in the Chornohora nappe comprises of organic-rich shales with
interbedded siltstones and sandstones at the studied section near the village Bystrets. The
succession is approximately 405 m thick and is characterized by high organic matter content.
TOC content exceeds 9 wt.% in one sample in the lower part of the succession and averages
2.8 wt.% for the entire section. HI values (average 88 mgHC/gTOC), suggest an gas-prone
type III kerogen, but increase slightly towards the top of the Formation. The Shypot
Formation is thermally mature (average vitrinite reflectance: 0.82 %Rr; Tpax: 456°C). Pr/Ph
ratios (0.41 to 2.23) argue for oxygen-depleted conditions during deposition. Ratios below 1.0
are restricted to the lower part of the succession. Compared to other parts of the Carpathian
Basin, the Shypot Formation in the study area is slightly more mature, but displays similar

TOC content compared to other coeval rocks.

TOC suggests very good source rock potential, however according to the petroleum potential,
the formation is a poor to good source rock. The high maturity of the Shypot Formation
implies that hydrocarbons have likely already been generated. Hence, HI values and the
petroleum potential (S;+S;) cannot be considered as the original amount. The remaining
Source Potential Index (SPI) shows that 1.8 tons of hydrocarbons per m? can be generated,
whereas the original SPI, which is a rough estimate based on the marginal mature outcrop
samples from previous data on the Shypot Formation in the Chornohora nappe, yields an SPI

in the order of 4 tHC/m?, implying that about 2 tHC/m? have been generated.
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Abstract

Organic matter-rich Middle Jurassic rocks occur in the Mesozoic basement of the
Carpathian Foredeep in Ukraine. Eighty-nine core samples from the Mosty-2, Korolyn-6
and Korolyn-2 wells as well as three oil samples from the Kokhanivka and Orkhovychi oil
fields in the Kokhanivka Zone, were investigated. Bulk geochemical data as well as maceral
analysis have been determined, and a subset of these samples, including all oil samples, have

been investigated for biomarker composition.

Middle Jurassic strata are rich in organic matter (average: 4.19 wt. %) and reach TOC
contents of up to 14.98 wt. %. However, HI values are low, typically around 100 mg
HC/g TOC, and only reach a maximum of 242 mg HC/g TOC, indicating dominance of
gas-prone, Type III kerogen. Ty« values as well as random vitrinite reflectance measurements
for the Mosty-2 (434°C; 0.69-0.71% Rr), Korolyn-6 (443°C; 0.78-0.82% Rr) and Korolyn-2
(448 °C; 0.85-0.90 % Rr) wells indicate that thermal maturity increases with depth from
marginally mature to mature, suggesting that hydrocarbon generation may have occurred.
However, biomarker data suggests no genetic link between these rocks and Upper Jurassic
oils, as Cy7—Cy3—Cy9 sterane distributions, Pr/Ph ratios, DBT/Phenanthrene ratios and isotope

data display significant differences between the two.

New geochemical data, along with published biomarker data on Upper Jurassic rocks and
crude oils belonging to the same oil family as the Upper Jurassic oils in the Ukrainian
Carpathians, showed that Upper Jurassic rocks from the Korolyn-6 well present a

better fit and are the source for the analysed oils.
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1. Introduction

The East Carpathian Foredeep overlies the western margin of the East European Platform and
is partly overthrusted by the Eastern Carpathians (Oszczypko et al. 2006). It hosts about 120
gas fields with total reserves of 2373 MMboe (Boote et al. 2018). The gas is mainly of
microbial origin (Kotarba & Koltun 2011), sourced from immature Neogene shales
(Kosakowski et al. 2013), which accumulated in Miocene sandstones and in Mesozoic

carbonate and sandstone reservoirs (Popadyuk et al. 2006; Boote et al. 2018).

Apart from a microbial gas system, small oil fields (e.g., Kokhanivka, Orkhovychi; see Fig.
Ib for location) in the Ukrainian sector of the foredeep (Glushko 1968; Vul et al. 1998;
Kurovets et al. 2011) provide evidence for another petroleum system. The oil is reservoired in
Upper Jurassic and Upper Cretaceous carbonate rocks. A Middle Jurassic source rock
(Kokhanivka Fm.) is tentatively assumed as the source for the above accumulations (e.g.,
Koltun et al. 1998; Kotarba & Koltun 2006). Alternatively, thin intervals within the Upper
Jurassic succession may have generated the sulphur-rich oil (Kotarba et al. 2011; Kosakowski

et al. 2012).

In Ukraine, geological and geochemical data regarding potential source rock intervals in the
Mesozoic basement of the Carpathian Foredeep are limited (Koltun et al. 1998; Kotarba &
Koltun 2006; Kosakowski et al. 2012; Sachsenhofer & Koltun 2012). Additional information
on the petroleum generation potential of these intervals and their petroleum systems may
contribute to further exploration success in this area. Therefore, the primary objective of the
present study is to determine the vertical and lateral variability of the hydrocarbon potential of
the Middle Jurassic succession, and to analyse the genetic relationship between the Middle

Jurassic rocks and the oil accumulations in the Upper Jurassic reservoirs.

Additional data from Upper Jurassic source rocks from the Voloshcha-1 and Korolyn-6 wells
in Ukraine (Kosakowski et al. 2012) as well as for oil samples from the Opaka-1 (Wigctaw
2011) and Lubaczow-157 (Curtis et al. 2004) wells were taken into consideration for oil-to-

source correlation.
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2. Geological setting

The Carpathian Foredeep developed as a peripheral foreland basin in front of the advancing
Carpathian orogenic wedge during early and middle Miocene times (Oszczypko 2006;
Oszczypko et al. 2006). A generalized lithostratigraphic column of the Paleozoic and
Mesozoic basement of the Carpathian Foredeep in eastern Poland and Ukraine is provided in

Fig. 2.
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Fig. 1. a) Structural map of the Carpathian Fold-Thrust Belt and its foredeep basin (after
Oszczypko et al. 2006; Slaczka et al. 2006; Nakapelyukh et al. 2018) showing the location of
the study area in western Ukraine; b) Subcrop map of Middle Jurassic strata in the study area

and the locations of the discussed wells (after Kosakowski et al. 2012).

The basement complex is traditionally referred to as the Kokhanivka and the Rava Ruska
Zones in Ukraine (Fig. 1b), and as the Kielce Fold Belt and the Lysogory—Radom Block in
Poland (Bula & Habryn 2011). The boundary between the Kokhanivka and the Rava Ruska
Zones is formed by the Holy Cross Fault Zone. The south-western margin of the Kokhanivka
Zone is formed by the Krakovets Dislocation (Fig. 1b). The Paleozoic strata include
Cambrian, Ordovician and Silurian rocks (Drygant 2000; Buta & Habryn 2011; Jachowicz-
Zdanowska 2011), partly with high TOC contents (e.g., Kotarba et al. 2011).

Jurassic rocks overlie the Paleozoic (Cambrian to Silurian) succession and comprise Lower—

Middle Jurassic (Hettangian— Callovian) and Upper Jurassic—Lower Cretaceous (Oxfordian—
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Valanginian) sedimentary complexes (Kotarba et al. 2011). Lower Jurassic rocks are quartz

arenite and mudstones with coal intercalations (Kurovets et al. 2011). The Middle Jurassic

strata display variable thicknesses. In Poland Middle Jurassic sediments vary from dozens to

several hundreds of metres, exceeding 100 m only in a few wells (Moryc 2004). In Ukraine,

the Middle Jurassic complex in the Kokhanivka Zone shows a greater thickness and a more

complete stratigraphic succession, as Middle Jurassic sediments reach up to 1000 m in

thickness, likely due to deformations and tectonic repetition of sedimentary sequences. As a

result, the true thickness of this sequence may only be in the order of hundreds of metres

(Dulub et al. 1986, 2003; Moryc 2004; Swidrowska et al. 2008).
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Fig. 2. Lithostratigraphic column of the pre-
Miocene basement of the Carpathian Foredeep in
the Ukrainian—Polish border region (after Kotarba
et al. 2011).
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Middle Jurassic strata in the study area start with a sandstone-rich unit (e.g., Kurovets et al.
2011) grading upwards into organic matter-rich claystones and siltstones with scarce
intercalations of sandstones (Fig. 2). This succession has been termed Kokhanivka Formation
and ranges in age from Aalenian to Bathonian (Pienkowski et al. 2008). The Kokhanivka
Formation represents depositional systems varying from estuary/foreshore (lower part) to
dysoxic shelf sediments. Sediments of a shallow carbonate—siliciclastic shelf accumulated
during Callovian time (Javoriv Fm.; Pienkowski et al. 2008) and have a much wider aerial
extension than the underlying rocks. Dolomites and limestone with fossil remains, up to
several centimetres thick, can be observed (Dulub et al. 2003). The facies distribution during
Late Jurassic/Early Cretaceous times has been described in detail by Gutowski et al.
(2005a,b) and Krajewski et al. (2011). According to these authors, the south-western margin
of the East European Platform was formed by a carbonate ramp (Oxfordian, lower
Kimmeridgian) grading upwards into a rimmed platform (upper Kimmeridgian to
Valanginian). Deep-water (marly) limestones overlain by a platform slope facies (Karolina
Fm.) prevailed along the south- western margin of the Kokhanivka Zone near the Krakovets
Fault (Anikeyeva & Zhabina 2002; Gutowski et al. 2005a; Krajewski et al. 2011). Carbonate
buildups (Gutowski et al. 2005a,b) grading north-eastwards into an inner platform facies
formed the platform margin facies. These shallow marine carbonates provide reservoir rocks
for oil and gas fields in Ukraine (e.g., Kokhanivka, Orkhovychi) and Poland (e.g., Lubaczow)
(Kotarba et al. 2011; Kurovets et al. 2011).

Lower and Upper Cretaceous rocks comprising siliciclastic and carbonate successions
conclude the Mesozoic succession, but are often missing due to erosion. Miocene molasse-
type sediments follow above the major erosional unconformity. Partly the platform was

overridden by the Outer Carpathians (Fig. 1b).
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3. Petroleum Systems

The East Carpathian Foredeep is mainly a gas province and hosts a microbial gas system and

a thermogenic oil system.

More than 40 gas fields have been detected in the Ukrainian sector of the Carpathian
Foredeep (Boote et al. 2018). The microbial gas, sourced from immature Neogene shales
(Kosakowski et al. 2013) is trapped both in karstified Jurassic and Cretaceous carbonate and
sandstone reservoirs, as well as in the overlying Miocene (Sarmatian and Badenian)
sandstones (Boote et al. 2018). Minor thermogenic gas and condensate is sourced from mature

Neogene depocenters (Kotarba & Koltun 2011).

The thermogenic petroleum system produced small fields with heavy oil (Kokhanivka and
Orkhovychi) near the Polish— Ukrainian border. The oil is reservoired in Upper Jurassic and
Cretaceous carbonates (Glushko 1968; Vul et al. 1998; Kurovets et al. 2011). Reservoir rocks
in Ukraine (e.g., Kokhanivka, Orhkchivy) and Poland (e.g., Opaka, Lubaczow) are provided
by carbonate buildups and inner platform sediments (Kotarba et al. 2011). Kurovets et al.
(2011) distinguished three main types of reservoir rocks: (i) Fractured low-permeable
limestones with small inter-granular porosity; (ii) Organodetrital limestones with high
porosity (15-20 %) and permeability (up to 100-10-3 pum?); (iii) Fractured pseudo-oolitic
limestones with high porosity (20-30 %), but low permea bility. The reservoir rocks are
sealed by Miocene shales. Potential source rocks include black shales in the middle Jurassic
Kokhanivka Formation (e.g., Koltun et al. 1998; Kotarba & Koltun 2006) or deep-water
carbonate mudstones within the Upper Jurassic Karolina Formation (Kotarba et al. 2011;

Kosakowski et al. 2012).

Although located outside the study area, the Lopushna oil field (Popadyuk et al. 2006) in the
south-eastern part of the Ukrainian foreland autochthon, beneath the Carpathian flysch nappes
(for location see Fig. 1a) deserves mention. Here oil occurs in Upper Jurassic, Cretaceous and
Paleogene reservoirs. Jurassic source rocks are not present in the area. Therefore, and based
on the presence of oleanane, Koltun et al. (1998) and Kotarba & Koltun (2006) assumed that
the oil was generated from the Oligocene Mentilite shales from the Carpathian flysch sequence

(Radkovets et al. 2016).
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4. Samples and Methods

For this study, a total of eighty-nine core samples from the Mosty-2, Korolyn-6 and Korolyn-
2 wells, as well as three oil samples from the Kokhanivka-26, Orkhovychi-2 and Orkhovychi-
5 wells, were collected for analyses. Core samples from the Mosty-2, Korolyn-6 and Korolyn-
2 wells were taken at similarly spaced intervals (where possible), spanning from the
uppermost part of the available core, to its base. The studied sections only represent a portion
of the Middle Jurassic succession as overlying and underlying core samples from the selected
wells were not available or do not exist. Before laboratory analyses, all core samples were

cleaned, dried and pulverized.

The core samples were analysed for their total carbon (TC), total sulphur (TS) and total
organic carbon content (TOC) using an ELTRA Elemental Analyser. Samples measured for
TOC were treated twice with 50 % phosphoric acid to remove inorganic carbon. Results are
based on the averages of at least two corresponding measurements and are given in weight
percent (wt. %). The total inorganic carbon (TIC) was determined by subtracting the TOC
from the TC. TIC was then used to calculate the calcite equivalent percentages (=TIC*8.333).

Rock-Eval pyrolysis was carried out using a Rock-Eval 6 analyser in order to determine the
S1, Sz (mgHC/grock) and Thax for all core samples. S; determines the amount of hydrocarbons
present in the rock, whereas S, determines the amount of hydrocarbons formed during
pyrolysis. The petroleum potential (S;+S, [mg HC/g rock]), the hydrogen index (HI=S,/
TOC*100 [mgHC/gTOC]) and the Production Index (S,/[S;+S;]) were calculated using the S,
and S, measurements. Tmax 1S @ maturity parameter and indicates the temperature during
Rock-Eval pyrolysis, at which the maximum amount of hydrocarbons can be generated

(Espitalié et al. 1984). S, S, and T, results are based on at least two measurements.

Based on the TOC contents and HI values, a total of 10 core samples were selected at
similarly spaced intervals across the different wells, for biomarker analyses together with
three oil samples. Rock samples were extracted in a Dionex ASE 200 accelerated solvent
extractor using dichloromethane at 75°C and 50 bar for approximately 1 hour. Asphaltenes
were precipitated from the solution using a hexane—dichloromethane solution (80:1) and then
separated by centrifugation. The hexane-soluble fractions were separated into NSO
compounds, saturated hydrocarbons and aromatic hydrocarbons using medium pressure liquid
chromatography (MPLC) with a Kohnen—Willsch instrument (Radke et al. 1980). The

saturated and aromatic hydrocarbon fractions were analysed by a gas chromatograph equipped
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with a 30 m DB-5MS fused silica column (i.d. 0.25 mm; 0.25 mm film thickness), coupled to
a ThermoFischer ISQ Dual-quadrupole mass spectrometer. Using helium as the carrier gas,
the oven temperature was set to increase from 70°C to 300°C at 4°C-min—1, which was
followed by an isothermal period of 15 min. With the injector temperature set to 275°C, the
sample was then injected with a split ratio of 10. The spectrometer was operated in the EI
(electron ionization) mode over a scan range from m/z 50 to 650 (0.7 s total scan time). Data
was processed using an Xcalibur data system where individual compounds were identified on
the basis of retention time in the total ion current (TIC) chromatogram and by comparison of
the mass spectra with published data. Percentages and absolute concentrations of various
compound groups in the saturated and aromatic hydrocarbon fractions were calculated using
peak areas from the gas chromatograms and their relations to the internal standards
(deuterated n-tetracosane and 1,1°-binaphthyl, respectively). Concentrations were normalized

to TOC.

The samples used for biomarker analysis were also selected for organic petrographic
investigations (with the exception of two samples, where not enough material was available
for further analysis). Some additional samples have been selected based on their TOC content.
In total, 14 polished rock blocks were chosen and analysed using a single-scan method on
approximately 1500 random distributed points per sample in white light and fluorescence
(UV) mode (after Taylor et al. 1998). Depending on their origin, the macerals are divided
into groups outlined by the International Committee for Coal Petrology (ICCP System 1998,
2001). For their maturity assessment, random vitrinite reflectance was measured in non-
polarized light using a Leice DM4P microscope equipped with Hilgers FOSSIL MOT, with a
50x oil objective, following established procedures (after Taylor et al. 1998).

The MPI-1 was used to calculate vitrinite reflectance following the equation (Rc=0.60 MPI-
1+0.40) proposed by Radke et al. (1982).
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S. Results
5.1. Bulk parameters of organic matter and maceral composition

A summary of bulk parameters for the rocks from the Mosty-2, Korolyn-6 and Korolyn-2
wells are displayed in Fig. 3.

Plots of hydrogen index (HI) versus Tp.x are shown in Fig. 4. The Middle Jurassic section in
well Mosty-2 ranges from 2268 to 2559 m. The studied samples cover the depth interval from
2361 to 2560 m. Carbonate contents are typically low (<2 wt.%), but reach 43 wt. % in marly
sediments at 2512 and 2513 m depth. TOC contents range between 1.16 and 14.98 wt.%
(average: 3.93 wt.%) and are especially high between 2512 and 2525 m depth. HI values (36—
242 mgHC/gTOC) are low and reach a maximum at 2518 m depth. Tiax (432—440°C; average
434°C), and low Production Index (PI: 0.01-0.05) values show that the organic matter is
immature, whereas vitrinite reflectance (0.69-0.71% Rr; Table 1) measurements indicate
early oil window maturity. Sulphur contents are low (<1.0 wt.%). TOC/S ratios typical for
marine sediments (~2.8; Berner & Raiswell 1984) are observed in shallow samples (2361—
2364 m), but TOC/S ratios are often significantly higher (max. 69.2) in the organic matter rich

interval.

In well Korolyn-6, the Middle Jurassic succession ranges from 3037 to 4060 m. The studied
samples represent the depth interval between 3418 and 3642 m. In this interval carbonate
contents vary between 0.6 and 32.2 wt. % and are slightly higher than in Mosty-2. Even
though the Mosty-2 and Korolyn-6 wells both contain an interval with significantly higher
carbonate content (>30 wt. %) than the remaining samples, it is unlikely that these intervals
can be correlated, considering their distance. The rocks contain high amounts of organic
matter (TOC: 2.68-5.75 wt. %; average: 4.18 wt. %) with low HI values (average: 105 mg
HC/g TOC). Whereas TOC contents show little vertical variation, HI values are especially
low between 3430 and 3437 m depth, an interval characterized by silty plant-bearing,
carbonate-free sediments. Ty« (432—440 °C; average 434 °C), vitrinite reflectance (0.78—0.82
% Rr; Table 1) and PI values (0.15-0.23) are higher than in Mosty-2 and indicate early oil
window maturity. Sulphur contents are moderately high (0.20-3.08 wt. %) and TOC/S ratios
typically range from 1.3 to 6.6, but are higher (max: 29.4) is some samples near the base and

in the middle part of the studied section.
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Fig. 3. Bulk geochemical data and important biomarker proxies versus depth for rocks from

the Mosty-2, Korolyn-6 and Korolyn-2 wells.
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In well Korolyn-2, the Middle Jurassic strata was drilled between 3590 and 4212 m depth.
Three depth intervals (3642—3652; 3696-3712; 3870-3996 m) were studied and contain rocks
with low carbonate contents (0.6-13.9 wt. %). TOC contents are high (2.13—4.05 wt. %;
average: 2.62 wt. %) in the upper intervals, but low (~0.1 wt. %) in the bright coloured
deepest interval. HI values range from 55 to 105 mg HC/g TOC in the organic-rich intervals.
Tmax values (445450 °C; average 448 °C) as well as vitrinite reflectance (0.85-0.90 % Rr)

indicate that the organic matter is mature. PI values (0.11-0.36) increase downwards and

support oil window maturity.
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Maceral assemblages (Table 1; Fig. 5) are similar in all studied samples and show a
predominance of terrigenous maceral groups (detrovitrinite: 15-50 vol. %; inertinite: 7—49
vol. %; sporinite: 7-37 vol. %), whereas aquatic macerals (alginite: 14—46 vol. %) occur in
variable amounts. Overall, slight differences are observed in the fluorescence colouring

between the individual wells as the more mature rocks in Korolyn-6 and Korolyn-2 display
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darker and more red coloured liptinites, compared to the studied samples in Mosty-2 (Fig. 5).

Despite the small sample-set, an attempt was made to correlate the HI values with the vitrinite

and liptinite populations of the selected samples. However, these yielded inconclusive results

as the data do not correlate.

The standard deviation for the random vitrinite reflectance measurements ranges from 0.07—

0.13 and macerals were standardized to 100 % organic matter (% OM normalized; Table 1).

In addition, the volume percentage of the mineral matrix (darker regions in the

photomicrographs under white light; Fig. 5) and pyrite was determined, which allowed the

calculation of the total maceral amount in comparison to the mineral matter (vol. %; Table 1).

Depth TOC S Calcite equ. HI Vitrinite | Standard [Vitrinite Inertinite Sporinite Lamalginite Telalginite| Maceral
[m] [wt.%] [mg/gTOC]|[%Rr] n# |Deviation [% OM normalized] [vol.%]
Mosty-2
2361 1.74 1.02 1.69 81 0.69 47 0.07 50 7 7 14 21 2.7
2512 11.57 0.42 42.68 126 ¥ ¥ ¥ 19 49 16 10 5 15.7
2518 817 0.14 0.00 242 * e » 15 33 30 18 5 9.5
2525 3.25 0.09 0.07 221 ¥ ¥ ¥ 30 8 33 23 8 55
2529 1.55 0.74 1.37 91 0.71 42 0.07 47 7 20 13 13 2.9
Korolyn-6
3421 4.39 0.66 8.05 112 0.80 73 0.12 24 22 27 20 7 7.3
3428 4,07 0.63 7.40 116 » e o 27 8 37 19 10 73
3434 3.97 2.48 2.85 96 * * * 26 17 31 11 14 5.9
3445 520 0.24 9.62 117 082 68 0.13 27 19 24 14 16 6.6
3493 4.87 1.40 8.12 133 5 i 19 8 27 27 19 83
3521 575 0.20 6.23 141 0.78 74 0.13 26 14 26 17 3 b7g T
Korolyn-2
3652 4.05 1.25 7.34 93 085 70 011 33 25 21 13 8 4.2
3698 3.00 1.47 4.03 74 0.88 52 0.12 44 17 11 17 11 3.4
3708 2.48 1.30 341 61 0.90 50 0.11 26 21 21 11 21 34

Table 1: TOC, S, Calcite equ., HI, mean random vitrinite reflectance measurements and

maceral composition for rocks from the Mosty-2, Korolyn-6 and Korolyn-2 wells. Depth -

measured depth; TOC - total organic carbon; S - total sulphur; Calcite equ. - calcite

equivalents; HI - Hydrogen Index; n# - measurements.
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Fig. 5. Photomicrographs of samples from the Mosty-2 (a, b), Korolyn-6 (c, d) and Korolyn-2
(e, f) wells. a, c, e - Photomicrographs in white light showing inertinite, vitrinite and pyrite; b,
d, f - photomicrographs in fluorescence mode illumination showing sporinite, lamalginite and

telalginite.
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5.2. Molecular composition of rock extracts

Geochemical data for Middle Jurassic rocks from the Mosty-2, Korolyn-6 and Korolyn-2
wells are listed in Table 2 and plotted versus depth in Fig. 3.

Yields of extractable organic matter (EOM) vary between 1.07-7.63 mg/g TOC. NSO
compounds (29-59 % of the EOM) dominate in all samples, but asphaltene contents are

elevated in parts of the Mosty-2 well and both samples from the Korolyn-2 well.

n-alkanes and isoprenoids: The carbon preference index (CPI) values (Bray & Evans 1961)
are high in the Mosty-2 well (1.44-2.36), reflecting enhanced terrestrial input and low thermal
maturity. CPI values for the deeper rocks (Korolyn-6: 1.20-1.27; Korolyn-2: 1.19—-1.22) are
lower. The relative amount of short-chain n-alkanes (n-Cis-59), which are typically derived
from microbial organisms (Peters et al. 2007), depends on organic matter input and increases

also with maturity. Hence, it is surprising that the highest relative amounts are present in the

Korolyn-6 (n-Cs-20: 54-56 %) samples compared to the shallower Mosty-2 (n-Cis-20: 640
%) and the deep Korolyn-2 (n-C;5-20: 23-30 %) samples. Conversely, long-chain n-alkanes,
which are characteristic of higher land plants (Peters et al. 2007), are higher in the Mosty-2
(n-Cy6-32: 17-50 %) and the Korolyn-2 (n-Cys-32: 23—-26 %) rocks compared to the Korolyn-6

samples.

The Pristane/phytane (Pr/Ph) ratio is commonly used as redox parameter (Peters et al. 2007).
Pr/Ph ratio is elevated in the Mosty-2 (1.33-2.46) and Korolyn-6 (2.12-2.84) wells, except for
one sample in Mosty-2 at 2542 m with a Pr/Ph ratio of 0.30. The ratios for the Korolyn-2
(0.83-0.94) samples is lower. Highly-branched isoprenoid (HBI) alkanes were not detected in

quantifiable concentrations in any of the rocks.

Steroids: With one exception (Korolyn-6; 3428 m: 2.7 pg/g TOC), sterane concentrations are
typically very low (<0.6 pg/g TOC; Table 2). Diasteranes/steranes ratio range from 0.13 to

0.44 and steranes/hopanes ratio ranges from 0.08 to 0.59.

The relative abundances of C,7—C,5—Cy9 steranes are dominated by the source input (Fig. 6).
The ratio does not change significantly throughout the oil-generative window, so it is possible
to distinguish crude oils from different source rocks (Huang & Meinschein 1979). The
relative proportions of C,g steranes are dominant (32—60 %) over the Cyg (17-34 %) and Cy;
steranes (17-34 %; Fig. 6).
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The 20S/(20S+20R) Cy9-sterane isomerization ratio and the C,Bp/(Bp+oaa) ratio can be used
as a thermal maturity parameter, as the ratios rise with increasing maturity (Seifert &
Moldowan 1986). 20S/(20S+20R) Cyy-sterane isomerization ratios for the Mosty-2 (0.16—
0.29) and Korolyn-6 (0.08-0.12) wells are lower, compared to the Korolyn-2 well (0.39-43).
20S/(20S+20R) Cyo-sterane isomerization ratios observed in Korolyn-6 indicate thermal
immaturity, which correspond to an approximately 0.5 % Ro (Callejon et al. 2003), which is
lower than the measured vitrinite reflectance (ca. 0.8 % Rr). A similar trend is observed for

the CooBB/(BP+aa) ratio (Mosty-2: 0.30-0.41; Korolyn-6: 0.30-0.38; Korolyn-2: 0.58-0.63).
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Fig. 6. Ternary diagram of regular steranes (C,7—Cyy) showing the relationship between
sterane compositions for rocks from the Voloshcha-1, Korolyn-6, Mosty-2, Korolyn-6 and
Korolyn-2 wells, as well as oils from Kokhanivka-26, Orkhovychi-5, Orkhovychi-2, Opaka-1
and Lubaczow-157 wells (*after Kosakowski et al. 2012; **after Wigctaw 2011; ***after
Curtis et al. 2004).

Terpenoids: Hopanes are non-aromatic cyclic triterpenoids, which originate from precursors
in bacterial membranes (Ourisson et al. 1979). Similar to sterane concentrations,

concentrations are low in the rock extracts (0.36—5.00 pg/g TOC; Table 2).
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The trisnorneohopane/trisnorhopane (Ts/Tm) is a thermal maturity parameter, which can be
lithology and facies dependent and decreases in carbonate environments (Moldowan & Fago
1986; Peters et al. 2007). For Middle Jurassic rocks, the Ts/Tm ratios are extremely low
(0.01-0.11). However, since Ts/Tm ratios are extremely vulnerable and are heavily influenced
by the source of the organic matter and the lithology, this parameter should be taken with

caution.

The moretane/hopane ratio can also be used as a thermal maturity parameter as the ratio of
moretane to their corresponding hopanes decreases with increasing thermal maturity, from
approximately 0.8 in immature sediments, to about 0.15-0.05 in mature source rocks
(Mackenzie et al. 1980; Seifert & Moldowan 1980). Moretane/hopane ratios for Mosty-2
samples (0.28—0.55) are higher than in deeper samples (Korolyn-6: 0.18-0.24; Korolyn-2:
0.16-0.21; Table 2).

A widely used maturity parameter is the Cs; 22S/(22S+22R) homohopane ratio. The ratio
increases from 0 to 0.6 at equilibrium during maturation (Seifert & Moldowan, 1980). Most

of the samples yield values near the equilibrium (0.54-0.61; Peters et al. 2007).

The dibenzothiophene/phenanthrene (DBT/ Phen) ratio reflects the availability of free H2S
in the water column (Hughes et al. 1995). DBT/ Phen ratios for the rocks are low (<0.41;
Table 2).

The Methylphenanthrene Index (MPI-1) is a maturity parameter and can be used to
calculate vitrinite reflectance (% Rc; Radke et al. 1980). The calculated % Rc values for the
Mosty-2 (0.66-0.79 % Rc), Korolyn-6 (0.62—0.68 % Rc) and Korolyn-2 (0.73-0.90 % Rc)

rocks suggest early to peak oil window maturity.

Land-plant related biomarkers: Diterpenoids (e.g., cadalene, retene), which are
gymnosperm- derived biomarkers (Wakeham et al. 1980; Simoneit 1986; Alexander et al.
1988), were encountered in all rocks (3.36 to 37.51 pug/g TOC; Table 2). Considering their
Jurassic age, it is not surprising that pentacyclic non-hopanoid triterpenoids (incl. oleanane)

were not detected in any of the studied samples.

Compound specific isotope analysis (CSIA) of individual n-alkanes can be used as a tool to
determine oil-source correlations, as the depositional setting of the source rock influences the
shape of the n-alkane isotopic signature (Bechtel et al. 2012). Carbon isotope ratios of n-
alkanes derived from Mosty-2 and Korolyn-6 samples range from —29 to —26 %o. There is no

distinct trend with chain length visible (Fig. 7).
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5.3 Oil samples

Geochemical data for the oil samples from the Kokhanivka-26, Orkhovychi-2 and the
Orkhovychi-5 wells are listed in Table 2. NSO compounds (50-57 %) dominate in all oil

samples. Biodegradation was not observed in any of the studied samples (Fig. 8).

n-alkanes and isoprenoids: Oil samples are dominated by short-chain (4448 %; Fig. 8) and
mid-chain n-alkanes (29-31 %). Long-chain n-alkanes are rare (11-12 %) and show CPI
values (Bray & Evans 1961) near unity. Pr/Ph ratios are very low (0.29-0.54). HBI alkanes

were not detected in quantifiable concentrations.

Steroids: Sterane concentrations range from 300 to 350 pg/g oil; Table 2). Steranes/hopanes
ratios are rather uniform (0.50-0.56) and diasteranes/steranes ratios are extremely low (0.01).
Cy9 steranes (3848 %) are slightly more abundant than Cy; (33—41 %) and Cys (21-27 %;
Fig. 6) steranes. 20S/(20S+20R) sterane isomerization ratios (0.44-0.47) and the
CooPP/(Bp+aa) ratio (0.67-0.69) agree with oil window maturity.

Terpenoids: Concentrations of hopanes in oil samples ranges from 550-720 pg/g oil; Table
2. The Ts/Tm is extremely low for the oil samples (0.07-0.16). The moretane/hopane ratios of

oil samples are close to the equilibrium values of 0.6 (Seifert & Moldowan 1980).

8"°C -25
-26 Rock samples
(Mid-Jurassic)
=27 ® Mosty-2; 2523
@ Korolyn-6; 3521
-28 @ Korolyn-6; 3493
© Korolyn-6; 3428
-29
=0 Oil samples
31 (Up. Jurassic reservoirs)
i © Orkhovchi-2
O Orkhovchi-5
-32 @ Kokhanivka-26
-33

Fig. 7. Carbon isotopic composition of individual n-alkanes and acyclic isoprenoids in rock

extracts and oil samples.
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The DBT/Phen ratios of oil samples are significantly higher (2.76-3.70) compared to the
studied rock samples. Based on MPI-1, the oil samples were generated at oil window maturity

(Kokhanivka-26: 0.68 % Rc; Orkhovychi-5: 0.71 % Rc; Orkhovychi-2: 0.71 % Rc).

Land-plant related biomarkers: Gymnosperm-derived deterpenoids (Wakeham et al. 1980,
Simoneit 1986; Alexander et al. 1988), were encountered in significant concentrations (4.58

to 7.11 pg/g TOC; Table 2), whereas oleanane was not detected (Fig. 8).

CSIA: 3"°C values of n-alkanes range from —31.9 to —29.8 %o, showing that oil samples are

isotopically lighter than the studied rock samples (Fig. 7).
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6. Discussion

6.1 Middle Jurassic rocks
6.1.1 Maturity

Tmax values as well as vitrinite reflectance measurements (% Rr) indicate that thermal
maturity in the studied Middle Jurassic sample-set increases with depth of burial from
immature to peak oil window maturity (Fig. 9). PI values also increase with depth and reach a
value of 0.1, which is often considered as the top of the oil generating zone (e.g., Peters

1986), at approximately 3500 m depth.

In general, the fluoresecence colouring of the liptinite (sporinite, lamalginite and telalginite)
macerals differs between the individual wells, and is consistent with their maturities. The
more mature rocks in Korolyn-6 and Korolyn-2 typically display darker and more red
coloured liptinites (sporinite, lamalginite and telalginite), compared to the rocks observed in

Mosty-2, suggesting higher maturities (Fig. 5).

It should be noted that in some cases the re-working of sediments may influence colouring,
however, to our knowledge, this was not the case for any of the analysed samples. Biomarker
ratios are in general agreement with the thermal maturity trend suggested by Rock-Eval data.
For example, average CPI values decrease from 1.89 in Mosty-2 to 1.24 in Korolyn-6 and
1.21 in Korolyn-2. Moretane/hopane ratios decrease in the same direction from 0.45 (Mosty-
2) to 0.21 (Korolyn-6) and 0.18 (Korolyn-2). However, plots of 20S/(20S+20R) versus Ts/Tm
and BP/(BP+aa) for the Cyy steranes (Fig. 10), shows that sterane-based maturity parameters
pretend a lower maturity for Korolyn-6 samples compared to the shallower, immature Mosty-
2 samples. Probably this discrepancy reflects a facies influence on ste rane proxies. Within
this context, it is worth noting that rocks from the Korolyn-6 well typically contain higher
sulphur contents than those from Mosty-2 and Korolyn-2. However, low DBT/Phen ratios

show that organic sulphur contents are probably low.

Cs; 225/(22S+22R) homohopane ratios are similar and near the equilibrium value and do not
contribute to the maturity assessment. MPI-1 ratios and calculated Rc values for the Mosty-2
(average: 0.71 %Rc; Table 2) and Korolyn-2 (average: 0.82 %Rc; Table 2) are in line or
slightly below the vitrinite reflectance measurements for these wells (0.69— 0.71 %Rr and
0.85-0.90 %Rr, respectively). In contrast, similar to sterane isomerization, the MPI-derived
vitrinite reflectance value in Korolyn-6 (average: 0.66 %Rc; Table 2) is significantly lower

than the measured value (ca. 0.80 % Rr).
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Rauball

Thesis | 141

Tmax (°C) %Rr PI HI (mgHC/gTOC)
430 435 440 445 450 455 0.6 0.7 058 0.9 1.0 00 01 02 03 04 05 0 100 200 300
2000 2000 2000 2000
Oil Window Oil Window Oil Window
2200 2200 2200 2200
o . - . 4
2400 2400 2400 2400 Q
Z
bl * LU . 0"t e s 0 =
.
2600 2600 2600 2600 v
2800 2800 2800 2800
3
£ 3000 3000 3000 3000
o
o)
[m]
3200 3200 3200 3200
w0
3400 RAPP s 3400 A= 3400 P - 3400| | 4u's . £
-3 . ™ ‘. §
3600 3600 3600 3600
o o L] L X * *
e LY *plySe »e &
3800 3800 3800 3800 %
se o o S
[ ] - "
4000 4000 4000 . 4000 . v

Fig. 9. Depth plot

of Thax, Production Index (PI), Hydrogen Index (HI) and Vitrinite

reflectance (% Rr) measurements for Middle Jurassic rocks in Mosty-2, Korolyn-6 and

Korolyn-2 wells.
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2007) for Middle Jurassic rocks and oil samples from Upper Jurassic carbonate reservoirs.
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6.1.2 Hydrocarbon potential

Differences in thermal maturity have to be considered when assessing the hydrocarbon
potential. The original potential can be determined for Mosty-2 samples, whereas the
hydrocarbon potential of Korolyn-6 rocks may be slightly lower, and that of Korolyn-2 rocks
significantly reduced due to advanced maturity. A decrease in HI for Korolyn-2 rocks is
clearly evident in Fig. 9. However, a downward increase in HI is observed in the lowermost
sample (3996 m), likely due to extremely low TOC and S, values. Hence only a remaining

petroleum potential can be determined for Korolyn-2.
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Fig. 11. Petroleum potential vs. TOC for the rocks from the Mosty-2, Korolyn-6 and Korolyn-

2 wells. Grey field represents Upper Jurassic source rocks after Kosakowski et al. (2012).

Irrespective of maturity, TOC contents for the Mosty-2, Korolyn-6 and Korolyn-2 rocks are
high (Fig. 3) and average 3.93, 4.17, and 2.75 wt. %, respectively. Low TOC contents are
observed only in Middle Jurassic rocks between 3870 and 3996 m depth in Korolyn-2 (max.
0.13 wt. %). HI values of immature to marginally mature samples in the Mosty-2 (average
112; max. 242 mg HC/g TOC) and Korolyn-6 (average 105 mg HC/g TOC) wells show the
presence of type III kerogen, which is also supported by a strong predominance of terrigenous

macerals.
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A cross-plot of Rock-Eval S;+S, (petroleum potential) versus TOC (Fig. 11) indicates
strongly varying source potential for Mosty-2 samples ranging from poor to good. A fair to
good source potential is also visible for Korolyn-6 samples, however, the original potential of
rocks from this well may have been slightly higher. In contrast, the poor (remaining) potential

of the Korolyn-2 samples is clearly a result of their higher maturity.

6.2 Oil samples: Thermal maturity and implications for source rocks

The three studied oil samples are from Upper Jurassic reservoirs in the Kokhanivka Zone in
Ukraine. Two nearby oil samples from the extension of this zone in Poland (Lubaczow-157;
Opaka-1) have been studied by Curtis et al. (2004) and Wigctaw (2011) and are included in

this discussion. Well locations are shown in Fig. 1b and available data is listed in Table 2.

The MPI-1 (Table 2) values for the Kokhanivka-26 (0.68 % Rc), Orkhovychi-2 (0.71 % Rc),
Orkhovychi-5 (0.71 % Rc) and Opaka-1 (0.78 % Rc) wells indicate early oil window
maturity. In contrast, moretane/hopane ratios (0.07—0.08), C31 22S/(22S+22R) homohopane
ratios (~0.6), CPI values (0.94-0.96) as well as the 20S/(20S+20R) versus BB/(BP+ac) for the
Cy9 steranes and Ts/Tm (Fig. 10) suggest peak oil maturity.

Pr/Ph ratios are very low (0.29-0.54; Table 2) indicating strongly oxygen-depleted conditions
during deposition of the rocks. Very high DBT/Phen ratios (Table 2) indicate that free H2S
was elevated in the water column. On a cross-plot of Pr/Ph vs. DBT/Phen (Fig. 12b; Hughes
et al. 1995), the studied oils plot in Zone 1 (A and B sub-zones), which denotes a marine
carbonate depositional environment. This 1is further supported by very low
diasteranes/steranes ratios observed in the oil samples, as well as the low CPI (<I). In
addition, distributions of n-alkanes in the crude oil samples display a ma ximum in short-
chain hydrocarbons (Table 2), reflecting hydrocarbons generated from marine organic matter
(Peters et al. 2007), which was deposited in a carbonate-richenvironment. Since oleanane was
not detected in any of the oils, the age of the source rock most probably is Jurassic or older.
However, it is important to consider that the absence of oleanane does not always necessary

indicate pre-Cretaceous source rocks.

Elevated asphaltene content (Table 2) in the analysed oil samples, generally around 20 wt. %
(max: 33 wt. %), is higher than in oils from the Outer Carpathians (Boryslav—Pokuttya Unit;
Wigctaw et al. 2012). Wiectaw et al. (2012) used this fact as an indication for short-distance

migration and postulated that the source rock is in close proximity to the reservoir rocks.
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6.3 Oil-source correlation

An important aspect of the study was to correlate oils within Upper Jurassic reservoirs with
the potential Middle Jurassic source rocks (Kokhanivka Fm.). However, because biomarker
and isotope data are not compatible with a genetic link between the oils and the Middle
Jurassic rocks (see below), data from Upper Jurassic source rocks (Kosakowski et al. 2012)

are also taken into account.

The main arguments against a genetic link between accumulated oils and the Middle Jurassic
rocks are derived from plots of DBT/Phenathrene ratios versus pristane/phytane ratios (Fig.
12b). DBT/ Phenanthrene ratios are very high for the oil samples compared to the Middle
Jurassic rocks. The mismatch is also evident in plots of pristane/nC,7 vs. phytane/ nC,g ratios

(Fig. 12a), isotopic signatures (Fig. 7) and in differing sterane distributions (Fig. 6).

This shows that the studied section of the Middle Jurassic Kokhanivka Formation is not the
source rock for the accumulated oil. Hence an alternative solution has to be found. According
to Kosakowski et al. (2012), the TOC contents in Upper Jurassic rocks from the study area are
usually low (median: 0.08 wt. %), but samples from the Voloshcha-1 and Korolyn-6 (for
location see Fig. 1b; for selected data, see Table 2) wells contain high amounts of organic
matter. TOC values in samples between 2650 and 3300 m depth from the Voloshcha-1 well
displayed average TOC content of over 1 wt. % (max: 12.1 wt. %), but low HI values (~100
mg HC/g TOC), indicating the presence of type III kerogen, which is also supported by
maceral data and high CPI values (Kosakowski et al. 2012).
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pristane/phytane ratio. Classification of source kerogen sedimentation conditions after Hughes

et al. 1995. Data from Opaka-1 according to Wigctaw 2011.

In contrast, Upper Jurassic rocks from the Korolyn-6 well (1973-3037 m depth) contain
layers with very high HI (max: 557 mg HC/g TOC), but moderately high TOC (max. 1.5 wt.
%; Kosakowski et al. 2012) in the depth interval between 2140 and 2500 m, which can be
considered as having a fair to good hydrocarbon potential (Fig. 11). High organic sulphur
contents classify the kerogen as type IIS (Kosakowski et al. 2012), which may generate hyd
rocarbons below the typical limits of the oil window. The potential source rocks are also
compatible with the high DBT/Phenanthrene ratios detected in oil samples. Furthermore, two
Upper Jurassic samples from the Korolyn-6 well yield the best fit in the steranes triangular
diagram with the oil samples (Fig. 6). Hence, it is very likely that the oil was generated from
platform slope deposits preserved in the south- western part of the Kokhanivvka Zone in a
narrow strip along the Krakovets Fault (Fig. 1b; Krajewski et al. 2011). This study, therefore,
confirms earlier models published by Kotarba et al. (2011) and Kosakowski et al. (2012).
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7. Conclusion:

The investigation of 89 samples representing the Middle Jurassic Kokhanivka Formation in

the basement of the Ukrainian Carpathian Foredeep and of three oil samples from Upper

Jurassic reservoirs yielded important insights into the petroleum system:

Middle Jurassic rocks contain high organic matter contents (average TOC: 4.19 wt.;
max.: 14.98 wt.%). The organic matter is dominated by terrigenous macerals from a
nearby hinterland. Therefore, HI values are generally low (max: 242 mgHC/gTOC),
classifying the organic matter a gas-prone type III kerogen (with rare transitions to
type II kerogen).

Despite the high TOC contents, Middle Jurassic rocks can be considered “fair” source
rocks. Based on the total petroleum potential (Rock-Eval S;+S;), only few horizons
display “good” source rock potential.

As a consequence of the high terrestrial input, Pr/Ph ratios are often high (max: 2.84).
DBT/Phen ratios for these rocks are generally low, arguing for an absence of salinity
stratification of the water column.

Thermal maturity of the Middle Jurassic rocks is mainly controlled by depth of burial.
Mosty-2 samples (2361-2560 m depth) are marginally mature, whereas Korolyn-6
(3418-3523 m) and Korolyn-2 samples (3642-3996 m) reach peak oil window
maturity. Major hydrocarbon generation started at about 3500 m depth.

Oil samples derived from Upper Jurassic reservoir rocks are sulphur-rich and show
very high DBT/Phen ratios. In contrast, Pr/Ph (<0.6) and diasterane/sterane (0.01)
ratios are very low.

Major differnces in DBT/Phen ratios, Pr/Ph ratios and carbon isotope ratios between
oil and rock samples clearly show that the oils have not been charged from Middle
Jurassic rocks.

A comparison with published data from Upper Jurassic rocks (Kosakowski et al.,
2011a) suggests that the oils have been generated from platform slope deposits

preserved in a narrow stripe along the southwestern part of the Kokhanivvka Zone.
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Appendix abbreviations:

C Total carbon content
Calc. Equiv. | Calcite Equivalent
Fm. Formation

HI Hydrogen Index

NP Nannoplankton Zone
S Sulphur content

TIC Total inorganic carbon
TOC Total organic carbon
TOC/S TOC/S ratio
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10.2 Appendix II — Oligocene — Lower Miocene Menilite Formation

NP Depth S, S, T, TOC S TOC/S HI TIC Calc. Equiv. Isotopy Biomarker
[m] [mgHC/gRock] [°C] [%] [%] [-] [mgHC/gTOC] [%)] [%] 613C 6180

Lower Miocene Upper Menilite Member

NN2 O 0.01 119 427 1.01 038 264 117 1.69  14.06 -1.98 -3.24
NN2 25 002 111 427 1.00 0.35 2.0 111 220 18.36 -2.04 -9.67
NN2 37 001 144 427 1.21 037 3.24 119 1.93 16.11 -0.78 -9.05
NN2 51 001 098 429 0.87 0.89 0.99 111 2.02 16.82 -0.86 -4.01
NN2 59 005 6.00 428 218 094 231 275 166 13.83 -0.85 -5.87 X
NN2 75 004 514 428 210 1.01 208 244 1.61 13.42 -2.13 -12.44
NN2 83 0.03 224 430 119 043 276 188 260 21.70 -2.13 -8.84
89 004 263 430 139 065 215 189 0.47 3.95
NN2 230 0.14 1427 427 3.36 159 212 424 1.05 8.75 -1.67 -7.87
256 034 1913 420 4.97 288 173 385 0.00 0.00
265 0.61 2545 423 594 251 237 429 0.03 0.27 X
NN2 278 007 217 430 1.52 127 120 142 1.92 15.99 -1.01 -5.20
304 049 3538 417 8.52 3.17 269 415 0.03 0.22
311 090 43.51 419 894 3.05 293 487 0.19 1.59
324 022 1940 422 5.86 145 4.03 331 0.00 0.00
339 047 3134 417 7.40 3.80 1.95 423 0.13 1.12 X
348 018 1131 428 3.33 1.68 198 339 0.18 1.53
356 025 1938 423 501 293 171 387 0.23 1.95
373 001 021 432 0.25 003 7.78 144 0.00 0.00
375 016 1556 423 3.71 1.89 196 420 0.42 3.49
379 019 21.02 423 5.82 0.63 919 361 0.00 0.06 X
386 005 513 427 249 044 5.65 206 0.00 0.00
393 015 11.38 424 3.37 2.06 163 338 0.37 3.11
403 0.24 15.22 418 4.18 259 1.6l 364 0.00 0.00
413 0.46 28.07 416 6.88 3.88 177 408 0.01 0.05 X
418 015 12.87 423 3.26 1.65 1.98 395 0.37 3.06
495 0.21 19.69 421 5.39 197 273 365 0.20 1.70
NN2 865 0.10 870 428 3.15 146 216 276 1.27  10.59 -1.67 -10.41
870 012 1215 430 3.39 120 282 359 0.52 4.36
NN2 875 0.30 30.60 423 7.10 1.70 4.19 431 0.68 5.69 -1.87 -9.21
880 0.28 2530 425 5.03 212 237 503 0.31 2.62
NN2 888 048 19.17 424 3.87 2.08 1.86 496 0.92 7.67 0.54 -5.10
894 031 2171 421 4.68 255 183 464 0.45 3.79
899 075 56.57 425 9.16 2.40 3.82 617 0.17 1.44 X
906 1.30 78.38 420 16.19 2.58 6.27 484 0.23 1.89
NN2 911 010 746 427 243 119 205 307 115 9.55 -1.34 -13.78
916 0.15 1245 432 3.64 1.09 3.34 343 0.14 1.18
NN2 922 0.18 15.78 428 3.57 145 246 442 0.72 6.01 -1.20 -10.76
928 0.28 2049 424 4.70 1.64 286 436 0.71 4.80 X
930.5 0.20 13.34 428 3.46 162 213 386 0.97 3.76

NN2 9335 011 793 428 222 119 1.86 357 1.89  15.76 -1.11 -4.45
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NP Depth S, S; T.x TOC S TOC/S HI TIC Calc. Equiv. Isotopy  Biomarker
[m] [mgHC/gRock] [°C] [%] [%] [-] [mgHC/gTOC] [%] [%] 613C 6180
Lower Miocene Upper Menilite Member
939.5 0.21 17.21 430 3.91 144 272 441 0.29 2.40
NN2 947 010 6.79 431 226 129 175 301 1.48 12.36 -0.56 -13.43
NN2 970 0.09 6.19 431 223 105 212 278 0.76 6.34 -0.98 -8.00
979 0.21 1340 430 3.57 153 233 376 0.44 3.70
NN2 985 019 1511 429 3.75 154 243 403 0.72 5.99 -1.77 -6.12 X
NN2 993 0.13 10.01 429 259 156 1.65 387 o i 9.28 -1.02 -7.23
NN2 1020 0.17 13.51 430 3.52 1.81 1.94 383 0.59 4.95 -1.00 -6.34
1042 0.29 2291 425 4.88 2.38 2.05 470 0.30 2.49
10455 0.83 51.82 422 9.03 3.17 2.85 574 0.18 1.49 X
1048 0.15 1436 427 4.08 1.82 2.24 352 0.54 4.51
1056 0.46 4458 420 9.90 2.99 3.32 450 0.29 2.45
1071 0.18 1832 430 4.84 1.54 3.14 379 0.20 1.65
NN2 1077 0.14 9.18 428 285 1.23 231 322 0.77 6.41 -0.96 -6.55
1089 0.35 27.03 428 5.70 2.03 2.80 475 0.27 229
NN2 1106.5 0.23 16.91 426 3.53 191 184 479 0.94 779 -0.54 -5.88
11155 0.29 2439 426 5.38 2.28 2.36 454 0.43 3.58 X
NN1 1132 009 645 431 193 131 147 334 1.03 8.61 -0.44 -6.01
1139.5 0.18 14.12 428 3.40 1.92 1.77 416 0.33 2.78
NN1 1146 0.16 11.40 429 3.06 166 1.84 373 121 10.09 -0.65 -6.07
NN1 1159 0.25 10.98 430 2.64 148 1.78 416 0.82 6.83 -0.65 -14.12
1270 0.63 2343 423 5.69 177 3.21 412 0.06 0.53
1274 2.82 63.24 417 15.95 3.77 4.23 396 0.19 1.60
1299 3.71 70.89 417 14.94 2.39 6.25 475 0.51 4.26 X
1301 054 2072 423 4.18 176 2.38 495 0.04 0.31
1306 0.08 12.41 429 4.37 0.29 15.14 284 0.01 0.12
1327 3.73 82.87 417 23.11 1.74 13.29 359 0.14 1.14
1333 053 1469 427 3.26 1.21 2.70 450 0.03 0.22
1338 1.84 43.63 424 8.27 246 3.36 527 0.11 0.94
1341 144 36.25 421 7.08 1.44 4.92 512 0.08 0.63
1343 212 5691 420 12.80 1.94 6.60 445 0.54 4.46 X
1346 0.26 1210 429 2.52 0.31 8.13 480 0.04 0.32
1350 0.03 054 433 0.34 018 1.91 159 0.06 0.47
1355 091 2075 427 4.44 0.38 11.56 468 0.03 0.27
1360 0.31 10.92 431 2.34 0.19 12.45 467 0.01 0.12
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NP Depth S, S, T, TOC S TOC/S HI TIC Calc.Equiv. Isotopy  Biomarker
[m] [mgHC/gRock] [°C] [%] [%] [-] [mgHC/gTOC] [%] [%] 613C 6180
Lower Oligocene Lower Menilite Member
24 0 0.04 121 419 0.83 097 0.86 145 2.55 21.25 -1.03 -6.00
24 4 0.42 30.67 419 9.21 1.38 6.67 333 0.77 6.44 0.54 -9.95 X
24 8 0.01 0.10 420 5.80 1.40 4.16 314 4,91 40.94 492 145
11 0.20 14.24 421 4.08 1.01 4.04 349 0.43 3.57
24 13 0.22 16.54 422 555 0.87 6.38 298 0.79 6.57 0.03 -4.58
24 137 001 0.18 420 6.12 1.27 4.81 245 4.40 36.69 495 -0.05
24 15 0.11 11.16 422 504 1.00 5.03 221 1.44 12.02 0.24 -4.22
17 095 47.38 421 11.58 2.35 4.92 409 0.07 0.56 X
24 19 0.09 456 421 341 1.18 289 134 2.59 21.59 -4.54 -9.51
21 0.85 37.15 419 10.18 2.40 4.24 365 0.09 0.71
24 1.00 49.96 416 11.94 4.28 2.79 419 0.13 1.10
26.5 1.09 48.02 418 12.66 3.00 4.22 379 0.19 1.60
285 0.76 34.67 417 9.51 460 2.07 365 0.13 1.08
30 0.89 47.99 414 13.08 6.03 2.17 367 0.00 0.02 X
32 1.06 5812 415 13.94 4.21 331 417 0.41 3.44
24 35 050 14.79 421 3.77 111 3.39 392 253 21.05 -435 -9.12
24 36 0.70 20.01 420 5.41 0.99 5.46 370 2.09 17.43 -4.30 -9.17
24 38 075 2041 418 5.34 1.23 4.32 382 2.03 16.93 -4.31 -945
24 40 1.16 46.78 416 12.29 3.44 3.57 381 1.82 15.15 -0.14 -10.24
41.5 0.96 47.46 416 14.55 3.80 3.83 326 0.07 0.56
43 0.94 4557 420 10.99 3.26 3.37 414 0.14 1.16
24 45 099 51.64 418 10.86 2.56 4.24 475 0.59 491 -0.54 -10.45
46.5 1.00 46.86 417 10.79 2.52 4.28 434 0.11 0.94
485 1.64 60.12 416 16.09 4.66 3.45 374 0.03 0.23 X
24 50.5 0.97 49.73 415 12.26 5.00 2.45 406 0.51 4.22 -0.15 -10.27
52 064 2874 421 7.59 290 261 378 0.19 1,55
24 53 068 1935 419 495 188 2.64 391 1.27 10.55 -0.24 -10.01
55 089 30.83 421 6.73 1.81 3.71 458 0.00 0.00
24 565 0.66 26.51 420 6.42 2.53 254 413 1.18 9.82 -6.45 -10.45
58 1.01 49.69 420 10.74 2.61 4.12 463 0.06 0.48
59 110 e6l1.61 417 13.97 3.20 4.36 441 0.00 0.01 X
60 0.80 37.77 415 9.36 3.63 2.58 404 0.02 0.17
61 1.00 37.85 416 9.18 2.11 4.35 412 0.46 3.83
63 0.99 41.14 417 8.82 4.51 1.9 467 0.43 3.60
66 0.95 33.94 420 7.64 1.61 475 444 0.07 0.62
24 685 064 26.51 418 7.07 2.30 3.07 375 0.66 5.47 -6.34 -5.65
24 72 056 16.90 420 5.10 2.82 1.81 331 0.68 5.64 -11.56 -11.46
77 049 35.25 416 11.58 3.84 3.02 304 0.03 0.29
785 1.21 66.82 416 16.22 3.18 5.10 412 0.16 1.32 X
82 127 57.84 419 1262 2.39 5.28 458 0.13 1.08
84 1.15 5531 416 15.00 3.45 4.35 369 0.03 0.26
855 041 34.20 419 10.14 1.89 5.35 337 0.00 0.00

87.4 1.15 5096 417 13.27 2.68 4.96 384 0.00 0.00
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NP Depth S, S, T, TOC S TOC/S HI TIC Calc.Equiv. Isotopy  Biomarker
[m] [mgHC/gRock] [°C] [%] [%] [-] [mgHC/gTOC] [%] [%] 613C 6180
Lower Oligocene Lower Menilite Member
89.5 022 976 418 3.19 1.03 3.09 306 0.00 0.00
91 1.37 63.77 416 16.97 2.80 6.05 376 0.16 1.30
93 1.56 74.09 415 22.47 3.31 6.78 330 0.08 0.65 X
94.5 0.93 58.53 417 16.57 2.97 5.57 353 0.09 0.78
97 141 60.33 414 1844 453 4.07 327 0.39 3.21
99 1.00 49.11 414 15.36 2.51 6.11 320 0.07 0.59
24 100.3 0.05 169 418 4.65 066 7.10 312 6.09 50.73 -8.42 -6.57
24 101 1.38 67.74 412 19.42 4.00 4.85 349 0.97 8.10 -5.01 -10.66
102.5 1.18 61.98 414 15.57 2.64 5.89 398 0.40 3.31
105 1.18 57.52 416 14.29 444 3.22 402 0.58 4.81
24 107 210 88.04 412 23.67 499 4.74 372 1.58 13.15 -11.34 -12.45 X
109.5 1.09 47.88 415 10.87 5.34 2.03 440 0.20 1.67
111 0.08 3.05 416 199 055 3.63 153 0.04 0.29
112 1.20 67.95 415 16.25 4.74 3.43 418 0.47 3.92
114.5 1.07 55.48 415 12.44 3.00 4.15 446 0.46 3.80
116.5 1.20 85.04 414 24.25 3.74 6.49 351 0.29 2.42 X
24 118 0.32 20.88 415 5.58 4.83 1.15 374 0.91 7.55 -9.56 -8.55
119 0.83 62.69 416 15.11 2.86 5.28 415 0.00 0.00
24  120.5 191 64.84 414 19.54 3.04 6.43 332 3.92 32.69 0.57 -11.45
122 0.65 54.12 416 17.21 2.36 7.30 314 0.00 0.00
124 0.51 26.07 415 7.10 2.34 3.03 367 0.03 0.24
125.5 0.74 43.32 415 12.19 2.30 5.30 355 0.17 1.43 X
127 0.64 37.46 415 S.32 240 3.89 402 0.05 0.45
196 0.18 16.64 419 4.08 2.63 1.55 408 0.00 0.00
201 0.17 13.06 417 3.27 2.50 131 399 0.00 0.00
202 0.23 16.80 423 3.51 2.36 1.49 479 0.21 1.73
203 050 23.01 423 460 262 175 500 0.03 0.25
204 013 839 419 201 1.58 1.27 418 0.00 0.00
205 0.34 35.21 421 7.02 2.81 2.49 501 0.04 0.31
207 0.44 26.40 421 5.04 3.62 1.39 524 0.02 0.18
208 0.34 29.34 422 531 3.02 176 552 0.02 0.16
209 1.00 46.84 418 9.10 2.62 3.48 515 0.04 0.30 X
210 094 246 421 0.72 0.34 215 341 0.16 1.36
212 016 8.88 420 231 0.73 3.14 385 0.07 0.56
215 0.71 31.20 421 7.46 329 227 418 0.08 0.68 X
217 019 345 422 1.29 045 287 267 0.03 0.28
217.5 0.42 20.68 424 534 210 254 388 0.00 0.00
219 0.52 3235 416 853 1.33 6.40 379 0.16 1.29
221 0.89 41.37 415 841 576 1.46 492 0.20 1.64
223 049 30.84 422 596 1.82 3.28 517 0.10 0.82
224 049 790 419 231 0.22 10.38 342 0.08 0.65
2246 0.38 23.69 420 4.78 2.18 2.19 496 0.00 0.03

226 0.56 33.97 419 6.17 3.29 1.88 550 0.01 0.12
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NP Depth S; S; Tmax TOC S TOC/S HI TIC Calc.Equiv. Isotopy  Biomarker
[m] [mgHC/gRock] [°C] [%] [%] [-] [mgHC/gTOC] [%] [%] 613C 6180
Lower Oligocene Lower Menilite Member
228 1.63 70.87 418 15.65 3.61 4.34 453 0.33 2.77
23 229 0.04 0.60 423 457 099 461 400 4.61 38.40 -7.12  -5.34
2295 1.62 7179 415 15.84 291 5.45 453 0.14 1.20 X
231 0.46 2255 419 4.60 215 214 490 0.51 4.24
233 0.32 15.84 422 3.80 3.10 1.23 417 0.00 0.00
234 0.58 33.87 420 6.77 2.68 253 500 0.01 0.07
235 0.57 34.89 418 6.82 3.30 207 512 0.04 0.34
236.5 0.80 43.24 423 6.59 2.34 281 656 0.17 1.44
238 0.82 41.64 421 7.18 3.07 2.34 580 0.05 0.46
240 1.06 55.22 421 8.83 2.44 3.62 625 0.14 1.18 X
241.5 0.56 25.57 422 493 2.79 1.76 518 0.00 0.00
2435 0.81 43.62 420 7.30 2.88 2.53 598 0.23 1.94
245 0.76 47.67 421 830 249 3.33 574 0.02 0.15
247 1.80 80.95 417 17.66 2.44 7.24 458 0.00 0.00
249 260 84.23 417 17.73 3.63 4.88 475 0.12 0.97 X
253 002 025 421 0.86 0.37 231 29 0.00 0.00
254.5 075 178 422 7.71 297 259 23 0.06 0.46
256 0.02 025 421 0.39 0.13 3.08 64 0.00 0.00
257.4 050 24.68 422 501 3.67 137 492 0.00 0.00
2585 0.03 0.23 420 0.22 0.58 0.38 104 0.02 0.15
260.5 1.05 37.80 418 7.90 5.54 1.43 479 0.00 0.00 X
262 0.01 034 423 031 017 1.88 108 0.01 0.06
264 1.26 60.52 420 12.79 2.56 5.00 473 0.00 0.00
266 0.01 0.07 422 0.10 0.21 0.47 70 0.00 0.00
23 268 2.09 70.51 419 16.54 2.79 5.94 426 263 2191 -1.10 -13.22 X
269.5 0.54 29.93 423 4.80 1.83 263 624 0.08 0.67
271 0.33 27.18 423 4.29 2.04 211 634 0.00 0.00
273 0.02 0.59 422 036 017 213 165 0.01 0.08
275.2 231 80.89 417 21.94 3.43 6.40 369 0.10 0.81 X
277.0 0.01 0.11 422 0.12 0.11 105 92 0.01 0.07
2785 0.40 38.21 419 6.80 3.39 2.01 562 0.00 0.00
281.0 0.19 7.13 423 1.80 244 0.74 397 0.00 0.00
282 0.01 0.08 424 0.12 0.21 0.59 65 0.02 0.14
283.5 1.05 46.94 417 7.84 548 143 598 0.00 0.01 X
2855 0.01 0.14 417 0.14 0.23 0.59 101 0.02 0.17
287 0.36 21.97 421 4.14 3.25 127 531 0.16 1.37
288 0.01 030 423 0.30 0.28 1.05 99 0.00 0.00
289.9 0.01 0.27 422 0.23 0.39 0.59 117 0.01 0.08
291.5 0.06 219 427 0.65 0.71 0.92 835 0.06 0.47
293 0.07 034 419 0.30 0.74 041 113 0.07 0.59
294.5 0.29 14.04 426 2.84 2.24 1.27 494 0.00 0.12

22 296 0.01 021 424 7.00 204 3.43 129 4.47  37.28 4.26 -2.38
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NP Depth S, S, T.x TOC S TOC/S HI TIC Calc.Equiv. Isotopy  Biomarker
[m] [mgHC/gRock] [°C] [%] [%] [-] [mgHC/gTOC] [%] [%] 613C 6180
Lower Oligocene Lower Menilite Member
297.7 0.02 038 423 0.29 0.21 1.40 129 0.02 0.19
299.5 0.01 035 424 0.34 032 107 100 0.06 0.54
301 0.22 474 423 1.42 1.09 131 334 0.00 0.00
303 0.01 011 420 0.13 003 4.00 84 0.00 0.00
305 031 13.11 426 275 1.95 141 476 0.00 0.00
306.5 0.00 0.03 415 0.10 0.04 255 30 0.00 0.00
308 0.35 21.63 426 3.41 191 1.79 634 0.07 0.57
310 0.65 36.50 423 532 3.64 146 687 0.00 0.07 X
311.5 0.29 18.86 422 3.34 3.41 098 565 0.01 0.10
312.7 0.38 37.51 424 5.26 3.73 141 713 0.00 0.00
314 0.29 18.62 420 3.11 3.17 0.98 598 0.10 0.80
315 0.29 29.58 418 5.05 470 1.07 586 0.02 0.19
22 316 021 11.42 429 193 165 117 592 3.38 28.18 -2.12 -7.12
316.5 1.60 99.47 426 19.85 9.28 2.14 501 0.00 0.01 X
22 317 051 942 418 186 0.71 264 505 7.20 59.99 -2.86 -5.12
22 3175 038 516 419 1.12 042 264 459 4,45  37.05 -2.01 -4.77
318.8 1.77 122.54 425 21.11 473 4.46 581 0.00 0.01 X
22 320 010 496 432 082 0.65 1.26 605 0.65 5.42 0.65 -6.45
22 3215 0.76 76.28 421 11.21 1.66 6.76 680 255 21.26 476 -4.87
3225 0.10 1.31 421 0.61 2.69 0.23 214 0.00 0.00
323.4 1.82 122.06 427 20.36 5.79 3.51 600 0.00 0.06 X
325 0.04 3.14 421 0.85 0.97 0.88 368 0.03 0.22
326 0.05 757 425 122 0.54 226 621 0.05 0.41
327 012 2155 433 269 157 172 801 0.05 0.42 Isotopy
329 0.04 6.45 433 1.04 0.53 1.9 620 0.09 0.73 613C 6180
Upper Oligocene Middle Menilite Member
NN2 0 003 066 423 08 06 154 77 3.04 25.36
0.7 068 26.67 425 7.86 09 849 339 0.50 4.20
NN2 09 005 129 424 09 06 172 135 225 18.72
1.1 0.89 3168 423 88 1 853 360 0.58 4.87
NN2 7 004 092 423 08 05 176 115 2.86  23.86
75 036 994 427 319 05 5.81 311 0.41 3.42
Eocene
0 0.11 567 429 132 12 111 428 1.74 14.48

~20 004 273 429 0.88 0.7 119 311 1.35 11.22
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10.3 Appendix III - Lower Cretaceous (Barremian-Albian ) Shypot Formation

Depth S, S, T, TOC S TOC/S HI Pl TIC Calc. Equiv. Isotopy Biomarker
[m] [mgHC/gRock] [°C] [%] [%] [-] [mgHC/gTOC] [-] [%] [%] 613C 6180
Lower Cretaceous Shypot Formation
0 0.02 0.07 456 0.19 0.29 0.67 34 0.19 0.14 117
5 034 2.31 461 3.08 1.73 1.78 75 0.13 0.53 4.38
49 043 276 450 1.94 0.80 241 143 0.13 0.31 2.60
50.5 0.22 1.66 453 1.44 0.59 245 115 0.11 0.07 0.62
50.5 035 3.29 449 2.62 0.56 4.66 126 0.10 0.08 0.63
63 045 3.97 453 3.18 1.11 2.86 125 0.10 0.00 0.00
66 049 298 454 2.75 0.82 3.35 108 0.14 0.14 1.18
69.5 0.57 7.17 448 3.93 1.10 3.56 182 0.07 0.87 7.24 -1.08 -11.83
73 0.75 6.57 454 492 1.44 342 134 0.10 0.49 4.06
75:5 0.78 9.85 451 5.33 1.50 3.56 185 0.07 0.46 3.86 X
775 053 7.70 451 4.53 1.36 3.33 170 0.06 0.70 5.83 -0.43 -10.77
79.5 047 414 451 3.35 1.05 3.20 123 0.10 0.82 6.82 -2.42 -10.33
82 033 2.17 450 2.18 0.57 3.83 99 0.13 1.17 9.78 -2.47 -10.45
84 0.74  9.39 451 5.60 1.08 5.19 168 0.07 0.75 6.22 -0.58 -11.27 X
90 020 1.23 448 1.65 1.10 1.50 74 0.14 2.13 17.78 -2.34 -4.88
92 040 273 449 290 091 3.17 94 0.13 0.91 7.62 -4.08 -10.90
94 059 5.12 453 4.03 0.86 4.71 127 0.10 0.30 2.49
96 0.65 7.02 447 4.45 1.44 3.09 158 0.08 0.84 6.97 -0.83 -9.62 X
114 0.22 2.42 451 2.14 0.73 2.95 113 0.08 1.22 10.13
118 0.71 6.83 451 3.99 1.20 3.33 171 0.09 1.54 12.82 -1.20 -8.96 X
121 048 6.09 449 4.30 1.16 3.70 141 0.07 0.64 5.32 -0.13 -12.16
127 0.16 0.96 455 1.31 0.85 1.54 73 0.14 0.29 2.44
129 0.63 6.35 457 5.40 1.44 3.74 118 0.09 0.48 3.98
131 0.46 4.57 456 4.37 1.33 3.27 105 0.09 0.48 3.96
133 0.51 5.17 457 4.93 1.41 3.49 105 0.09 0.53 4.42 X
145 040 479 443 4.22 1.41 3.00 113 0.08 0.24 1.98
157 025 1.44 452 1.66 0.90 1.84 87 0.15 1.46 12.14 -0.36 -5.67
159 0.26 1.47 454 1.83 1.09 1.68 80 0.15 1.44 12.01 X
161 030 1.39 452 1.86 1.30 1.43 74 0.18 1.69 14.12
163 026 1.51 453 1.60 1.46 1.09 94 0.14 2.24 18.66 -0.57 -7.12
165 024 1.17 455 1.63 1.34 1.22 72 0.17 1.87 15.59
168 0.02 0.10 455 0.26 0.61 0.43 36 0.17 0.09 0.78
168.2 025 1.74 456 2.19 0.74 296 79 0.13 0.11 0.89
170 0.39 251 457 3.07 1.00 3.06 81 0.13 0.68 5.68 X
173 0.27 2.05 454 2.61 1.52 1.72 78 0.12 0.68 5.67
182 021 1.56 454 1.86 0.89 2.09 84 0.12 1.09 912 042 -6.14
192 0.28 1.61 455 2.25 1.14 1.97 71 0.15 1.69 14.05 0.21 -6.79
194 0.51 4.20 455 3.78 2.20 1.72 111 0.11 1.24 10.31 0.30 -9.03 X
196 0.49 3.56 457 3.67 2.41 1.52 97 0.12 0.69 5.79 -0.83 -11.44
198 024 1.61 455 2.14 0.98 2.18 75 0.13 1.05 8.78 -1.31 -8.38
228 036 159 457 1.77 1.10 1.60 90 0.18 2.54  21.15 0.70 -5.80 X
237 0.08 0.70 455 1.84 0.71 2.60 38 0.10 0.00 0.00
246 0.24 1.00 456 1.46 0.72 2.05 68 0.19 1.95 16.24 -0.63 -7.71
248 030 1.52 457 2.05 1.22 1.68 74 0.16 2.84  23.67 0.10 -7.75 X

250.5 043 198 459 242 1.33 1.82 82 0.18 2.26 18.80 0.53 -7.10
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Depth S S, T..x TOC S TOC/S HI Pl TIC Calc. Equiv. Isotopy Biomarker
[m] [mgHC/gRock] [°C] [%] [%] [-] [mgHC/gTOC] [-]1 [%] [%] 5613C 6180

Lower Cretaceous Shypot Formation

2525 0.02 0.07 454 0.15 1.33 0.11 46 0.18 0.02 0.17

255 0.52 4.01 457 3.83 1.45 2.65 105 0.11 0.70 5.87

257 0.64 3.35 458 3.77 1.88 2.01 89 0.16 1.36 11.31 0.27 -9.81 X
2575 0.07 0.39 461 0.70 0.96 0.73 55 0.15 0.95 7.90 -2.00 -8.92

2795 010 0.73 461 1.62 2.05 0.79 45 0.12 0.00 0.00

281 1.02 10.14 459 7.99 2.24 3.58 127 0.09 0.08 0.66 X
2925 0594 9.74 456 7.16 2.34 3.06 136 0.09 0.66 5.51 0.25 -12.64

294 1.13  9.31 458 7.51 2.48 3.02 124 0.11 0.73 6.07 -0.11 -16.26 X
296 055 3.98 459 3.68 1.04 3.53 108 0.12 462  38.49 -1.71  -9.99

298 0.62 3.77 461 3.95 143 276 95 0.14 0.65 5.41 -0.14 -10.11

303 0.38 255 459 2.77 1.45 1.92 92 0.13 0.63 5.24 -0.26  -8.96

305 035 211 457 2.60 1.93 1.35 81 0.14 1.67 13.05 0.10 -6.94

313 1.23 1276 459 8.15 2.34 3.48 157 0.09 0.68 5.64

323.8 121 11.60 459 9.39 2.27 4.14 124 0.09 0.46 3.80

324 0.04 0.27 460 0.52 0.34 1.49 51 0.13 0.01 0.06

326 0.80 6.34 459 5.87 1.74 3.38 108 0.11 0.61 5.06 0.01 -12.06

330 024 112 460 1.67 0.88 1.89 67 0.17 2.67 22.22 0.76  -6.55

332 0.01 0.07 456 0.19 0.44 0.44 37 0.13 0.01 0.12

3325 017 122 460 1.81 1.24 1.45 67 0.12 0.98 8.18 0.38 -5.92

334 0.12 098 458 1.76 0.67 2.62 56 0.11 0.77 6.46 0.86 -5.65

3505 039 279 458 4.04 1.22 3.30 69 0.12 0.00 0.00 X
3525 023 118 457 1.94 1.06 1.82 61 0.16 0.53 4.39

353.5 010 059 458 1.24 1.51 0.82 47 0.15 1.04 8.66 044 -243

361 030 2.16 459 2.80 1.16 242 77 0.12 0.58 4.83 X
375 0.04 0.75 457 2.95 155 1.91 25 0.05 0.00 0.00

377 029 1.90 457 2.50 1.55 1.61 76 0.13 2.14 17.80

380 0.03 0.28 459 0.69 0.20 3.39 40 0.10 0.10 0.82

382 0.64 391 461 3.56 1.99 1.79 110 0.14 1.76 14.65 011 -9.27 X
385 0.27 1.81 460 2.71 1.40 1.93 67 0.13 0.66 5.52 -0.41 -8.73

386 0.14 0.98 448 1.48 0.76 1.95 66 0.12 0.77 6.42 -0.23 -7.39

388 0.15 0.91 459 1.50 0.96 1.57 61 0.14 1.59 13.25 -0.90 -8.45

389 0.11 0.63 463 1.10 1.06 1.04 57 0.14 0.81 6.76 -1.07 -8.32

390 031 2.38 459 3.18 1.23 2.59 75 0.12 0.57 4.76

391 034 214 461 2.79 1.10 2.54 76 0.14 0.01 0.08

3915 023 1.69 461 2.60 1.21 2.15 65 0.12 0.06 0.49

393 0.16 1.05 462 1.64 0.87 1.89 64 0.13 1.16 9.68 -1.15  -9.32

394 029 1.74 460 2.64 1.33 1.99 66 0.14 1.33 11.07 0.17 -7.51 X
395 0.20 1.00 459 2.00 0.95 2.10 50 0.16 2.44  20.34 -0.78 -6.48

396 030 212 458 2.33 1.34 1.74 91 0.12 1.90 15.84 049 -6.77

3975 019 113 457 1.64 1.00 1.65 69 0.14 244 20.34 -0.47 -6.11

399 0.01 0.04 455 0.13 1.69 0.08 31 0.20 0.01 0.07

399.8 0.13 0.83 460 1.42 1.07 1.33 58 0.13 1.30 10.85 -0.51 -8.03

400.5 029  2.21 459 3.10 1.98 1.57 71 0.12 0.68 5.68 071 -877

401.3 005 0.24 458 0.56 1.01 0.56 42 0.16 1.41 11.77 -1.56 -6.50

402.3 043 3.63 462 4.23 2.07 2.04 86 0.10 0.27 2.21 X
403.3 015 1.02 460 1.67 1.00 1.67 61 0.12 1.03 8.61 -0.83 -8.21

404 0.15 0.92 459 1.45 1.08 1.34 63 0.14 1.31 10.95 -0.75 -6.76

404.8 0.07 0.37 461 0.67 0.61 1.10 54 0.16 1.50 12.53 -1.51 -7.26

405 039 256 463 3.44 1.23 2.80 74 0.13 0.49 4.12
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10.4 Appendix IV - Middle Jurassic strata
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Depth S, S, T.x TOC S TOC/S HI Pl TIC Calc. Equiv. Biomarker
[m]  [mgHC/gRock] [°C] [%] [%] [-] [mgHC/gTOC] [-] [%] (%]
Middle Jurassic
Mosty-2
2361 005 141 432 174 1.02 170 81 0.03 0.20 1.69
2363 005 100 433 150 071 211 67 0.05 0.18 1.49
2364 0.05 1.20 432 170 0.78 217 70 0.04 0.15 1.28
2509 004 132 435 150 0.08 19.02 88 0.03 0.00 0.01
2512 0.18 14.56 432 11.57 0.42 27.59 126 0.01 5.12  42.68 X
2513 0.06 4.40 431 397 031 12.65 111 0.01 4.69  39.06
2516 0.09 10.11 436 6.07 0.18 33.21 167 0.01 0.06 0.51
2518 0.14 19.78 433 8.17 0.14 59.50 242 0.01 0.02 0.00 X
2520 0.08 9.55 433 495 0.07 69.17 193 0.01 0.02 0.00
2523 0.13 533 437 1498 0.41 36.53 36 0.02 0.45 3.73 X
2524 0.08 3.15 440 7.28 0.18 40.38 43 0.02 0.87 7.28
2525 0.06 7.19 437 3.25 0.09 34.51 221 0.01 0.01 0.07 X
2527 0.04 277 435 1.83 0.06 30.02 151 0.01 0.03 0.26
2528 0.04 288 436 1.88 0.05 36.56 153 0.01 0.01 0.00
2529 004 140 436 155 0.74 209 91 0.03 0.16 1.37
2532 0.04 105 433 153 0.73 210 69 0.04 0.16 1.35
2538 004 114 434 165 0.83 198 69 0.03 0.20 1.64
2540 004 089 435 116 0.10 12.18 76 0.04 0.02 0.13
2543 005 101 433 169 0.67 252 60 0.04 0.11 0.92 X
2552 0.07 4.43 434 269 0.24 11.10 165 0.01 0.03 0.00
2560 0.07 156 434 182 0.83 218 86 0.04 0.22 1.82
Korolyn-2
3643 026 134 445 223 122 182 60 0.16 1.67 13.90
3646 037 209 447 298 093 3.22 70 0.15 0.65 5.43
3649 036 157 449 253 131 193 62 0.18 0.55 4.60
3652 0.66 3.78 446 4.05 1.25 3.25 93 0.15 0.88 7.34 X
3696 059 217 448 3.01 213 14 72 0.21 0.53 4.45
3697 028 122 449 220 104 212 56 0.19 0.66 5.53
3698 040 222 449 3.00 147 2.04 74 0.15 0.48 4.03
3699 032 156 449 251 097 258 62 0.17 0.31 2.56
3700 030 141 449 225 122 184 63 0.17 0.39 3.23
3701 032 150 449 244 133 1.83 62 0.18 0.55 4.62
3702 034 146 450 2.36 1.28 1.85 62 0.19 0.34 2.82
3703 035 118 449 213 140 1.52 55 0.23 0.29 2.39
3708 031 152 450 248 130 191 61 0.17 0.41 3.41 X
3712 035 139 448 251 130 1.93 55 0.20 0.25 2.08
3870 002 004 nd 010 006 181 38 0.27 0.31 2.56
3874 002 004 nd 013 006 222 26 0.36 0.12 0.97
3877 002 004 nd 011 006 192 33 0.30 0.54 4.53
3918 001 003 nd 010 006 1.63 31 0.25 0.84 7.01
3926 001 003 nd 012 006 212 24 0.25 0.42 3.53
3996 001 002 nd 003 012 0.28 63 0.33 0.07 0.56
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Depth 5 S, Tmx TOC S TOC/S HI Pl TIC Calc. Equiv. Biomarker
[m]  [mgHC/gRock] [°C] [%] [%] [-] [mgHC/gTOC] [-] [%] [%]
Middle Jurassic
Korolyn-6

3418 0.22 318 439 3.67 1.32 2.78 87 0.06 1.34 11.13
3419 0.26 397 440 3.89 0.68 5.71 102 0.06 0.74 6.18
3420 029 4.28 442 404 0.93 4.32 106 0.06 0.80 6.68
3421 029 4.93 441 4.39 0.66 6.63 112 0.06 0.97 8.05
3422 028 3.19 440 3.36 0.84 4.01 95 008 1.41 1173
3423 0.32 426 441 3.81 1.81 211 112 0.07 1.25 10.40
3424 0.29 4.47 445 439 195 2.25 102 0.06 0.74 6.19
3425 0.25 446 445 430 1.06 4.05 104 0.05 0.92 7.63
3426 0.21 415 444 4.13 1.04 3.97 100 0.05 0.65 5.41
3427 0.24 4.07 442 3.90 0.59 6.56 104 0.06 0.89 7.39
3428 040 473 440 4.07 0.63 6.48 116 0.08 0.89 7.40 X
3429 031 4.52 443 430 2.02 212 105 0.06 0.58 4.84
3430 0.18 1.14 449 3.27 245 134 35 0.14 0.22 1.83
3431 0.16 1.64 447 364 164 2.22 45 0.09 0.42 3.48
3432 0.17 132 444 379 255 149 35 0.11 0.28 2.29
3433 0.17 129 442 326 2.19 149 40 0.11 0.07 0.62
3434 0.17 381 441 397 248 1.60 96 0.04 0.34 2.85
3437 024 223 447 351 2.09 1.68 63 0.10 0.85 7.07
3438 0.40 471 443 395 2.17 182 119 0.08 0.65 5.42
3439 0.28 4.48 443 401 1.59 252 111 0.06 0.69 5.78
3440 0.36 4.83 445 4.04 1.22 331 120 0.07 0.38 3.17
3441 0.28 3.61 441 391 3.08 1.27 92 0.07 0.21 1.79
3442 0.28 4.45 442 4.04 140 2.89 110 0.06 0.74 6.16
3443 0.29 369 442 343 158 217 107 0.07 1.13 9.39
3444 035 4.22 442 356 0.82 4.33 118 0.08 0.68 5.69
3445 045 6.11 445 5.20 0.24 22.06 117 0.07 1.15 9.62
3446 0.30 394 443 376 1.98 1.90 105 0.07 0.93 7.74
3447 033 4.09 441 4.02 1.03 3.92 102 0.07 1.16 9.64
3448 0.22 239 440 268 0.78 3.42 89 0.08 1.27  10.54
3449 048 533 442 419 113 3.72 127 0.08 0.55 4.57
3450 0.28 3.87 441 3.61 130 278 107 0.07 0.50 4.14
3489 0.40 358 446 349 148 236 102 0.10 1.08 9.04
3490 042 374 444 355 0.95 3.74 105 0.10 0.99 8.29
3491 0.43 587 443 445 2.80 1.59 132 0.07 0.50 4.17
3492 0.40 3.05 442 297 094 3.17 102 0.11 3.86 32.15
3493 0.79 6.46 445 487 140 3.48 133 0.11 0.97 8.12 X
3496 059 6.18 444 512 0.91 5.60 121 0.09 0.83 6.91
3497 0.60 7.67 445 574 171 3.35 134 0.07 0.87 7.22
3498 0.57 6.67 446 5.01 1.65 3.05 133 0.08 1.16 971
3499 0.53 6.58 445 520 0.44 11.84 127 0.07 1.20 9.99
3500 0.50 6.24 444 491 0.35 13.94 127 0.07 1.27  10.56
3518 0.50 6.54 444 525 0.94 5.58 125 0.07 0.71 5.89
3519 0.54 582 444 443 1.06 4.17 131 0.08 0.93 7.75
3520 0.46 532 444 484 152 3.18 110 0.08 1.85 15.40
3521 0.74 809 445 575 0.20 29.38 141 0.08 0.75 6.23 X
3522 0.50 6.15 446 5.31 0.28 18.99 116 0.08 0.95 7.93
3523 0.54 6.03 446 5.15 1.95 2.65 117 0.08 0.70 5.87
3642 0.60 4.85 447 4.62 0.40 11.54 105 0.11 0.58 4.84
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10.5 Appendix V — Oil samples from Upper Jurassic reservoirs
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10.6 Appendix VI - Poster Presentations

AAPG/SEG International Conference and Exhibition (2017), London, UK.
Hydrocarbon potential of the Menilite Formation

in western Ukraine MONTAN
Rauball, J.E.", Bechtel, A.", Coric, S.”, Gratzer, R.", Sachsenhofer, R.F.”

" Department of Applied Geosciences and Geophysics, Montanuniversitaet Leoben, 8700 Leoben, Austria
“Geological Survey of Austria, Neulinggasse 38, 1030 Vienna, Austria

1.Introduction 4. Results & Discussion

The Oligocene - Lower Miocene Menilite Fm. is the most The Lower Oligocene succession, 333 m thick, is marked by a chert
important source rock in the Carpathians and has contributedto  horizon at its base which becomes progressively more shale rich.
hydrocarbon accumulations across many parts of the Ukrainian  Organic rich black shales reach TOC contents of 24% in many parts of
Carpathians (Kotarba et al. 2007). the succession (Fig. 2) and have an average TOC content of 9.8 wt.%.
The Kliwa Sandstone, which acts as a resevoir in many parts of the
Carpathians, is located towards the bottom half of the succession and is
organically poor (average TOC: 0.3 wt.%). The upper part contains a thin
coccolith limestone horzion (Jaslo Lmst.) and another chert horizon.

The main aim of the present study is to determine the
hydrocarbon potential of the Menilite Fm. in the Ukrainian
Carpathians, where detailed information on the vertical
variation of the source potential is still missing.

The Lower Miocene strata, approximately 1200 m thick, consist
primarily of organic rich shales interbedded occasionally by sandstone
beds. The base contains thin chert beds, whereas the upper part of the
profile is marked by an ~70 m thick tuff horzion. Menilite shales contain
average TOC content of 4.9 wt.%, whereas marl beds towards the top of E
the succession display an average TOC content of 1.4 wt.%.

Lower Mizcane

‘@ Lower Oligacena

@ Lower Diigacana Kiwa Sendstones
e

The Menilite Fm. is traditionally subdivided into Lower (Lower
Oligocene), Middle (Up. Oligocene) and Upper (Lower Miocene)
members and comprises of alternating layers of claystone,
mudstone and sandstone. The Lower Menilite Mb. (NP22-24)
consists of alternating organic rich black shales and thick
turbiditic sandstone beds. The Middle Menilite Mb. was not
sampled as it is organic lean and not regarded as a potential Pristane/phytane (Pr/Ph) ratios indicate oxygen-depleted conditions
source rock. The Upper Menilite Mb. (NN1-3) comprises for parts of the Lower Oligocene and for the entire Lower Miocene

HI(mgig TOC)
H

primarily of black and grey shales (~ 85%). succession (Fig.3). High Pr/Ph ratiosin the Lower Oligocene succession a
H e o ao @ a0 w w0 4
are duetoabundant landplantinput. Tmax (°C)
2. Geological Overview . " Fig. 4: Plot displaying the kerogen types of the Lower Miocene and Lower
B High Hi values prove the presence of prevailing type Il kerogen (Fig. 4). Oligocene Menliite Formation.Lower Oligocene Kliwa Sandstone
At the turn of the Eocene/Oligocene the Alpine Orogeny as well Average HI for Lower Oligocene Menilite shales is 448 mgHC/TOC. samples are displayed seperately.
as a drop in sea level led to the formaticn of the epicontinental  Lower Miox Menilite shales have an average Hl of 364 mgHC/TOC.  Tmax measurements from Lower Oligocene and Lower
Paratethys Sea resulting in the deposition of organic rich g Calie,. TOCM)  Sulrrs)  TOC/S " Garbonale Miocene strata indicate that organic matter isimmature. Tmax
sediments during the Oligocene and Early Miocene. The study 105_,,“, '?i!-‘.w.’.:%. LI E..? e ;gf"‘“‘ é‘; Ll 4 values for the Lower Miocene strata are on average higher
area is situated within the Skyba Nappe, which is part of the = compared to values measured in the Lower Oligocene
eastern Carpathians. 5 " . succession, which may be related to differencesin facies.
pm o =3 Wi
| Poland 1 & %,,ﬁ,
- e 5. Hydrocarbon potential
Ukrainian Carpathians = - 1 1 |
tectonic map Plots of TOC versus the petroleum potential (S1+52) are used
o 1EE to estimate the hydrocarbon potential of the Menilite
- - | -:1 Formation.
000 T Fig. 5 shows that the petroleum potential of Lower Miocene
A 3 } and Lower Oligocene rocks in the Skyba unit is good to very
= good.
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Fig. 1: Geological map of the Ukrainian Carpathians (after Slaczka et al. 2006 ; forLower Oligoc: di i i the Skybanit,
Koltun et al. 1998). Sample locations are displayed on the map. ; 1
Western Ukraine is subdivided into the Carpathian Foreland, cg'{‘im =
Outer Carpathians and the Transcarpathians (Fig. 1). The Outer 1
Carpathians comprise a series of nappes which are thrust on top

The Source Potential Index (Demaison & Huizinger, 1991) of

2581 conc. Diepenoiss. the Lower and Upper Menilite Mbs. is 16.6 and 57.9 tHC/m?,
f s S racpactively (Table 1). This shows that the Chechva profile
contains a world-class source rock, which contains a higher

g source potential than any other profile in the Paratethys realm.
of each other. Each thrust sheet represents a separate or partly T = 5 £ F 4
separate sedimentary sub-basin containing different lithostrati- =y B Netthickness| — S1+52 Density SPI
graphy and tectonicsturctures (Slaczka et al. 2006). _=g H Aj [m] [mg HC/g rock) [p] [tHC/m’]
The study area is situated within the outer part of the Skyba 50 3 L Mocene | 1225 252 21 57.9
nappe which forms a large portion of the eastern region of the N === L Oligacene] 150 L7 AL 166
Carpathians as it stretches from Poland, through the Ukrainian m; Table 1: Source Potential Index (SPI) of Lower Miocene and Lower

i ke of th e S i

Carpathians and into Romania.

Due to the complex geology of the outer Carpathians, the
Menilite Fm. can be found within several nappes at depths
ranging from the surface to over 6 km in the Boryslav-Pokuttya
nappe and the outer part of the Skyba unit.

6. Conclusion

« The Lower Oligocene and Lower Miocene Menilite Mbs. of
the Chechva profile posses a good to very good potential to
generateoil.

3.Methods * They are excellent source rocks and hold the highest scurce

Total organic carbon (TOC), total inorganic carbon (TIC) and sulfur rock potentialin the Paratethys realm.

contents of 227 samples (153 samples from Lower Oligocene and + The Source Potential Index shows that they can generate 16.6

74 samples from Lower Miocene) were measured using an Eltra A Sl T ) and 57.9tons of hydrocarbons per m?, respectively.
instrument. Pyrolysis experiments were performed using a _" =+ ,f’ "'ﬁ,, é ':_“‘

RockEval 6 analyzer. . [l ¢ |[=~ R 7ol 7.References

A subset of the samples was used for biomarker and isotope |, =88 _* ) = e | P -

analysis. Additionally, organic 5i02 was determined using AAS. Fig. 2: Biomarker ratios with zones (after And)
for Lower Oligocene (below] and Lower Mic
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Hydrocarbon Potential of the Oligocene — Lower Miocene
Menilite Formation and the Cretaceous Shypot Formation

Total organic carbon (TOC), total inorganic carbon (TIC) and sulfur contents of 227 samples as well
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Two organic rich horizons are found within | Ukrainian Carpathians

the Ukrainian Outer Carpathians: the tectonic map

Oligocene-Lower Miocene Menilite Fm. and |

* o 1
the Lower Cretaceous Shypot Fm, Up. /M. Mt Meamber|

K Lower Meniliie Mamber
| 3 stypot Formation

The Outer Carpathians comprise a series of
nappes thrust onto the southwestern -
margin of the East European Plate. Each
thrust-sheet (Fig. 1b) represents a separate
or partly separate sedimentary sub-basin
containing different lithostratigraphy and N
tectonic structures. Flysch-type sediments T
in the Outer Carpathians range from Early
Cretaceous to Early Miocene in age and may ** &
locally exceed thicknesses of up to 6 km g
(Slaczkaetal., 2008).

5K = Sy nappe
8P = Borysiae Pokuiya n.
59 = i s

n\ F

The Menilite Fm., which is traditionally | [
subdivided into Lower (Lower Oligocene), 3 :
Middle (Up. Oligocene) and Upper (Lower ""&-lg)%\;-> 5, ‘ .

Miocene) members, has a significantly i _,'._ k % ,MJ/ an
higher petroleum potential than any other | 2 0 1020 3040 80k
succession of the same age in the Paratethys g5 1.4
cgmn and, therefore, is of prime interest.

8 m o
iy the C B] Tectonic map
Ukralnian Carpathians with sample locations for the Menilite
Fm. and the Shypot Fm.

G.Z Shypot Formation
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Fig. 6: Biomarker ratios and Bulk geachemical dota of the Lower
Fia ¥ Piot dltiying The lerogen type of the Lower Cretaceous Shypot Fm. inthe Chorohora noppe.
P P

1An average Tmax value of 456°C for Lower Cretaceous

The Lower Cretaceous Shypot Formation, | o is indicates that sedimentsin the Chorohora nappe
approximately 405 m thick, contains PE"”ﬂarema(ure(F\g 5).

rocks that reach a max. TOC content of 9. 4'
wt. % (average 2.83 wt.%). HI values]
increase slightly towards the top of the'
succession (max. 185 mgHC/gTOC; Fig. 5;|Pr.'Ph ratiosrange 0.39 - 1.84 and indicate O,-depleted
\and average 88 mgHC/gTOCfor all samples. | oﬂndltmnsthmughoutthe entire succession.

Ts/Tm ratios are very irregular throughout the
I succession. High ratios reflect maturity.

(3.3. Hydrocarbon potential

as 94 Lower Cretaceous samples were measured using an Eltra instrument. Pyrolysis experiments
were performed using a RockEval 6 analyzer. A subset of the samples from the Menilite Formation
and the Shpot Farmation was used for biomarker and isctope analysis.

(3—. Results and Discussion
3.1 Menilite Formation

o The Lower Miocene succession, 1300 m thick,
comprises primarily of organic-rich Menilite
shales interbedded occasionally by sandstone
beds. TOC exceeds 20 wt.% only near its base

e and ranges from 1.5 to 23.1 wt% (average: 5.2
wt.%; Fig. 3). Marl beds from the Polyanitsa Fm.,
g towards the top of the succession, display an
o average TOC content of 1.4 wt.%. Average HI
g values for pelitic rocks is 364 mgHC/TOC.
H

Both successions are dominated by oil-prone
type Il kerogen (Fig. 2). Low Tmax values
(average: 425°C) as well as vitrinite reflectance
measurements (0.24-0.34 %Rr) indicate that
organic-matter s immature.

0

T

Tmax (C)

Fig. 2: Plot displaying the kerogen types of Lower Oligocene

and Lower Miocene rocks i the Skyba noppe.

The Lower Oligocene succession, 330 m thick,
contains pelitic rocks that frequently exceed 20
wt.% in many parts of the succession and show an
average TOC content of 9.8 wt.%. HI values
typically range between 400 and 650 mgHC/gTOC
in the lower part (max. 800 mgHC/gTOC) and from
300 and 450 mgHC/gTOC in the upper part (max.
475 mgHC/gTOC) of the succession (Fig. 3). ..
Average HI for Menilite shales for all samples is
448 mgHC/gTOC.

The Upper Oligocene strata, which represents
the Middle Menilite Member, was not studied in
detail. TOC contents and Hl values for 3 grey shale
samples are low (0.80-0.96 wt.% TOC; 77-135
mgHC/gTOC) compared to 3 black shale samples
(3 19-8.80 wt.%; 311-360 mgHC/gTOC).

z-:-; Fig. 4: Biomarker Jor Lower
Oligacene and Lower Miocene rocks in the Skyba
nappe.

Pristane/phytane (Pr/Ph) ratios indicate O,-

depleted conditions for parts of the Lower

Member and for the entire Upper Member (Fig.

4). Higher ratios are due to landplant-input rather

than redox conditions.
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MTTC ratios for both Mbs. suggest normal marine
conditions with minor salinity variations.

H
]
B

}

Ts/Tm ratios are low for both Mbs. indicating
immaturity.

Moderately enhanced DBT/Phen ratios in the
Lower Member and in the Upper Member
suggests that low amounts of H,S were available.

i

EE|

€25 HBIs, which may indicate that biomass
derived from diatoms, as well as diterpenoides,
which are gymnosperm-derived biomarkers, are
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Fig. 7: TOC versus (51+52) ntial of th {a) and Shypot Fm. (b)
Mat thickness | 51452 Density SPI
Age [m] __|(mgnc/grock)|  [p) [thic/m]
L Miocene 1225 225 21 529
L Oligocene 190 41,7 21 16,6
L Cretaceous| 263 33 21 18
Table 1: Source Potential index (SPI) of the Lower Ofigocenc - Lower
ilite Fm. and th Shypot Fm.

the Shypot Fm. in mmn-gm

The Source Potential Index (Demaison & H
1991) of the Lower and Upper Menilite Mbs. as we\ll
as the Shypot Fm. is 16.6, 57.9 and 1.8 tHC,fml‘Macera\compcsmon|s charaterized by a hlgh
respectively. (Table 1). This shows that the Meml\te, presence of vitrinite in both the Shypot Fm.
Fm. contains a world-class source rock, with anand the Menilite Fm. (Fig. 8). Vitrinite appears
\excellent hydrocarbon potential (Fig. 7). |to be the dominant maceral.

Fig. 8
(a) andthe
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4. Conclusion
* The Lower Oligocene and Lower Miocene Menilite members in the Skyba nappe possess a good

tovery good potential to generate oil.

* The Shypot Fm.is mature and has a varied hydrocarbon potential and ranges from fair to good.

* The Lower Oligocene and Lower Miocene Menilite members are slighlty immature whereas the
Shypot Fm.is over-mature.

+ The Menilite Formation is an excellent source rock and holds the highest source rock potential in
the Paratethys realm.

+ The Source Potential Index for the Lower Oligocene and Lower Miocene Menilite members as
M\ra\l as for the Shypot Formation is 16.6, 57.9and 1.8 tHC/m?, respectively.
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