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Abstract
In this study, we combined the geochemical characteristics based on Rock-Eval pyrolysis and gas chromatography – mass 
spectrometry (GC–MS) results with the facies analysis. These surveys were conducted within grey to black claystones/
mudstones intervals of the Podil’tsi and Kokhanivka formations, related to the Pliensbachian and Toarcian–Bathonian 
ages, respectively. The geochemical results revealed that the Podil’tsi Formation contains mixed marine/terrigenous, early-
mature to mature organic matter. The deposition of this formation took place in dysoxic redox conditions of a sulphate-poor 
marine palaeoenvironment, with oxygen scarcity within the photic zone, as documented by green- and brown-pigmented 
Chlorobiaceae. Oleanane is present within the samples from the Podil’tsi Formation, which is uncommon within Lower 
Jurassic sedimentary rocks. The Kokhanivka Formation contains mostly early-mature, terrestrial organic matter, deposited 
in suboxic conditions of a sulphate-poor, fluvial–deltaic palaeoenvironment. The absence of aliphatic diterpenoids within 
the Middle Jurassic strata points to the low significance of conifers in the sediment supply area at this time. All of the 
Podil’tsi and most of the Kokhanivka formations are characterised by poor hydrocarbon potential. Only the middle part of 
the Kokhanivka Formation, built by brown, organic-rich claystones, shows fair-to-good hydrocarbon potential. Based on 
our results, a chemostratigraphic correlation of the Toarcian–Bathonian strata from the Carpathian Foredeep with the same 
strata from the neighbouring Polish Basin was performed. The juxtaposition of the geochemical and facies results suggests 
that the interval of brown organic-rich claystones, from the middle part of the Kokhanivka Formation can be related to the 
Middle–Upper Aalenian Age.
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Introduction

Chemostratigraphy surveys focuses on the investigation of 
the inorganic/organic geochemistry parameter variations 
across the sedimentary sequences. This technique can be 
based, for example, on the molecular composition of the 
rock to reveal stratigraphic relationships (e.g. Slatt et al. 
2021; Silva Souza et al. 2022). A chemostratigraphy can be 
made such as by advanced and complex analysis comparing 

the biomarker distribution. Biomarkers are molecular fos-
sils derived from biochemical compounds, which are the 
remnants of ancient organisms. Due to the possibility of 
investigating the diagenetic evolution pathways of chemical 
compounds, the biomarkers can be used to describe organic 
matter’s origin and maturity, as well as the palaeoenviron-
mental conditions (e.g. Peters et al. 2005).

Biomarkers were used extensively to describe the organic 
matter’s origin and palaeoenvironmental conditions within 
the Lower and Middle Jurassic strata from the epicontinen-
tal seas located at the Central European Basin System area 
(Fig. 1c) (e.g. Schwark and Frimmel 2004; Song et al. 2017; 
Ruebsam et al. 2020; Zakrzewski et al. 2020, 2022a, b). Sur-
veys conducted predominately in the southeast direction, in 
the Mesozoic basement of the Carpathian Foredeep wherein 
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the Middle Jurassic epoch the East Carpathian Gate (ECG) 
was located (Fig. 1c), were focused mostly on the hydrocar-
bon potential of the Jurassic horizons, rather than presenting 
a detailed description of the palaeoenvironmental conditions 
and organic matter origin (e.g. Kotarba et al. 2011a; Kosa-
kowski, et al. 2012; Rauball et al. 2020). Moreover, some 
previous works (e.g. Kotarba et al. 2011a; Kosakowski, et al. 
2012) were based on obsolete stratigraphy, which was criti-
cally examined by biostratigraphic data (e.g. Zhabina et al. 
2017). It should be noted that Zakrzewski and Kosakowski’s 

(2021) work was based on stratigraphical identification from 
Kosakowski et al. (2012), where all the samples from the 
Voloshcha 1 borehole were classified as the Upper Jurassic 
strata. In this paper, based on facies analyses and the litera-
ture (e.g. Zhabina et al. 2017), we changed their identifica-
tion to the Lower–Middle Jurassic strata (Fig. 2).

For these reasons, we combined sedimentological and 
geochemical data to describe Jurassic formations recognised 
within four boreholes: Bortyatin 1, Korolyn 6, Podil’tsi 1, 
and Voloshcha 1 (Fig. 1).

In the investigated boreholes, the sedimentological 
analysis allowed us to distinguish (i) Lower–Middle Juras-
sic and (ii) Middle Jurassic–Lower Cretaceous sedimen-
tary complexes separated by an erosive surface between 
Bathonian and Callovian sediments. Lower–Middle Juras-
sic sedimentary succession is dominated by siliciclastic 
facies types ([FTs] 1–6), while the Middle Jurassic–Lower 
Cretaceous sedimentary complex is dominated by carbon-
ate facies (Dulub et al. 2003; Krajewski et al. 2011, 2020). 
For this reason, FTs have been allocated to each sedimen-
tary complex separately. This paper dealt with the Podil’tsi 
and Kokhanivka formations (Fms.), referring to the Pliens-
bachian and Toarcian–Bathonian ages, respectively (Fig. 2) 
(e.g. Zhabina et al. 2017).

This work aimed to present the detailed palaeoenviron-
mental conditions and organic matter origin from both the 
Podil’tsi and Kokhanivka Fms. Based on information from 
geochemical (Rock-Eval pyrolysis and gas chromatogra-
phy – mass spectrometry [GC–MS]) and sedimentological 
surveys, we presented the main differences between these 
formations. A combination of geochemical and sedimen-
tological results pave the way for correlation between the 
analysed boreholes. The juxtaposition of geochemical and 
sedimentological data from this study with the geochemi-
cal data published for the Lower and Middle Jurassic strata 
from the Polish Basin (PB) will allow a chemostratigraphic 
correlation between the ECG and PB. This will show the 
potential to use Rock-Eval pyrolysis in chemostratigraphic 
correlation.

The second scientific goal is to show the detailed hydrocar-
bon potential across the Podil’tsi and Kokhanivka Fms. within 
the analysed boreholes. This is needed as Kosakowski et al.’s 
(2012) study described the data from these boreholes based 
on obsolete stratigraphy, and did not present detailed Rock-
Eval pyrolysis results for the boreholes surveyed in this study.

Geological settings

The Mesozoic sediments from the western Ukrainian part 
of the Carpathian Foredeep basement were recognised 
in numerous boreholes (Fig. 1) (e.g. Dulub et al. 2003; 
Gutowski et al. 2005; Karpenchuk et al. 2006; Zhabina and 
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Anikeyeva 2007; Krajewski et al. 2011, 2020). The study 
area is located along the southwest margin of the East Euro-
pean Platform between the Horodok Fault (Buła and Habryn 
2011) in the northeast, and the Krakovets Fault in the south-
west known as the Bilche–Volytsia Zone (e.g. Karpenchuk 
et al. 2006; Krajewski et al. 2011; Zhabina et al. 2017). The 
block character of the Palaeozoic basement structure and the 
tectonic activity of the main transcontinental dislocations 
have substantially influenced the development and thickness 
of Mesozoic deposits on the Carpathian Foredeep basement 
(e.g. Karpenchuk et al. 2006; Buła and Habryn 2011; Kra-
jewski et al. 2011). The Mesozoic sedimentary succession 
overlies eroded Palaeozoic, mainly the Cambrian basement 
(Buła and Habryn 2011), and is primarily overlapped by the 
Neogene formations (e.g. Karpenchuk et al. 2006; Kurovets 

et al. 2011). In the study area, the Mesozoic sediments are 
represented by three main sedimentary complexes: (i) the 
clastic Lower–Middle Jurassic (Hettangian–Bathonian), (ii) 
the mainly carbonate Middle Jurassic (Callovian)–Lower 
Cretaceous (up to Barremian), and (iii) the mixed carbon-
ate–siliciclastic Upper Cretaceous (Cenomanian–Turonian) 
(e.g. Dulub et al. 2003; Świdrowska et al. 2008; Kotarba 
et al. 2011b; Krajewski et al. 2011, 2020; Zhabina et al. 
2017). The two youngest sedimentary complexes were not 
investigated in this paper.

The Lower–Middle Jurassic sedimentary succession was 
divided into five lithostratigraphic formations: (i) the Hettan-
gian Komarno Fm., (ii) the Sinemurian Bortyatin Fm., (iii) 
the Pliensbachian Podil’tsi Fm., (iv) the Toarcian Medenychi 
Fm., and (v) the Toarcian–Bathonian Kokhanivka Fm. (e.g. 
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Dulub et al. 2003; Zhabina et al. 2017) dated biostratigraphi-
cally based on palynological studies of spores and pollen, 
but rarely on the foraminifera and molluscs’ characteristics 
(e.g. Gareckij 1985; Dulub et al. 2003; Zhabina et al. 2017). 
Within the mentioned formations and between them there 
are erosional surfaces related to the evolution of sedimentary 
basin, especially tectonic phases and transgressive–regres-
sive cycles (e.g. Dulub et al. 2003; Karpenchuk et al. 2006; 
Zhabina et al. 2017).

Materials and methods

Samples

One hundred and twenty-five core samples were collected 
for facies examination. All samples are represented by grey, 
brown, or black claystones/mudstones (Fig. 2). For the geo-
chemical surveys, 60 core samples were sampled. All these 
samples were analysed by Rock-Eval II pyrolysis. After that, 
representative samples from each formation and borehole 
were selected and surveyed by GC–MS. Finally, 15 samples 
were analysed by GC–MS.

Facies analysis

The basic sedimentological research method was the analy-
sis of drill cores taken from wells drilled in the Carpathian 
Foredeep basement. The biostratigraphical data has been 
adopted from previous publications (Dulub et al. 2003; Zha-
bina and Anikeyeva 2007; Olszewska et al. 2012; Zhabina 
et al. 2017). The described FTs were correlated with the 
existing lithostratigraphic formations (Fig. 2). These enabled 
lithostratigraphic correlations of the new presented lithologi-
cal logs and described facies’ succession of the study area.

Rock‑Eval pyrolysis

In this paper, we used the Rock-Eval pyrolysis results that 
emerged from Kosakowski et al. (2012) work. Rock-Eval 
pyrolysis analyses were performed to obtain the basic geo-
chemical parameters such as TOC,  S1 +  S2, and Tmax tem-
perature. These analyses were performed using a Rock-Eval 
II instrument equipped with a TOC module, based on the 
procedure described by Espitalié et al. (1977).

The pyrolysis of organic matter was performed over a tem-
perature range of 300–600 °C with a temperature increase 
of 25 °C/min. The following parameters were measured:  S1 
(mg HC/g rock) – free hydrocarbons;  S2 (mg HC/g rock) 
– hydrocarbons cracked during pyrolysis;  S3 (mg  CO2/g 
rock) –  CO2 originated during pyrolysis;  S4 (mg C/g rock) 
– residual carbon; and Tmax (°C) – maximum temperature of 
peak  S2. These parameters were used to determine the total 

organic carbon – TOC (wt. %) = [0.082(S1 +  S2) +  S4]/10,  S1/
TOC ratio, production index – PI =  [S1/(S1 +  S2)], hydrogen 
index – HI (mg HC/g TOC) = (100 ×  S2/TOC), and oxygen 
index – OI (mg  CO2/g TOC) = (100 ×  S3/TOC).

The Rock-Eval pyrolysis measurements were calibrated 
using the IFP160000 standard. In some cases, parts of the 
Rock-Eval pyrolysis results were denoted as unreliable (Sup-
plementary Appendix 1). The HI values were not interpreted 
for TOC ≤ 0.2 wt%, and the Tmax values were rejected in the 
situation when  S2 ≤ 0.3 mg HC/g and/or the flat pyrogram 
made it impossible to properly identify the Tmax value (Peters 
1986).

Gas chromatography – mass spectrometry (GC–MS)

Samples were milled to a fraction of < 0.2 mm. After that, 
samples were extracted with dichloromethane:methanol 
(93:7 v/v) in a Soxleth™ apparatus. The asphaltene fraction 
was precipitated with n-hexane. The remaining maltenes 
were then separated into compositional fractions of aliphatic 
hydrocarbons, aromatic hydrocarbons, and resins by means 
of column chromatography, using an alumina:silica gel (2:1 
v/v) column (0.8 × 25 cm). The fractions were eluted with 
n-hexane, toluene, and toluene:methanol (1:1 v/v), respec-
tively. Each fraction was evaporated to dryness by leaving 
the glass crystalliser with the fraction on the fume cupboard 
for 12 h at room temperature about 20 °C. This laboratory 
protocol excluded the possibility of losing the light molecu-
lar weight compounds (Ahmed and George 2004).

The aliphatic fraction isolated from the bitumens was 
diluted in isooctane and analysed with the GC–MS for bio-
marker determination. The analysis was carried out with the 
Agilent 7890A gas chromatograph equipped with the Agilent 
7683B automatic sampler, an on-column injection chamber, 
and a fused silica capillary column (60 m × 0.25 mm i.d.) 
coated with 95% methyl/5% phenylsilicone phase (DB-5MS, 
0.25 μm film thickness). Helium was used as a carrier gas. 
The GC oven was programmed with the next steps: 99 °C 
held for 1 min, then increased to 310 °C at the rate of 2 °C/
min, and held at 310 °C for 45 min. The run time of the 
analysis was nearly 150 min. The gas chromatograph was 
coupled with the 5975C mass selective detector (MSD). 
The MS operated at an ion source temperature of 230 °C, 
ionisation energy of 70 eV, and a cycle time of 1 s in the 
mass range from 45 to 500 Da. The analysis of the aromatic 
hydrocarbon fraction was carried out using the same equip-
ment as for the saturated hydrocarbon fraction. The GC 
oven was programmed from 40 to 300 °C at the rate of 3 °C 
 min−1. The MS operated with a cycle time of 1 s in the mass 
range from 45 to 550 Da.

Identification of individual compounds was made possi-
ble by identifying peaks on the chromatogram containing the 
desired fragmentation ions and characterised by the expected 
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retention time. The concentrations of the compounds used 
in all formulas were calculated based on the base peak area 
at the characteristic mass fragmentograms (Supplementary 
Appendix 2). For example, for cadalene the peak area from 
m/z 183 mass fragmentogram was used in all formulas. 
Abbreviations of the chemical compounds were enlisted in 
Supplementary Appendix 2. The formula used to calculate 
of biomarker ratio mentioned in the text is always placed in 
the footnote of the table containing this formula.

Results

Facies

The oldest sedimentary successions presented in this work 
represent the Podil’tsi Fm. and are formed by rhythmic inter-
bedding dark grey mudstone/claystone facies (FT 1; Fig. 2). 
The upper part of the formation also includes grey cross-
bedded mudstone/sandstone facies (FT 2) with thin inter-
layers of limestones and thin streaks or nest-like anhydrite. 
Along intervals, plant detritus was commonly observed.

Higher in the sedimentary succession is the Kokhanivka 
Fm.; however, in the studied boreholes, the border with the 
Podil’tsi Fm. is unclear. The lower part of the Kokhanivka 
Fm. related to the Toarcian Age is dominated by dark grey 
and grey mudstone/claystone facies (FT 3), and cross-bed-
ded fine- and medium-grained grey mudstone/sandstone 
facies (FT 4) with lenses and interlayers of coal and sand-
stones with streaks of clays, mudstones and thin layers of 
beige-grey limestones. The facies contain coalified fitodetrit 
and imprints of plants.

The Middle Jurassic strata are represented mostly by 
the middle and upper parts of the Kokhanivka Fm. In the 
lower part of the Middle Jurassic, there are grey mudstone/
sandstone facies (FT 5) with gravel intercalations. The Mid-
dle Jurassic part of the Kokhanivka Fm. is mainly created 
by marine dark grey, brown, and almost black claystone/
mudstone facies (FT 6) with molluscs, interbedded with 
micaceous mudstone facies. Thin intercalations of dark grey 
bioclastic limestone facies with bivalves were also observed. 
Plant debris is common throughout this formation.

In the analysed boreholes, we concluded that the Mede-
nychi Fm. is absent, and as above the Podil’tsi Fm we 
observed claystones/mudstones instead of sandstones 
(Fig. 2). In this case, the Kokhanivka Fm. possesses a rela-
tively wide stratigraphical range (Toarcian–Bathonian; Zha-
bina et al. 2017). For this reason, we divided the Kokhanivka 
Fm. into three parts: (i) a lower part, related to the Toar-
cian–Lower Aalenian (an equivalent of the Medenychi Fm.); 
(ii) a middle part, related to the Middle–Upper Aalenian; and 
(iii) an upper part, related to the Bajocian–Bathonian Age. 
This division can be supported by the lithology and simi-
larities to Middle Jurassic deposition in the PB, which was 
temporarily linked with the ECG (e.g. Feldman-Olszewska 
1997). We propose that the organic-rich middle part of the 
Kokhanivka Fm. corresponds to the Middle–Upper Aalenian 
organic-rich claystones and mudstones from the PB (e.g. 
Zakrzewski et al. 2022a).

Rock‑Eval pyrolysis

The results of the Rock-Eval pyrolysis were gathered in 
Table 1 and Supplementary Appendix 1. The results from 
the Podil’tsi and Kokhanivka Fms. were presented sepa-
rately. The TOC results vary from 0.08 to 1.92 and from 0.07 
to 12.12 for the Podil’tsi and Kokhanivka Fms., respectively. 
Some of the Tmax,  S1 +  S2, and HI values were recognised as 
unreliable (Supplementary Appendix 1). Among the remain-
ing results, the Tmax results vary from 427 °C to 447 °C 
within the Kokhanivka Fm., and from 439 °C to 449 °C 
within the Podil’tsi Fm. The  S1 +  S2 results fall in the range 
from 0.05 to 1.71 and from 0.23 to 13.96 for the Podil’tsi and 
Kokhanivka Fms., respectively. Higher HI results from 33 
to 164 were observed within the Kokhanivka Fm., while the 
Podil’tsi Fm. is characterised by a few HI values that vary 
from 0 to 88 (Table 1).

Biomarkers

Organic matter’s maturity

As the maturity of the analysed strata was described in previ-
ous papers (e.g. Kosakowski et al. 2012; Rauball et al. 2020), 
we calculated only a few basal maturity indicators to show 

Table 1  Selected results of Rock-Eval pyrolysis

Key: Fm. formation, Koh Kokhanivka, Pod Podil’tsi, Q quantity of Rock-Eval analyses, Avg average value, Min minimum value, Max maximum 
value, Med median value

Fm Q TOC [wt. %] Tmax [°C] S1 +  S2 [mg HC/ g rock] HI [mg HC/ g TOC]

Avg Min Max Med Avg Min Max Med Avg Min Max Med Avg Min Max Med

Koh 51 3.30 0.07 12.12 1.92 436 427 447 435 3.64 0.23 13.96 1.97 87 33 164 83
Pod 9 0.50 0.08 1.92 0.15 446 439 449 449 0.65 0.05 1.71 0.66 44 0 88 50
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the possible maturity influence on biomarker distribution. 
Among them were  C29ββ/(αα + ββ),  C2920S/(S + R), and 
 C31S/(S + R). The results of two indicators based on stig-
mastanes, that is,  C29ββ/(αα + ββ) and  C2920S/(S + R), vary 
from 0.25 to 0.56 and from 0.10 to 0.53, respectively. The 
 C31S/(S + R) results fall in the range of 0.44–0.59 (Table 2).

Origin of organic matter

A set of various biomarker compounds and indicators pre-
sented in Tables 3 and 4 was used to describe the organic 
matter’s origin within the analysed strata.

Analysis of the fragmentation ion m/z 71 revealed the 
presence of n-alkanes from the  C15 to  C35 homologues. Most 
of the samples are characterised by the unimodal distribution 
of n-alkanes, and the dominant homologues vary in depend-
ency on the formation (Table 3). Short-chain n-alkanes have 
the highest abundance within the Lower Jurassic Podil’tsi 
Fm. (Table 3; Fig. 3c–d). Mid-chain compounds play a dom-
inant role within the Middle Jurassic part of the Kokhanivka 
Fm. (Table 3; Fig. 3b). Long-chain n-alkanes play a cru-
cial role in most of the samples from the lowermost (Lower 
Jurassic) part of the Kokhanivka Fm. (Table 3; Fig. 3a).

Based on the n-alkane distribution several indicators were 
calculated. Among them were the long-to-short hydrocarbon 
ratio  (LTSHC), and the proxy aquatic ratio (Paq). The  LTSHC 
results vary from 0.20 to 1.39 within the Podil’tsi Fm., and 
from 0.40 to 19.6 within the Kokhanivka Fm. The Paq results 
vary from 0.41 to 0.65 within the Podil’tsi Fm. and from 
0.61 to 0.96 within the Kokhanivka Fm. (Table 3).

7- and 8-monomethyl alkanes (MMA) were present in 
the Kokhanivka Fm. from the Korolyn-6 and Bortyatin 1 

boreholes, and in all analysed samples from the Podil’tsi 
Fm. (Table 3).

Two acyclic isoprenoids, pristane (Pr) and phytane (Ph), 
were also marked at m/z 71 chromatograms. Due to a lack 
of Pr and/or Ph, these ratios were not calculated within four 
samples from the Kokhanivka Fm. The Pr/C17 and Ph/C18 
results vary from 0.33 to 19.7 and from 0.29 to 1.96, respec-
tively (Table 3).

Sterane distribution was marked at m/z 217 mass ion 
chromatograms, which led to the calculation of the regular 
sterane distribution (Table 3). The distribution of regular 
steranes revealed that  C29 regular steranes have a dominant 
role within the samples from the Kokhanivka Fm. (Table 3). 
In most of the samples referred to the Podil’tsi Fm., regu-
lar sterane distribution is also characterised by the highest 
abundance of  C29 sterane, but the domination is not as high 
as that within the Kokhanivka Fm. (Table 3). Based on the 
regular steranes versus 17α hopanes content, the sterane/
hopane (S/H) ratio was calculated (Peters et al. 2005), with 
all the obtained S/H results below 1 (Table 3).

The analysed samples from the Podil’tsi Fm. contain 
aromatic carotenoids as well as aliphatic diterpanes and 
oleanane (Tables 3, 4). Within the Kokhanivka Fm., aro-
matic carotenoids are sparse. Aliphatic diterpanes within the 
Kokhanivka Fm. were observed only within the lower part 
of the formation (Tables 3, 4). Oleanane was marked only 
within samples from the Podil’tsi Fm. The oleanane index 
results vary from 1.46 to 6.45 (Table 3).

Plant-derived aromatic biomarkers were common in 
both the Podil’tsi and Kokhanivka Fms. (Table 4). Amongst 
them were retene (Ret), cadalene (Cad), and 6-isopropyl,1-
isohexyl,2-methylnapthaplene (ip-iHMN), which were used 

Table 2  Biomarker indicators 
linked with organic matter 
maturity

Key: Str stratigraphy, J2 Middle Jurassic, J1 Lower Jurassic, Form. Formation, Koh Kokhanivka, Pod 
Podil’tsi, Per perylene, “ + ” present

Borehole Depth Str Form C29 ββ/(αα + ββ) C29 S/(S + R) C31 S/(S + R) Per

Bortyatin 1 2846 J2 Koh 0.34 0.27 0.56  + 
Korolyn 6 3421 J2 Koh 0.31 0.34 0.58  + 
Korolyn 6 3517 J2 Koh 0.39 0.53 0.58  + 
Podiltsi 1 3214 J2 Koh 0.25 0.34 0.57  + 
Voloshcha 1 2659 J2 Koh 0.34 0.10 0.50  + 
Voloshcha 1 2870 J2 Koh 0.33 0.21 0.53  + 
Voloshcha 1 2903 J2 Koh 0.37 0.15 0.54  + 
Korolyn 6 3642 J1 Koh 0.44 0.59 0.58
Podiltsi 1 3316 J1 Koh 0.38 0.38 0.59  + 
Voloshcha 1 2952 J1 Koh 0.31 0.28 0.55  + 
Voloshcha 1 3126 J1 Koh 0.31 0.38 0.56  + 
Korolyn 6 4157 J1 Pod 0.53 0.44 0.54
Podiltsi 1 3475 J1 Pod 0.45 0.45 0.58  + 
Voloshcha 1 3370 J1 Pod 0.46 0.38 0.57  + 
Voloshcha 1 3547 J1 Pod 0.49 0.38 0.57  + 
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to show the “plant fingerprint” (PF) (Table 4) (Cesar and 
Grice 2019). Also, simonellite (Sim), dehydroabietic acid 
methyl ester (DAME), 2-methylretene (MeRet), and diaro-
matic totarane (DiT) were recognised.

Palaeoenvironmental conditions

Palaeoenvironmental conditions including redox conditions, 
palaeosalinity, palaeo-wildfire activity, and palaeogeogra-
phy are described by the biomarker indicators presented in 
Table 5.

The Pr/Ph results vary from 0.27 to 0.68 and from 0.53 to 
3.13 within the Podil’tsi and Kokhanivka Fms., respectively. 
To support the obtained Pr/Ph results, the homohopanes’ 
distribution was calculated. In most of the samples, tetra- 
and pentahomohopanes are present and represent 4–22% 
of the total homohopanes content (Table 5). Pentahomoho-
panes were absent only in the four samples from the middle 
and upper part of the Kokhanivka Fm. from the Podil’tsi 
1 and Voloshcha 1 boreholes, which led to the absence of 
 C35S/C34S results (Table 5).

For the Podil’tsi Fm., the results of the  C29H/C30H and 
 C35S/C34S ratios vary from 0.58 to 1.02 and from 0.66 to 
0.98, respectively. Within the analysed Kokhanivka Fm., 
 C29H/C30H and  C35S/C34S vary from 0.61 to 1.26 and from 
0.19 to 0.63, respectively (Table 5).

The dibenzotiophene/phenanthrene (DBT/Phen) ratio 
results are low in both analysed formations and do not 
exceed 0.10 (Table 5). Simultaneously, the gammacerane 

index (GI) ratio also indicates low values that do not reach 
0.10 (Table 5).

Furthermore, the samples contain a series of polycyclic 
aromatic hydrocarbons (PAHs). Amongst them are fluoran-
thene (Fl) and pyrene (Py) (m/z 202), benzo[a]anthracene 
(BaA), triphenylene and chrysene (Chr) (m/z 228), ben-
zofluoranthenes, benzo[e]pyrene (BeP), benzo[a]pyrene 
(BaP), perylene (Per) (m/z 252), indeno(1,2,3,cd-)pyrene, 
benzo[ghi]perylene (BgP) (m/z 276), and coronene (m/z 
300). Based on the m/z 202 and m/z 228 mass fragmento-
grams, the Fl/(Fl + Py) and BaA/(BaA + Chr) ratios were 
calculated. Their values within the Podil’tsi Fm. vary from 
0.36 to 0.53 and from 0.03 to 0.18, respectively. Within the 
Kokhanivka Fm., these ratios vary from 0.40 to 0.62 and 
from 0.13 to 0.57, respectively.

The abundance of PAHs mentioned above was also used 
to calculate a few indicators: BeP/(BeP + BaP) (Table 4), 
the pyrolytic input ratio (PIR), low molecular weight 
PAHs/Total PAHs (LMW/Total), and BgP/(Per + BgP) 
(Table  5). BeP/(BeP + BaP) vary from 0.62 to 0.88 
within the Podil’tsi Fm., and from 0.37 to 0.79 within the 
Kokhanivka Fm. The PIR and LMW/Total results within 
the Podil’tsi Fm. vary from 22.2 to 91.3 and from 0.15 to 
0.32, respectively (Table 5). The Kokhanivka Fm. samples 
are characterised by PIR and LMW/Total in ranges from 
3.30 to 42.8 and from 0.18 to 0.51, respectively. The BgP/
(Per + BgP) results vary from 0.73 to 1.00 and from 0.32 
to 0.91 for the Podil’tsi and Kokhanivka Fms., respectively 
(Table 5).

c
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Fig. 3  Mass chromatograms of m/z 71 with n-alkane distribution for a–b Kokhanivka Fm. and c–d Podil’tsi Fm
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Discussion

There is a possibility that epigenetic processes (e.g. water 
washing) have affected the biomarker composition of the 
analysed rocks, resulting in the partial removal of e.g. 
short-chain n-alkanes, acyclic isoprenoids, and methyl- 
and dimethylnaphthalenes for example. A similar situation 
was reported in some Miocene coal samples from Poland 
(Fabiańska 2007). For this reason, conclusions based on 
ratios containing short-chain n-alkanes and/or acyclic iso-
prenoids are supported by other biomarker indicators, where 
epigenetic processes did not influence the results.

Hydrocarbon potential and facies

Rock-Eval pyrolysis allowed us to briefly describe the 
hydrocarbon potential of the Podil’tsi and Kokhanivka 
Fms. The Rock-Eval pyrolysis results obtained within the 

analysed samples show that both formations contain indig-
enous hydrocarbons (Fig. 4d) originating mostly from type 
III kerogen (Fig. 4a). The hydrocarbon content within the 
Podil’tsi Fm., as well as within the lower and upper parts 
of the Kokhanivka Fm., is generally poor (Figs. 4c, 5). The 
highest hydrocarbon content and TOC are observed in the 
middle part of the Kokhanivka Fm. (Fig. 5). This vertical 
variation of the hydrocarbon content and TOC can be noted 
in three boreholes: Korolyn 6, Podil’tsi 1, and Voloshcha 1 
(Fig. 5). Due to an insufficient quantity of Rock-Eval pyroly-
sis analyses conducted in the Bortyatin 1 borehole the verti-
cal variations of the TOC and hydrocarbon content within 
this borehole were not discussed.

Analysis of the Rock-Eval pyrolysis data allows us to con-
clude that the middle part of the Kokhanivka Fm. possesses 
fair-to-good hydrocarbon potential (Fig. 5). The rest of the 
Kokhanivka Fm. and all of the Podil’tsi Fm. are character-
ised by poor hydrocarbon potential.
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Facies analysis revealed that in general, facies FT1-5 and 
part of the black claystones/mudstones related to FT6 are 
characterised by poor hydrocarbon potential and poor-to-fair 
TOC values. Higher hydrocarbon potential correlated with 
elevated TOC values was observed only within the brown 
claystones/mudstones classified to FT6 and single grey clay-
stones intervals related to FT3 (Figs. 2, 5).

Organic matter maturity

The maturity of both formations was described in Kosa-
kowski et al. (2012), so this subsection is not extensively 
developed. According to the obtained Rock-Eval pyrolysis 
as well as the biomarker indicator  C29ββ/(αα + ββ),  C2920S/
(S + R), and  C31S/(S + R) results, the Pliensbachian Podil’tsi 
Fm. contains mature organic matter (Table 2; Figs. 4a, 6). 
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However, only a sample from the Korolyn 6 borehole prob-
ably exceeded 0.69%Ro as the perylene was not observed 
in the sample from the depth of 4157 m, despite the pres-
ence of other plant-derived aromatic biomarkers (Table 2) 
(Marynowski et al. 2015). The vitrinite reflectance values 
published by Kosakowski et al. (2012) partially support the 
maturity level of the Podil’tsi Fm. suggested by the bio-
markers. However, a very high Ro value obtained within 
the Voloshcha 1/3547 sample in our opinion might be 
linked with redeposited organic matter, as this sample con-
tains perylene (Table 2). In the Podil’tsi 1 and Voloshcha 1 
boreholes, the analysed Podil’tsi Fm. contains early-mature 
organic matter in the range of 0.61–0.69%Ro. In the Korolyn 
6 borehole, the Podil’tsi Fm. exceeded 0.69%Ro but did not 
reach 0.90%Ro as the BaP is present in all the samples from 
this borehole (Marynowski et al. 2015).

Calculated biomarker and Rock-Eval pyrolysis indicators 
suggest that the Kokhanivka Fm. contains mostly early-
mature organic matter (Figs. 4a, 6). Only two samples from 
the Korolyn 6 borehole referred to the Kokhanivka Fm. are 
in the mature zone, but simultaneously the Middle Jurassic 
sample contains perylene, which suggests that in this case 
the Ro did not exceed 0.69% (Marynowski et al. 2015).

Origin of organic matter

According to the HI and  Tmax values, both the Podil’tsi and 
Kokhanivka Fms. contain mostly terrigenous type III kero-
gen (Fig. 4a). Some samples from brown claystones of the 

Kokhanivka Fm. contain a more significant admixture of 
sapropelic type II kerogen, which is suggested by higher HI 
results (Table 1; Fig. 4a). These preliminary conclusions 
were developed by the GC–MS results.

The distribution of n-alkanes within the analysed 
Lower–Middle Jurassic strata possesses a unimodal charac-
ter. The Pliensbachian Podil’tsi Fm. is characterised by the 
domination of short-chain homologues linked with marine 
organic matter (Fig. 3c–d) (Bray and Evans 1961; Peters 
et al. 2005). This domination of short-chain homologues 
is reflected in the  LTSHC ratio results, which in most of the 
samples from the Podil’tsi Fm. are below 1, thus suggesting 
mostly marine organic matter origin (Kotarba et al. 2011a). 
A slightly higher admixture of terrestrial organic matter is 
noted in the sample Podil’tsi 1/3475, where  LTSHC is above 
1 (Table 3). The Pr/C17 and Ph/C18 results suggest that the 
Podil’tsi Fm. contains mixed organic matter (Fig. 7b).

N-alkanes obtained within the Kokhanivka Fm. were 
dominated by mid-chain  C21–C25 homologues, which can 
be linked with aquatic plants, bryophytes, or phytoplankton 
(Table 3; Fig. 3b) (Ficken et al. 2000; Pancost et al. 2002; 
Mead et al. 2005; Chen et al. 2021). Only the lowermost part 
of the Kokhanivka Fm. is mostly characterised by the highest 
abundances of long-chain  C27 homologue linked primarily 
with terrestrial plant input (Table 3; Fig. 3a) (Bray and Evans 
1961; Peters et al. 2005). In the Korolyn 6 borehole area, we 
noted that the sample from the lower part of the Kokhanivka 
Fm. contains significant abundances of short-chain n-alkanes, 
which suggest a significant role of marine organic matter. 
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Higher terrestrial input within the Kokhanivka Fm. is noted 
in the  LTSHC results, which in almost all cases extensively 
exceed 1 (Table 3). Also, Pr/C17 and Ph/C18 suggest the 
mostly terrestrial character of the organic matter within the 
Kokhanivka Fm. (Fig. 7b). The high Pr/C17 results within this 
formation should be linked with the case where pristane orig-
inates from tocopherols, which could come from land plants 
(Goossens et al. 1984; Peters et al. 2005). Similarly, elevated 
Pr/C17 values were observed within the Middle Jurassic of 
the PB, where significant terrestrial organic matter input was 
observed (Zakrzewski et al. 2020, 2022a).

General information taken from n-alkanes was developed 
by the application of other biomarkers. Regular sterane distri-
bution suggests that the Podil’tsi Fm. contains mixed plank-
tonic–land plant organic matter (Figs. 7a, 8a). This indicator 
confirms that the Kokhanivka Fm. contains mostly terrigenous 
organic matter with a minor role of planktonic organic mat-
ter (Figs. 7a, 8c). The high content of stigmastanes might be 

linked with green algae and/or terrigenous organic matter 
(Volkman 2003; Peters et al. 2005). However, our S/H results 
suggest mostly terrigenous origin of  C29 steranes.

According to the low S/H results, the planktonic organic mat-
ter within both the Podil’tsi and Kokhanivka Fms. have mostly 
bacterial origin (Table 3). Results above 1 indicate the advantage 
of algae over bacterial input, as steranes are linked with algal 
input and hopanes are linked with bacterial input (Brooks 1970; 
Seifert and Moldowan 1979; Moldowan et al. 1985; Peters et al. 
2005). The presence of the Cyanobacteria within the Podil’tsi 
Fm. and within part of the Kokhanivka Fm. samples was noted 
as the 7- and 8-MMA were marked (Table 3; Fig. 9B) (Klomp 
1986; Fowler and Douglas 1987; Shiea et al. 1990). However, it 
is worth noting that these MMA were not observed within the 
Kokhanivka Fm. from the Podil’tsi 1 and Voloshcha 1 bore-
holes. Sulphur-reducing bacteria within the photic zone were 
noted mostly in the Podil’tsi Fm., where the presence of isoreni-
eratane and renieratane were marked, suggesting the presence of 
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brown- and green-pigmented Chlorobiaceae (Table 4; Fig. 9A) 
(Brocks and Schaeffer 2008). Within the Kokhanivka Fm., a 
minor abundance of renieratane was observed only within one 
sample that referred to the lower part of the formation (Table 4). 
Cui et al. (2020) also suggest the cyanobacterial origin of 
isorenieratane and renieratane but in our cases, the  C38 and  C39 
aromatic carotenoids are absent or present in minor abundances, 
which suggests that the aromatic carotenoids originated primar-
ily from sulphur-reducing bacteria.

Besides the aliphatic diterpanes, only the 16a-phyllo-
cladane and abietane were noted within the Podil’tsi Fm. 
(Table 3). The presence of 16a-phyllocladane suggests the 
occurrence of conifers other than Pinaceae in the sediment 
supply area (e.g. Otto and Simoneit 2002). However, it is 
worth noting that all samples from the Podil’tsi Fm. also 
contain oleanane, which is commonly linked with angio-
sperms (Table 3; Fig. 8d–e) (Peters et al. 2005, and refer-
ences therein). Oleanane presence within the Lower Jurassic 
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Fig. 9  a Distribution of  C40 aromatic carotenoids, and b MMA within 
Podil’tsi Fm; c, e main plant-derived aromatic biomarkers marked in 
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strata is unexpected, but to date this compound was revealed 
within the Middle Jurassic, Permian, and Carboniferous 
strata (Moldowan et al. 1994; Taylor et al. 2006; Philp et al. 
2021). Taylor et al. (2006) suggest oleanane presence within 
fossilised Cretaceous Bennettitales and Permian Gigantop-
terids. The Bennettitales were present within Early Jurassic 
flora (e.g. Popa and Zaharia 2011), so the oleananes within 
the Podil’tsi Fm. might be linked with this type of plant. 
Low content of free hydrocarbons versus TOC suggests 
that oleanane has an indigenous origin and should not be 
linked with hydrocarbon migration from younger horizons 
(Fig. 4d). Despite the significant input of terrestrial organic 
matter within the Kokhanivka Fm., aliphatic diterpanes are 
rarely reported and their restricted presence was noted only 
within the lower part of this formation related to the Toar-
cian–Lower Aalenian strata (Table 3).

Despite the rare occurrence of aliphatic diterpanes, all 
analysed samples contained plant-derived aromatic bio-
markers, which are partially aromatic products of diterpenes 
(Simoneit 1977; Alexander et al. 1986; Ellis 1994; Fabiańska 
2007). The marking of retene, cadalene, ip-iHMN, and per-
ylene (Tables 2, 4) suggests the presence of conifers, bryo-
phytes, and fungi (van Aarssen et al. 2000; Hautevelle et al. 
2006; Romero-Sarmiento et al. 2011; Marynowski et al. 
2013; Cesar and Grice 2019). The most common compounds 
are retene and ip-iHMN that are linked mostly with conifers 
and bryophytes, respectively (van Aarssen et al. 2000; Cesar 
and Grice 2019). Cadalene, which besides conifers might be 
linked for example with coastal vegetation (Cesar and Grice 
2019), was present in most of the Lower–Middle Jurassic 
samples, but in relatively low abundances in comparison to 
retene and ip-iHMN, which was noticeable during the analy-
sis of the plant fingerprint (PF) (Table 4.; Fig. 9c, e). The PF 
in most samples is dominated by retene. The higher values of 
cadalene (> 2% in PF) were observed only within the lower-
most Kokhanivka Fm., related probably to the Toarcian Age 
(Table 4; Fig. 9e). This part of the Kokhanivka Fm. is also 
frequently characterised by the highest content of ip-iHMN 
within PF (Table 4), which reflects the changes within the 
palaeoflora (Cesar and Grice 2019). The retene diagenetic 
precursors (e.g. simonellite and methylretene) were marked 
only within the Kokhanivka Fm. The absence of these com-
pounds within the Podil’tsi Fm. suggests that retene from 
this formation might be from the redeposition of older and 
more mature horizons, or was formed during palaeo-wildfire 
events (Ruebsam et al. 2020; Zakrzewski et al. 2020, 2022a).

The lack or minor role of aliphatic diterpanes, together 
with the common presence of diterpenoid aromatic deriva-
tives, suggest that the Lower–Middle Jurassic strata contain 
mostly oxidised terrestrial organic matter and/or terrigenous 
organic matter where conifers were not the dominating type 
of plants (Simoneit 2005; Fabiańska 2007). This oxidation 
could take place during reported palaeo-wildfires events, 

such as in the Lower–Middle Jurassic strata in the nearby 
PB (Zakrzewski et al. 2020, 2022a, b). This explains why 
cadalene is present only in minimal abundance, as this com-
pound is vulnerable to thermal degradationthat can occur 
during palaeo-wildfire events (Izart et al. 2012; Zakrzewski 
and Kosakowski 2021). The results of PIR suggest that 
palaeo-wildfire events had a place in the sediment supply 
area, but the scale of the pyrolytic residue input was lower 
than in the central part of the PB area (Table 6). Mostly, the 
pyrolytic origin of PAHs demonstrated by Fl/(Fl + Py) and 
BaA/(BaA + Chr) for the Kokhanivka Fm. also supports the 
thesis about at least the partial pyrolytic origin of retene 
(Table 5; Figs. 9f, 10b). The presence of diagenetic pre-
cursors of retene like simonellite and methylretene indicate 
that other parts of retene have a diagenetic origin (Table 4; 
Fig. 9c, e). The rate of diagenetic precursors of retene ver-
sus retene increased in samples with a higher presence of 
ip-iHMN versus retene (Table 4; Fig. 10f). Elevated con-
tent of ip-iHMN, frequently linked with bryophytes might 
suggest more humid palaeoclimate conditions (Cesar and 
Grice 2019). A good correlation between the content of the 
diagenetic precursors of retene and ip-iHMN versus retene 
indicates that the rate of pyrogenic versus diagenetic origin 
retene decreased in more humid palaeoclimate conditions 
(Fig. 10f).

Within the Podil’tsi Fm., the PAHs have mostly petro-
genic origin (sensu Yunker et al. 2002) (Table 5; Figs. 9d, 
10b). In this formation besides the diagenetic processes, the 
plant-derived aromatic biomarkers might come from the 
redeposition of older organic-rich deposits, such as Carbon-
iferous coals, which were postulated for Toarcian sediments 
from the southern part of the PB (Ruebsam et al. 2020).

Most of the Lower–Middle Jurassic samples contain signifi-
cant amounts of perylene (Table 2; Fig. 9d, f). Perylene is com-
monly linked with fungi and might be evidence of palaeoestuar-
ies located near sampled boreholes (Marynowski et al. 2013; 
Varnosfaderany et al. 2014). The role of these palaeoestuaries in 
sediment transport was significant within the Kokhanivka Fm. 
samples, where the significant input of terrestrial organic mat-
ter was noted (Tables 4, 5; Figs. 7, 9c, e). Even in more marine 
samples representing the Podil’tsi Fm., the terrestrial organic 
matter input can be noted as the perylene is present in deposits 
representing this formation (Table 2). Only within the Lower 
Jurassic samples from the Korolyn 6 borehole, is the perylene 
absent, but this absence is probably linked with thermal matu-
rity (Marynowski et al. 2015).

Palaeoenvironmental conditions

Combined biomarker and sedimentological results were used 
to define the palaeoenvironmental conditions. Based on the 
biomarkers from the aliphatic and aromatic fractions, the 
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redox conditions in the photic zone and at the basement were 
described. Furthermore, information about, palaeo-wildfires, 
and palaeogeography is included in this subsection.

In the study area, during the Hettangian–Sinemurian 
Age the sedimentation took place in the basin opened to 
the south direction and simultaneously separated from the 

neighbouring PB (Feldman-Olszewska 1997; Pieńkowski 
2004). Sedimentation probably occurred under the condi-
tions of rapid subsidence of the bottom of a tectonic graben 
(Ovcharenko et al. 1999; Dulub et al. 2003; Karpenchuk 
et al. 2006). During the Pliensbachian, sedimentation took 
place under lagoonal conditions with intermittent open 
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sea connections (FT 1, 2) (Świdrowska et al. 2008). In the 
lower part of the Toarcian–Aalenian siliciclastic succes-
sion, there was a decreasing amount of plant debris and 
periodically developing shallow-water bioclastic lime-
stones forming thin intercalations. The mosaic pattern 
of lithofacies featured in adjacent boreholes’ distribution 
may indicate deltaic, tidal plain, and lacustrine–estuarine 
environments with increasing marine influence (FT 3, 4) 
(Gareckij 1985; Świdrowska et al. 2008). A typical marine 
environment of shallow siliciclastic shelf prevailed during 
the Bajocian and Bathonian periods (FT 5, 6). The fauna 
indicates a rather stable open marine environment (e.g. 
Dulub et al. 2003; Zhabina et al. 2017).

Unfortunately, secondary processes caused situations where 
Pr and Ph were not detected in some samples. For this reason, 
the Pr/Ph ratio was not calculated within four samples from 
the Kokhanivka Fm., as the Pr and/or Ph were not marked in 
these samples (Table 5). The obtained Pr/Ph results within 
the Lower–Middle Jurassic strata suggest mostly dysoxic and 
anoxic conditions in the basement (Didyk et al. 1978; Peters 
et al. 2005). However, it must be noted that the Pr/Ph ratio has 
many limitations linked with maturity and organic matter’s ori-
gin. Pr/Ph is vulnerable, for example, to high terrestrial organic 
matter input, which might overestimate the Pr/Ph results as Pr 
can be derived from tocopherols (Goossens et al. 1984; Peters 
et al. 2005). On the other hand, Ph abundance might be boosted 
by halophilic bacteria (Ten Haven et al. 1987; Peters et al. 
2005). The Pr/Ph values generally increase with increasing ther-
mal maturity of the organic matter. This phenomenon is mainly 
controlled by more Pr precursors in the source kerogens (Koop-
mans et al. 1999; Peters et al. 2005, and references therein). For 
these reasons, the Pr/Ph results were supported by homohopane 
distribution (Table 5). Broad  C31–C35 homohopane distribution 
with fair  C33 and  C34 homologues content support the statement 
about the suboxic/dysoxic conditions during the deposition of 
the Lower–Middle Jurassic strata (Demaison et al. 1983; Ober-
majer et al. 2000; Peters et al. 2005). According to the obtained 
results, the Podil'tsi Fm. was deposited under dysoxic condi-
tions. Within the Kokhanivka Fm., the  C33–C35 homologues’ 
content within the homohopane distribution is lower, which 
suggests suboxic conditions during deposition. The scarcity of 
oxygen during the deposition of both analysed formations is 
also suggested by the presence of pyrite, whose occurrence was 
described by Kosakowski et al. (2012) and Rauball et al. (2020).

During the deposition of the Kokhanivka Fm., within the 
photic zone, the domination of oxic conditions was recorded as 
aromatic carotenoids (e.g. isorenieratane and renieratane), dia-
ryl isoprenoids, and aryl isoprenoids were not detected in all but 
one sample (Schwark and Frimmel 2004; Brocks and Schaeffer 
2008). Different redox conditions were noted in the Podil’tsi 
Fm., where the presence of isorenieratane and renieratane indi-
cate the scarcity of oxygen within the photic zone (Table 4). A 
combination of information about the redox conditions suggests 

that the Podil’tsi and Kokhanivka Fms. might be deposited in 
shallow-marine environments (< 200 m depth) where the photic 
zone reached the basement as the redox conditions in the entire 
water column are similar (Tables 5, 6). The obtained  C29H/
C30H versus  C35S/C34S support the suggestion that the Podil’tsi 
Fm. was deposited in more marine palaeoenvironment than the 
Kokhanivka Fm. (Fig. 10a) (Peters et al. 2005).

The lack of gammacerane suggests that these formations 
were deposited in brackish-to-normal saline marine environ-
ments (e.g. Wang et al. 2022, and references therein). Moreover, 
the low (< 0.10) gammacerane index together with low (< 0.10) 
DBT/Phen values suggest that the deposition of both Fms. took 
place in iron-rich and non-sulphidic conditions where pyrite 
was formed in the water column (Table 5). A similar situation 
was observed in Lower Jurassic deposits from the West Nether-
lands and West Cleveland Basins, where reactive iron was also 
supplied by terrigenous input (de Leeuw and Sinninghe-Damsté 
1990; Sinninghe Damsté et al. 1995; Song et al. 2017).

All analysed samples contain a series of > 5-ring PAHs, 
which might be linked with palaeo-wildfires (e.g. Marynow-
ski and Simoneit 2009). The origin of PAHs was described 
based on the Fl/(Fl + Py) versus BaA/(BaA + Chr) diagnostic 
plot (Fig. 10b) (Yunker et al. 2002; Xu et al. 2019). This plot 
indicates that PAHs from the Kokhanivka Fm. have mostly 
pyrogenic origin. A more significant influence of petrogenic 
PAHs within the Kokhanivka Fm. was noted only within sam-
ples from the Korolyn 6 borehole, which are characterised 
by the highest maturity (Tables 2, 5; Fig. 10b). In the case 
of the Podil’tsi Fm., the PAHs have mostly petrogenic origin 
(Fig. 10b). Most of the samples from the Kokhanivka Fm. were 
described in Zakrzewski and Kosakowski’s (2021) study, but it 
must be noted that Zakrzewski and Kosakowski (2021) based 
their analyses on obsolete stratigraphical identification drawn 
from Kosakowski et al. (2012).

LMW/total and PIR indicators were used to describe 
the origin and rate of pyrolytic organic matter within the 
analysed samples (Table 5). Part of this data was used by 
Zakrzewski and Kosakowski (2021); nevertheless, we 
include them in this paper because of the stratigraphical 
changes in the borehole Voloshcha 1 in comparison to the 
stratigraphy used in Kosakowski et al. (2012) and Zakrze-
wski and Kosakowski (2021). According to the PIR and 
LMW/Total results, the influx of pyrolytic organic matter 
during the deposition of the Kokhanivka Fm. was less than 
in the same period in the PB area, as the PIR values are lower 
in comparison to those obtained from the Middle Jurassic 
strata from the PB (Table 6) (Zakrzewski and Kosakowski 
2021; Zakrzewski et al. 2022a). Moreover, the higher LMW/
Total results suggest the more significant participation of 
smoke-origin PAHs in comparison to the Middle Jurassic 
strata from the PB. In the upper part of the Kokhanivka Fm., 
the participation of smoke-origin PAHs decreased as the 
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LMW/Total results also decreased (Table 5; Fig. 10d) (Karp 
et al. 2020; Zakrzewski and Kosakowski 2021).

The lower input of pyrolytic residues in samples within 
the Kokhanivka Fm. was controlled by palaeogeogra-
phy, which is suggested by two plots juxtaposing BaA/
(BaA + Chr) and BeP/(BeP + BaP) versus BgP/(Per + BgP) 
(Fig. 10c, e). This conclusion is based on the statement that 
perylene is linked with fungi and might be used as an indi-
cator of distance from palaeoestuaries (Marynowski et al. 
2013; Varnosfaderany et al. 2014; Zakrzewski et al. 2020). 
The BgP/(Per + BgP) indicator was used to approximately 
characterise the palaeogeographical differences between 
the analysed samples, as BgP/(Per + BgP) results below 
0.5 should be interpreted as conditions with a significant 
influence of palaeoestuaries (Zakrzewski et al. 2020). The 
BaA/(BaA + Chr) versus BgP/(Per + BgP) plot revealed that 
samples from the Kokhanivka Fm. with a high influence of 
palaeoestuaries are characterised by the presence of mostly 
pyrogenic PAHs, as BaA/(BaA + Chr) reached the highest 
values within these samples (Table 5; Fig. 10c). Similar con-
clusions can be taken from BeP/(BeP + BaP) versus BgP/
(Per + BgP), as the BeP/(BeP + BaP) can be used to dis-
tinguish samples with a higher influence of phytoplankton 
(Fig. 10e) (Grice et al. 2007). Therefore, samples with the 
highest influence of phytoplankton are characterised by the 
least influence of palaeoestuaries. A combination of data 
obtained from the dependencies described above allows us to 
state that the lowermost Kokhanivka Fm. from the Podil’tsi 
1 and Voloshcha 1 boreholes as well as the Kokhanivka Fm. 
from Korolyn 6 were deposited in the far distance and are 
characterised by a low influence of palaeoestuaries. Other 
samples from the Kokhanivka Fm. were deposited under a 
moderate-to-significant influence of palaeoestuaries.

BgP/(Per + BgP) should be used in samples with mostly 
immature to early-mature terrigenous organic matter. Per-
ylene disappeared from the samples when the thermal matu-
rity of Ro = 0.69% is exceeded, but above Ro = 0.60% the 
perylene abundance decreased, leading to an overestimation 
of BgP/(Per + BgP) (Marynowski et al. 2015; Zakrzewski 
et al. 2020). Due to the high maturity and/or mostly marine 
organic matter origin, the results of the Podil’tsi Fm. pre-
sented on plots with the BgP/(Per + BgP) ratio should be 
interpreted with caution (Fig. 10c, e).

Chemostratigraphic correlation between the Middle 
Jurassic of the East Carpathian Gate and Polish 
Basin areas

Analysis of the obtained Rock-Eval pyrolysis and biomarker 
results allow us to characterise the Podil’tsi and Kokhanivka 
Fms. Moreover, during the interpretation of these results, we 
matched the chemostratigraphic correlation between these 
formations and the same aged horizons from the PB.

Analysis of the Rock-Eval pyrolysis data shows that from 
the analysed Podil’tsi and Kokhanivka Fms., only the middle 
part of the Kokhanivka Fm. possesses fair-to-good hydrocar-
bon potential while the rest of the described Fms. is charac-
terised by poor hydrocarbon potential (Table 6; Fig. 5). A 
similar situation was noted in the Lower-to-Middle Jurassic 
strata from the PB, where only the Middle–Upper Aalenian 
strata are characterised by fair-to-good hydrocarbon potential 
(Zakrzewski et al. 2022a, b). In the PB area, the rest of the 
Lower and Middle Jurassic strata shows poor hydrocarbon 
potential (Zakrzewski et al. 2022a, b). Besides hydrocarbon 
potential, elevated TOC results were also observed within 
the middle part of the Kokhanivka Fm and Middle–Upper 
Aalenian strata from the PB (Fig. 5). The detailed localisa-
tion of the boreholes from Fig. 5 is presented in Fig. 1D.

The next portion of geochemical similarities in the Toar-
cian-to-Bathonian strata from the ECG and PB were deter-
mined by biomarker distribution (Table 6).

The n-alkanes’ distribution in both areas is mostly domi-
nated by mid- and long-chain homologues. Within the Toar-
cian strata, the extensive role of the n-C27 homologue within 
the n-alkanes’ distribution was marked in the PB and ECG 
areas. The mid-chain n-C23 homologue reached the highest 
abundances within the Middle–Upper Aalenian strata from 
the PB, and within the middle Kokhanivka Fm. from the 
ECG area. A slightly more complicated situation was noted 
within the Bajocian–Bathonian strata, which is related to the 
expansion of the PB and the variability of the organic mat-
ter’s origin (Zakrzewski et al. 2022a). However, even within 
the Bajocian–Bathonian strata, the similarities between the 
PB and ECG are noted, as the n-C23 is no longer the most 
abundant n-alkane and the highest peaks moved towards the 
n-C25 homologue (Table 6).

Despite the significant input of terrestrial organic matter 
noted within the Kokhanivka Fm., aliphatic diterpanes are 
rare findings and their limited occurrence was noted only 
within the lower part of this formation related to the Toar-
cian–Lower Aalenian strata (Tables 3, 6). A similar limita-
tion of aliphatic diterpanes distribution was noted within 
the Middle Jurassic strata from the PB, where terrigenous 
organic matter was oxidised during palaeo-wildfire events 
(Zakrzewski et al. 2022a). Furthermore, the Lower Juras-
sic strata from the PB, which in comparison to the Mid-
dle Jurassic strata were less influenced by palaeo-wildfires, 
contain aliphatic diterpanes (Zakrzewski et al. 2022b), thus 
supporting the claim that analysed samples from the lower 
part of the Kokhanivka Fm. might be related to the Toarcian 
Age (Table 6).

Finally, the similarities between the PB and ECG were 
noted in the distribution of palaeo-wildfire indicators, 
which suggest that in general the intensity of palaeo-
wildfires and the prevalence of pyrolytic residue versus 
smoke-origin PAHs rises from the Toarcian towards the 
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Bajocian–Bathonian strata (Table 6). Moreover, the palaeo-
environmental conditions during the deposition of the Toar-
cian–Bathonian strata from the PB and ECG were similar, 
as these strata in both areas were deposited in suboxic-to-
dysoxic and sulphate-poor conditions (Table 6).

As described above, the similarities in the Rock-Eval 
pyrolysis results and similar trends observed within the 
biomarkers gathered in Table 6 support the claim that the 
middle part of the Kokhanivka Fm. is related to the Mid-
dle–Upper Aalenian strata from the PB.

Conclusions

1. The Lower–Middle Jurassic strata in general contain 
mixed organic matter. Within the Pliensbachian Podil’tsi 
Fm., the prevalence of marine organic matter was noted. 
The significant input of terrigenous organic matter was 
noted within the Toarcian–Bathonian Kokhanivka Fm.

2. The Phytoplankton was dominated by bacteria. Traces 
of cyanobacteria as well as green- and brown-pigmented 
Chlorobiaceae were marked within the Podil’tsi Fm. The 
Kokhanivka Fm. from the Korolyn 6, and Bortyatin 1 
boreholes contains molecular traces of cyanobacteria.

3. Amongst terrestrial plants, traces of conifers, bryo-
phytes, and fungi were marked. The samples from the 
Podil’tsi Fm. contain aliphatic oleanane, which in the 
Lower Jurassic might be linked, for example with Ben-
nettitales. The Middle Jurassic strata are characterised 
by the absence of aliphatic diterpenoids, suggesting a 
low significance of conifers in the sediment supply area.

4. The Podil’tsi Fm. was deposited in dysoxic conditions 
in a sulphate-poor marine palaeoenvironment. The dep-
osition of the Kokhanivka Fm. took place under sub-
oxic redox conditions in a sulphate-poor fluvial–deltaic 
palaeoenvironment. Photic zone anoxia were observed 
within the Podil’tsi Fm.

5. Chemostratigraphic correlation with the Polish Basin 
allows the division of the Kokhanivka Fm. into three 
parts: lower, middle, and upper related to the Toarcian–
Lower Aalenian, Middle–Upper Aalenian, and Bajo-
cian–Bathonian Ages, respectively. The Medenychi Fm. 
is equivalent to the lower part of the Kokhanivka Fm.

6. The Podil’tsi and most of the Kokhanivka Fm. are char-
acterised by poor hydrocarbon potential. Only the mid-
dle part of the Kokhanivka Fm. is characterised by fair-
to-good hydrocarbon potential.
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