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Abstract: Organic geochemical studies were carried out on the sulphate—shale—carbonate series, representing the
upper PZ1 and lower PZ2 sections of the Zechstein cycles in the Ktodawa Salt Structure, located in the central
part of the Zechstein Basin, in Poland. Hydrocarbons extracted from the Nal and Na2 rock salts, the Alg and A2
anhydrites, the Ca2 dolomitic anhydrite and the T2 shale-carbonate rocks were analysed by gas chromatography
mass spectrometry (GC-MS). Homological series of the n-alkanes and chained isoprenes indicate the algal nature
of the organic matter with the characteristic chemiistry of type Il kerogen deposited under anoxic conditions. The
molecular composition of other biomarkers (n-alkylbenzenes, steranes) as well as phenenthrene and dibenzothio-
phene and their methyl derivatives revealed the highest maturity of the hydrocarbons (level of advanced stage of
the oil-window zone) in the upper part of the Stinking Shale. In the adjacent beds, a gradual decrease in the maturi-
ty of the hydrocarbons was observed both upwards and downwards in the stratigraphic sequence. The main source
rock of the hydrocarbons is represented by the Stinking Shale deposits. The observed trend of vertical variation in
maturity through the rock profile is explained as resulting from the continuous vertical migration of hydrocarbons,
expelled during maturation from the Stinking Shale rocks into the underlying and overlying strata.
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INTRODUCTION

Evaporite sequences provide both seals and traps for
hydrocarbon accumulation in many sedimentary basins,
particularly where rock salt with very low permeability
occurs in an evaporite series (Warren, 1999; Sarg, 2001).
Rock salt most commonly acts as a cap rock, which prevents
both the infiltration of hydrocarbons into the overlying stra-
ta and the inflow of ground water into the reservoir rocks.
If the reservoir rocks are located between rock salt layers,
they become inaccessible for fluids, circulating outside
the rock salt body. In the Upper Permian (Zechstein) car-
bonate-evaporite sequences of central Europe, the majority
of liquid hydrocarbon accumulations occur in carbonates of
the second evaporitic cycle (PZ2), referred to as the Main
Dolomite (Ca2). These deposits occur within a sequence
of sulphate-shale-carbonate-sulphate rocks, which sepa-
rate thick rock salt beds of the first (PZ1) and second (PZ2)
evaporitic cycles. In Poland, the Ca2 deposits were studied

most thoroughly in the marginal parts of the Zechstein Ba-
sin, where oil and gas accumulations are found in carbonate
platform and slope deposits (Jaworowski and Mikotajew-
ski, 2007; Karnkowski, 2007; Kotarba and Wagner, 2007,
Stowakiewicz and Mikotajewski, 2009, 2011). However, in
the open basin area, organic geochemical data on the Upper
Permian reservoir rocks and adjacent sulphates and shales are
still fragmentary. The studies carried out in the salt diapirs of
central Poland revealed that hydrocarbons also occur in de-
posits of the deepest part of the Zechstein Basin (Bakowski
and Tokarski, 1966; Bakowski, 1986; Natkaniec-Nowak
et al., 2001; Burliga et al., 2008). Since the Ca2 deposits
were not evidenced conclusively in the salt structures, the
early investigations were mainly focused on analyses of
bituminous rock salt and oil seepages in salt mines. Those
geochemical studies on the PZ1-PZ2 rock complex (Natka-
niec-Nowak ef al., 2001; Tobota, 2010) were carried out on
randomly selected rock samples, for which stratigraphic cor-
relation to the Zechstein series was difficult. Recent studies
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revealed the local occurrence of Ca2 strata as blocks in the
Ktodawa Salt Structure. In particular, geochemical analyses
of these Ca2 blocks permitted determination of hydrocar-
bons maturity in the potential reservoir rocks on a peak-oil-
window stage (Czechowski et al., 2011). The preliminary
analyses were performed on selected samples from the Main
Dolomite and the Stinking Shale, found in the 15a Mine Gal-
lery, as well as on migrated hydrocarbons with coal-like ma-
terial, filling fractures in the profile (Czechowski ef al., 2011;
Wagner and Burliga, 2014).

The present account extends these preliminary findings
and presents new data on the molecular composition of the
hydrocarbons, trapped in a boudin that is composed of the
complete carbonate—evaporite—siliciclastic rock sequence,
located in the 18a Mine Gallery. This sequence, located ap-
proximately 100 m north of the 15a Mine Gallery, originally
separated the Oldest Halite (PZ1) and the Older Halite (PZ2)
rock salt beds and does not contain any fractures, filled with
hydrocarbons that might have migrated there. Owing to the
isolation of the strata in impermeable rock salt, it is assumed
that the organic geochemical characteristics of these rocks
are representative for the primary Zechstein deposits, with
no imprint of organic matter from the surrounding deposits.
The aims of the study were to recognize the environmental
conditions during deposition of both the evaporite and shale
beds as well as to assess the genetic type of the hydrocarbons
sources and their maturity, on the basis of biomarker indices.

GEOLOGICAL SETTING

The Klodawa Salt Structure (KSS) is a diapiric ridge,
composed of Upper Permian (Zechstein) evaporite—silici-
clastic rocks, which originally constituted a marine sedi-
mentary sequence, deposited in the central part of the Polish
Zechstein Basin (Fig. 1), a subbasin situated in the eastern
part of the Southern Permian Basin (Ziegler, 1990; Wag-
ner, 1994; Kotarba et al., 2006, Peryt et al., 2010). Four
sedimentary sequences are distinguished in the basin fill,
annotated as the PZ1 (Werra), PZ2 (Stassfurt), PZ3 (Leine)
and PZ4 (Aller) cycles (Wagner, 1994). The analysis of
tectonic structures inside the diapir revealed that the defor-
mation of the Zechstein sequence started in (sub)horizon-
tally arranged beds in the early Triassic (Burliga, 1996a,
1996b), whereas the regional seismic sections (Krzywiec,
2004) indicate that the Zechstein rocks diapirically pierced
through their cover as early as in the late Triassic. The seis-
mic sections also imply repetitive burial and reactivation of
the vertical rise of the KSS during the Jurassic and Creta-
ceous. Therefore, the top of the KSS in the study area re-
mained shallowly buried during that time interval. During
the latest Cretaceous (Maastrichtian)—early Paleogene, the
basin was inverted and the topography in the KSS area was
levelled by erosion and subsequently covered by Cenozo-
ic deposits (Dadlez et al., 1995; Dadlez, 2003; Krzywiec,
2006a, b; Jarosinski et al., 2009; Krzywiec et al., 2009).
The thickness of the Cenozoic cover varies in the range of
about 100-200 m above the shallowly buried sections of
the KSS and the Zechstein source layer is about 6 km below
the surface, at present.
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Fig. 1. Location of the Ktodawa Salt Structure (“Klodawa SA” salt
mine) on generalized map of Southern Permian Basin extent in
territory of Poland (map after Peryt et al., 2010).

The rock salt beds of the PZ1 and PZ2 cycles are sepa-
rated vertically by bedded deposits of the Upper Anhydrite
(Alg), the Stinking Shale (T2), the Main Dolomite (Ca2)
and the Basal Anhydrite (A2), representing a transgressive
systems tract and highstand systems tract (TST-HST) com-
plex (Peryt and Wagner, 1998; Kovalevych et al., 2008). The
palaeogeography and facies distribution in the central part of
the Zechstein Basin during A1g—A2 sedimentation are poorly
recognized, since the deposits are deeply buried (4-7 km) and
were penetrated by very few boreholes. On the basis of facies
patterns in the marginal parts of the basin, it is inferred that
the KSS developed on a basin plain (Fig. 1; compare Wag-
ner, 1994; Stowakiewicz and Mikotajewski, 2011). The only
geological data on the lithology, stratigraphy and thickness
of the A1g—A2 complex in the deepest part of the Zechstein
Basin derive from a few diapiric salt structures, in which salt-
mine excavations cut across Zechstein deposits. However,
owing to the higher competence of the Alg—A2 rocks (sul-
phate, carbonate and clay rocks) by comparison with the rock
salt, these competent beds became intensively boudinaged
and brecciated during salt flow. They mostly are preserved
as irregular blocks of anhydrite, randomly dispersed in rock
salt (Burliga et al., 2008). As a result, published data on the
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lithology of the Alg-A2 complex are extremely poor (e.g.,
Kucia, 1970; Misiek, 1997). A continuous, well-preserved
sedimentary sequence of Alg-A2 deposits was established
only recently (Czechowski et al., 2011). These bedded de-
posits constitute a large-scale boudin, which is completely
surrounded by rock salt. The boudin extends sub-vertically
for a distance of over 100 m in its maximum dimensions, both
horizontally and vertically. In the study area, the total thick-
ness of the Alg-A2 beds is about 23.8 m. Weak deformation
of the beds and the continuity of the sedimentary succession
indicate boudin isolation by the rock salt at a very early stage
in the deformation of the evaporite series and it floated as a
raft in a salt mass during the uplift of the KSS. In the context
of the overall evolution of the KSS, this boudin was isolated
by the salt, most probably since the Early Triassic.

MATERIALS AND METHODS

Rock samples

The samples investigated are from the only accessible
Alg-A2 section that is complete; it is located in the KS 18a
Mine Gallery, at a depth of 650 m. They were collected from
the gallery wall and ceiling, away from any rock fractures.
The sampled section included strata from the Oldest Halite
through the Upper Anhydrite, the Stinking Shale, the Main
Dolomite, and the Basal Anhydrite, up to the Older Halite.
The sampling sites and their annotation are given in Fig. 2.

The Alg-A2 series are distinctly layered and with the
exception of the top of the Main Dolomite bed, the bound-
aries between the litostratigraphic units and beds are sharp.
The Main Dolomite bed is made up of dolomitic anhydrite
and therefore the contact between the Ca2 and A2 deposits
is gradational and indistinct. Owing to the indistinct nature
of the upper boundary, the estimated thickness of the Main
Dolomite bed is in the range of 20-30 ¢cm. The Nal and
Na2 beds are rock salts with fine, dark laminae, enriched
in anhydrite. The T2 bed is dominantly composed of car-
bonate and siliciclastic minerals, whereas the Alg and A2
beds are anhydrite. The above observations strongly support
the view that the profile analysed represents a continuous,
weakly deformed sequence of PZ1 and PZ2 deposits.

Uncovered thin sections for all of the rock types, except
halite, were prepared by trimming down rock slices attached to
glass slides by means of epoxy, until the samples were 30 um
thick. The samples obtained in this way were analysed, using
an optical microscope equipped with cathodoluminescence.
The microscopic mineralogical observations of the samples
were confirmed by XRD analyses (Siemens D-5005, Bragg
angles used to collect the x-ray data from 10 to 75 degree).

Extraction of hydrocarbons

Finely powdered rock samples of mass about 100 g
were placed in pre-extracted thimbles, and extracted, using
the Soxhlet apparatus (until the disappearance of the pale
luminescence, observed under UV light, which lasted about
two days) with a mixture of azeotropic dichloromethane and
methanol (volumetric proportions 93:7 v/v, respectively).
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From the extracts obtained, the solvent was evaporated on
a rotary evaporator at a bath temperature of 40 °C to obtain
0.5 mL of concentrated aliquots. They consisted of residual
solvent and mainly light hydrocarbons. Owing to the low
yields of extracts and the need to preserve compounds of
low molecular weight in the extracts, the aliquots obtained
were not further fractionated by the TLC. Therefore, the
quantitative assessment of the extracts was arbitrary. The
analysis of concentrated aliquots was performed by using
gas chromatography—mass spectrometry (GC-MS).

Gas chromatography—mass spectrometry

The GC-MS analysis of the total extracts was carried out
with a HP5890 II gas chromatograph, equipped with a HP-5
fused silica capillary column (30 m x 0.25 mm i.d., coated
with 5% diphenylpolysiloxane and 95% dimethylsiloxane
phase with 0.25 pm film thickness). Helium was used as a car-
rier gas at a flow rate of 1 cm® min™'. The GC oven was heated
from 25 °C to 290 °C at a rate of 3 °C min’! and kept for 30
min at the final temperature. The detection was performed by
a HP 5971 A mass spectrometer detector, interfaced to a gas
chromatograph. The quadrupole mass spectrometer detector
was operated in an electron impact mode with an ionization
energy of 70 eV and an ion source temperature of 200 °C.
Data were acquired in full scan mode (mass range m/z 50—
600 with cycle time of 1 s). The compound groups were ex-
tracted from the total ion current (TIC) mass chromatogram,
using selective fragment ions. For the mass chromatograms
of the compound groups, the following fragment ions were
used: free n-alkanoic acids (m/z 60), n-alkanes and chained
isoprenoids (m/z 85), sesquiterpanes (m/z 123), n-alkylben-
zenes (m/z 92), steranes (m/z 217), secosteranes (m/z 219,
233 and 247), and molecular ions for phenenthrene (m/z 178),
methylphenenthrenes (m/z 192), dibenzothiophene (m/z 184)
and methyldibenzothiophenes (m/z 198). The concentrations
of other groups of compounds in the extracts were below the
detection limit. Compound identification was based on litera-
ture data, the comparison of GC retention time with selected
authentic standards, and the interpretation of mass spectro-
metric fragmentation patterns. The relative quantification of
given compounds was based on integration data from the cor-
responding mass chromatograms.

RESULTS AND DISCUSSION

Thin-sections of the T2, Ca2 and A2 samples revealed
very fine lamination within the beds and the alternation of
laminae with higher and lower amounts of organic matter
(Fig. 2). Observations of the Alg-3 anhydrite (Fig. 2) re-
vealed the presence of minor admixtures of carbonates and
quartz. Samples of the Stinking Shale (T2-2 and T2-3 in
Fig. 2) are laminated clay-carbonate rocks with dispersed
minor quartz, mica and sulphide. The carbonates consist of
biogenic components (foraminiferas, ostracods, bivalves,
gastropods). The Main Dolomite sample is composed
mainly of anhydrite with presence of a dolomite crystals
stretched in the form of lenses (Fig. 2). Fragments of fossils,
most likely molluscs, are also present.
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Fig. 2. Sampling sites in Zechstein PZ1-PZ2 lithostratigraphic profile located in KS 18a Mine Gallery with microscopic images of thin
sections from selected samples (photograph width 1.73 mm PPL).
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The hydrocarbons extracted from the rocks analysed are
represented by n-alkanes, n-alkylbenzenes, acyclic C ,-C,
isoprenoids (with pristane (Pr) and phytane (Ph) domina-
tion) as well as phenanthrene and dibenzothiophene and
their polymethylderivatives. Classical biomarkers, such as
pentacyclic triterpanes (hopanes) or aryl isoprenoids were
lacking in these rocks. Steranes were evidenced only in the
dolomitic anhydrite. GC-MS analysis of the extract concen-
trates revealed very low amounts (traces) of hydrocarbons
in the halite and anhydrite samples, whereas their content
in the T2 and Ca2 beds as well as in the anhydrite samples
from the boundaries with the Stinking Shale and the Main
Dolomite (samples Alg-3 and A2-1 respectively) was esti-
mated to be around 3—10 times higher.

Hydrocarbons composition

The variation in homological distribution of n-alkanes
and isoprenoids, the major hydrocarbons in the rocks
throughout the profile of PZ1-PZ2 stratigraphic succes-
sion described, is illustrated in Fig. 3, column a. It shows
a distinct n-alkane fingerprint in the uppermost Stinking
Shale sample (T2-3), where the relative abundance of the
homologues over the range from »n-C to n-C,, gradually
decreases with homologue chain length (Fig. 3, trace T2-3
in column a). The n-alkanes in the samples collected from
below and above the T2-3 bed show a monomodal, nearly
gaussian homologous distribution. Furthermore, with in-
creasing distance from the T2-3 bed the homologue with
maximum abundance gradually shifts to one with a higher
molecular weight (from n-C | to n-C,, see Table 1). Such
an upward shift of n-C__towards homologues of higher
molecular weight within the dolomite above the Kupfer-
schiefer was observed previously by Kluska ef al. (2013).
This is also reflected in the gradually lowering of values
of the n-C, /n-C,  ratio in the Ca2 dolomitic anhydrite
and the Alg and A2 anhydrites (Table 1) with increas-
ing distance from the T2 bed. In addition, in the Ca2-1
and Alg-1 samples (not illustrated in Fig. 3), a second,
subordinate maximum is present, centred around #-C, . In
sample T2-3, the ratios of Pr relative to n-C , and Ph rel-
ative to n-C  (calculated from data of the integrated area
of the corresponding peaks on the TIC chromatogram) are
the lowest (0.41 and 0.47, respectively), indicating the
highest maturity of the hydrocarbons present. A trend of
increases in these values downwards and upwards within
the stratigraphic sequence (excluding the weakly perme-
able Nal-1 and Na2-1 rock salt) indicates corresponding
directions of decreasing hydrocarbon maturity. It results
from maturity variation, due to the earlier expulsion of
the less matured hydrocarbons at lower maturation stag-
es from the Stinking Shale source rock and their further
inflow into the underlying and also the overlying rocks
(Table 1). However, the distinctly elevated Ph/n-C  value
in Ca2-1 (1.81), much higher than that observed for the T2
strata (Table 1) as well as for the A2 samples, is indicative
of a more anoxic depositional environment during Ca2
sedimentation. This discrepancy results from the mixing
of hydrocarbons flowing into Ca2 from the underlying
T2 source rock with those generated and accumulated
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in the Ca2 source rock. Anoxic conditions are confirmed
by the lower unity CPI values, indicating the prevalence
of even-carbon-numbered n-alkanes over their odd-car-
bon-numbered counterparts (Bray and Evans, 1961; Hunt,
1996). This is particularly evident in the Ca2 formation
in the n-C, — n-C,, homologous range (Table 1). Also the
value of the terrestrial/aquatic ratio (TAR parameter), in-
troduced by Bourbonniere and Meyers (1996), is lower in
the Ca2-1 sample, as compared to the value in the T2-3
sample, which are 0.21 and 0.25, respectively. A gradual
increase in TAR values downwards from the T2 strata is
interpreted as being a result of migration of hydrocarbons
with higher molecular mass, expelled at earlier stages of
maturity into the underlying strata (Table 1).

The pristane-phytane ratio (Pr/Ph) is commonly used as
a redox indicator of the depositional environment (Powell
and McKirdy, 1973; Didyk et al., 1978; ten Haven et al.,
1985). Its value is also related to the salinity of the sedi-
mentary basin. Their most common sources are the chloro-
phylls of phototrophic organisms (Brooks et al., 1969) and
the lipids of halophilic bacteria and archea (ten Haven et
al., 1985; ten Haven et al., 1988). The Pr/Ph ratios below
unity (Table 1) are indicative of anoxic conditions during
the deposition of organic matter (Didyk et al., 1978; ten Ha-
ven et al., 1985; Peters et al., 2005). Particularly low Pr/
Ph values (below <0.5) are found in the Ca2 and somewhat
higher values (around 0.65) in the Alg strata, reflecting a
highly anoxic and suboxic depositional environment. More
elevated Pr/Ph values (around 1.0) are observed in the T2
and A2 beds as well as in the Nal and Na2 rock salts. A Pr/
Ph ratio of close to unity for the Stinking Shale deposits
also was determined at another location in the Ktodawa Salt
Structure (Burliga and Czechowski, 2010).

In the samples analysed, pentacyclic triterpane bio-
markers (hopanes) were not detected. Their absence can re-
sult from the advanced maturity of the source rocks. A low
concentration of steranes was evidenced only in the Main
Dolomite. Their mass fragmentogram, illustrated in Fig.
4, shows the prevalence of C,, homologues over their C
and C,, counterparts (60, 22 and 18%, respectively; see Ta-
ble 1), which is typical for carbonate sediments (Volkman,
1986). However, they contain diasteranes, i.e. the products
of the catalytic rearrangement of steranes by accessory clay
minerals. The authors suggest that the part of the steranes
containing diasteranes, preserved in the Main Dolomite, are
migration constituents, released at a lower maturity stage
from the underlying Stinking Shale, containing much of the
siliciclastic material. Also the interaction of hydrocarbons
contained in the Main Dolomite with the clay minerals of
the underlying Stinking Shale might have contributed to the
formation of the diasteranes. The suggestion of the authors
about the migration of steranes from the T-2 bed into Ca2
bed is supported by the preservation of sesquiterpanes (less
susceptible to degradation) in the A1g-3 (minor abundance),
T2-1, T2-2, T2-3 (traces) and the Ca2-1 sample, where their
concentration is the highest.

The preservation of steranes only in the Main Dolomite
strata, where the accumulation of hydrocarbons within the do-
lomite-rich bed was greater than in the rock types both above
and below it, results from their slower maturation, owing to
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the lesser influence of the mineral matrix on the rearrangement
of the hydrocarbons. In other words, the greater concentration
of hydrocarbons favoured their slower maturation.

The molecular composition of sterane homologues at-
tained both optical and stereochemical equilibria (Fig. 4, trace
A). The 20S/(20S+20R) ratio of C, 000 epimers reached a val-
ue of 0.51, while the ratio of C,, aBf/(acortaf) stereoisomers
is 0.58. The high maturity of the hydrocarbons is reflected in
the C,,a00/C, app ratio, which equals 0.92. These parameters
locate maturity of the hydrocarbons in the Ca2-1 sample (dol-
omitic anhydrite) at advanced stage of the oil-window zone
(Peters and Moldowan, 1993; Peters ef al., 2005). In this sam-
ple, supposed secosteranes are also present, as suggested by
Kluska et al., (2013). Their mass fragmentogram m/z 219 is
shown in Fig. 4, trace B. However, the authors also observed
methyl- and ethyl- derivatives of this series of compounds
(Fig. 4, traces C — m/z 233 and D — m/z 247, respectively)
with very similar chromatographic profiles, while derivatives
of regular methyl- and ethylsteranes are not present. This lack
of consistency may be an indication that the inferred secoster-
anes (Fig. 4, traces B, C and D) in fact represent different com-
pounds, which so far were not identified.

Supporting information on the nature of the deposits dur-
ing their sedimentation derives from the molecular signature
of the n-alkylbenzenes, found in the Stinking Shale and Main
Dolomite beds. Representative m/z = 92 mass fragmento-
grams for the T2-2 and Ca2-1 samples are shown in Fig. 5.
Homological distributions of n-alkylbenzenes are character-
ised by the prevalence of homologues with a lower molecular
mass (below C,). Their maximum abundance is centred on
homologue C  in T2-1, T2-2 and Ca2-1 and shifts to a low-
er-molecular-mass homologue C,, in the T2-3 sample. High-
er molecular mass n-alkylbenzenes, with a less pronounced
maximum centred at C ., were observed in the Ca2-1 and the
T2-1 samples. Their greater abundance, relative to counter-
parts with lower molecular mass in the Ca2-1 sample, is inter-
preted as being due to the upward migration of hydrocarbons
from the underlying Stinking Shale, as was suggested for
hydrocarbons accumulated in the Main Dolomite of Western
Poland (Czechowski et al., 1998). Homological distribution
of higher molecular mass n-alkylbenzenes differs in the prev-
alence of odd C,,, C,, and C,, over the even-carbon-numbered
C, C,, C,, and C,, n-alkylbenzenes in the Ca2-1 and the
T2-1 samples (Fig. 5). This prevalence is clearly pronounced
in the Ca2-1 sample, while it is lacking in the Stinking Shale
samples. This distinguishing feature, observed in the Ca2-1
sample, indicates an association with the deposition of the
source organic matter in the carbonate matrix and identifies
the Ca2 horizon, in spite of the diagenetic anhydritization of
the dolomite deposits.

Free carboxylic acids of low concentration and very
similar homological composition were observed in the sam-
ples analysed, except for Ca2-1. A typical m/z 60 mass frag-
mentogram for the T2-1 sample is illustrated in Fig. 6. They
are represented by a mixture of lower-molecular-weight ho-
mologous series of C, — C, n-alkanoic acids, where n-hex-
anoic acid dominates as well as by even-carbon-numbered
n-fatty acids i.e. lauric (C, — dominant concentration),
myristic (C,,), palmitic (C ) and stearic (C ,) acids. Such
a composition is typical for evaporites and can be related
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Fig. 4. Mass fragmentograms showing molecular distribution of
steranes + diasteranes (A — m/z 217) and secosteranes (B — m/z
219, C —m/z 233, D — m/z 247) in Main Dolomite Ca2-1 sample.

to an algal source of the organic matter (Middelburg et al.,
1993; Volkman et al., 1998).

Source, depositional environment
and genetic type of organic matter

The isomeric composition of methylphenanthrenes can
be source-dependent, with abundant 1-MP as indicative of a
terrestrial origin and 9-MP for organic matter derived from
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Table 1
Biomarker and aromatic compound parameters for samples of sulphate—shale—carbonate—sulphate series,
separating PZ1 and PZ2 rock salt beds in the Klodawa Salt Structure.
Sample
Parameter
Nal-1 | Alg-1| Alg-2 | Alg-3 | T2-1 | T2-2 | T2-3 | Ca2-1 | A2-1 | A2-2 | Na2-1
n-Alkane of a highest abundance | n-C,, | n-C, | n-C, | n-C,, | n-C, | n-C, | n-C, n-C,, n-C, | n-C, | n-C,
n-C,, /n-C, — | 164 | 233 | 492 | 668 | 826 | 422 | 306 | 350 | — | —
Pr/n-C,, 1.09 2.25 1.33 0.86 0.44 0.34 0.41 0.70 1.16 1.47 1.30
Ph/n-C 1.12 2.60 1.94 1.37 0.92 0.98 0.47 1.81 1.02 1.29 1.58
Pr/Ph 0.85 0.66 0.63 0.67 0.73 0.75 1.17 0.43 1.09 0.90 0.89
CPL, s voon — | 089 | 073 | 090 | 1.02 | 095 | 096 | 0904 | 095 | — | —
CPL, 0y vcsn — | 131 | 121 | 106 | 101 | 105 | 097 | 094 | 115 | — | —
TAR — 0.55 0.26 0.09 0.07 0.08 0.25 0.21 0.14 — —_—
% C,,-Ci-C, — | — ] — | =] — ] — — 1820 — | — | —
C,, aaa20S/(20S + 20R) SN S S R _— 0.51 | — | —
C,, app/(aaa + aff) — — — — — — 0.58 — — —
C,,a00/C, app — — — — — — 0.92 — — —
2-MP + 3-MP/1-MP + 9-MP 1.44 1.30 1.54 1.91 1.39 1.33 1.49 1.64 — — —
1-MP/9-MP 0.82 0.74 0.60 0.76 0.66 0.63 0.77 0.65 — — —
MPI-1 0.20 0.35 0.30 0.50 0.45 0.73 1.18 0.78 — — —
R_[%] 0.52 0.61 0.58 0.70 0.67 0.84 1.11 0.87 — —_— —_—
MDR — — — 3.84 3.36 3.29 3.11 3.55 1836 | — —
DBT/P 0.14 0.32 0.29 0.71 0.61 1.28 2.48 0.89 7.97 0.10 0.05
Explanation: Carbon Preference Index for n-alkanes - CPI
CPL, 15 pcy=[n-Ciy + 2(n-C, + n-C + n-C ) + n-C)I/[2(n-C , + n-C  + n-C  + n-C,)]
CPIL, s nesn=[1-Cyy +2(n-C,; + n-C,, + n-C,)) + n-C, )1/[2(n-C,, + n-C,( + n-C  + n-C, )]

n-C, /n-C, = ZSn-CZl n-alkanes/ZZn-C22 homologues
Terrigenous/Aquatic Ratio: TAR= [(n-C,, + n-C, + n-C, )/(n-C,, + n-C_ + n-C )]
C,, aaa 20S/(20S + 20R) = (aaa20S)/(aaa20S + aaa20R) of C,, sterane

C,, afp/(aaa + afp) = (aBB20R + aff20S)/(aaa20S + aaa20R + afp20R + app20S) of C,, sterane

C,, aaa/C,, affp = (aaa20S + aaa20R)/(aBB20R + afB20S) of C, sterane

Methylphenanthrene Index: MPI-1= 1.5x(2-MP + 3-MP)/(P + 1-MP + 9-MP)
Calculated vitrinite reflectance: R_= 0.60xMPI-1 + 0.40 [%]

Methylphenanthrene ratio: MPR = 2-MP/1-MP

Methyldibenzothiophene ratio: MDR = 4-MDBT/1-MDBT

a marine environment (Radke et al., 1986; Budzinski et al.,
1995). The latter is also generated upon geosynthesis (Al-
exander et al., 1995; Szczerba and Rospondek, 2010). The
authors assumed that geosynthetic attribution of the 9-MP
to methylphenanthrenes in the Permian rocks investigated is
rather low and comparable for the corresponding lithofacies.
The rocks derive from profile of one Permian cyclothem and
underwent the same subsidence history. Therefore, the ratio
of 1-MP/9-MP (Table 1) can be applied in identification of
the source organic matter. In all rocks, the 1-MP/9-MP ratio
value is below unity, which indicates marine organic matter.
The indication of an origin as marine organic matter is sup-
ported by the great abundance of dibenzothiophene (DBT)

and methyldibenzothiophenes (MDBT) in all samples ana-
lysed (Fan et al., 1990; Radke et al., 2000), shown in Fig. 3,
column c¢. Moreover, the observed predominance of short-
over long-chain n-alkanes also may indicate the input of
algal and/or bacterial biomass into the organic matter stud-
ied (Han and Calvin, 1969; Tissot et al., 1977; Peters and
Moldowan, 1993). The prevalence of even-carbon-num-
bered n-alkanes, observed in both rock salt samples (Nal-1
and Na2-1; Fig. 3), with n-C, the most abundant, reflects
carboxylic group reduction in even-carbon-numbered fat-
ty acids under anoxic hypersaline conditions. In these rock
salts, B-carotane was also found and its presence is in accord
with hypersaline conditions of formation.
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Genetic type, depositional environment and thermal
maturity of kerogen in the rocks were assessed from the
ratios of Pr/n-C , vs. Ph/n-C ¢ (Didyk et al., 1978). The lo-
cations of the values of Pr/n-C vs. Ph/n-C g are illustrated
on diagrams by Obermajer et al. (1999) and Shanmugam
(1985) in Fig. 7. In diagram A, data are located within the
field for kerogen type II, typical of a marine environment,
which confirms earlier findings by Czechowski et al., 2011.
Diagram B indicates algae and bacteria as the source of or-
ganic matter, which was preserved under reducing deposi-
tional conditions (Tissot and Welt, 1984). The Ca2 sediment
was particularly rich in algal input and the corresponding
point is located within the field of type I kerogen (Fig. 7A),
with algal material as the main source (Fig. 7B). The lo-
cation of points on the diagrams indicates the lowering of
the maturity of hydrocarbons with distance from the T2-3
level. This is in accordance with the observations of Hoff-
mann and Leythaeuser (1995), who showed in their studies
of boreholes in northern Germany, that pristane and phytane
are expelled faster than n-C , and n-C g alkanes. Therefore,
higher Pr/n-C . and Ph/n-C , ratios are to be expected for the
earlier expelled hydrocarbons, together with a gradual low-
ering of them with progressive maturation in the direction
of source rock.

Hydrocarbons maturity

To assess the maturity of hydrocarbons contained in the
rocks a commonly accepted thermal maturity parameter,
i.e., the Methyl Phenanthrene Index 1 (MPI-1), was used
(Radke et al., 1982; Radke and Welte, 1983). It is based
on the abundances of phenenthrene and methylphenan-
threnes and is explained with regard to the transformation
of 1- and 9-methylphenanthrene isomers with lower ther-
mal stability to the more thermodynamically stable 2- and
3- methylphenanthrenes during the course of hydrocarbons
maturation; the MPI-1 equation is given in the footnote
to Table 1. Mass chromatograms of the compounds (m/z
178 + 192) in the extracts from the rocks investigated are
shown in Fig. 3, column b. In the Stinking Shale bed, at the
depth of sample T2-3, similar concentrations of phenan-
threne and respective methylphenanthrenes are present. A
gradual increase in the amount of phenanthrene, relative to
methylphenanthrenes, proceeds in both directions, up and
down the stratigraphic sequence from the depth of sample
T2-3. Simultaneously, the relative abundances of 2-MP +
3-MP with higher stability, compared to their 1-MP + 9-MP
counterparts with lower thermodynamic stability, are high-
er in the lithological horizons underlying and overlying the
Stinking Shale (see data in Table 1). This indicates different
isomeric equilibria for the methylphenenthrenes, depend-
ing on the migration distance from the T2 horizon as well
as on the organic matter dispersion in the mineral matrix of
each lithofacies. The observed variations in methylphenan-
threnes equilibria and the simultaneous increase of phenan-
threne abundance in the directions noted can be explained
as the geochromatographic effect of a smaller phenanthrene
molecule, more susceptible to migration, than bigger mol-
ecules of methylphenanthrenes, through poorly permea-
ble mineral matrices. In addition, the authors consider the
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Fig. 5. Mass fragmentograms showing homological distribution of
n-alkylbenzenes (m/z 92) in samples from Main Dolomite (Ca2-)
and Stinking Shale (T2-2).

T21

Intensity

5.0 15.0 25.0 35.0 45.0

Retention time [min]

Fig. 6. Mass fragmentogram (m/z 60) showing molecular compo-
sition of free n-alkanoic acids in T2-1 sample.

possible demethylation of methylphenanthrenes expelled
from the T2 horizon to generate more phenanthrene as well
as their partial isomerization towards a more matured iso-
meric signature on a migration pathway in mineral matrices
containing active sites, such as anhydrites. Supposition of
migration distance and the role of the mineral matrix in the
hydrocarbons transformation are additionally explained by
a clearly noticeable isomerisation of methyldibenzothio-
phenes, the isomeric signature of which shows a progres-
sion in maturity along the migration pathways (Radke et
al., 1986; Alexander et al., 1995; Asif et al., 2009). This is
reflected in the ratio increase of the 4- methyldibenzothio-
phene to 1- methyldibenzothiophene (mass chromatograms
in Fig. 3, column c; data in Table 1).

The overall effect of these processes is averaged by
values in formally calculated vitrinite reflectance (R ) using
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Fig. 7. Diagrams of Pr/n-C, vs. Ph/n-C ,
environment of organic matter (after Shanmugam, 1985).

the MPI-1 dependence defined by Radke and Welte (1983),
as shown in Table 1. The R values cover a range of hydro-
carbons maturity from an immature stage in the Nal-1 (R
0.52%) through the ‘oil window’ (stepwise from Alg-1 to
T2-1) to end stage of the oil window (R, 1.11%) for T2-3
(Radke and Welte, 1983; Peters ef al., 2005). In general, in
spite of the critical consideration of the MPI-1 evaluation for
hydrocarbons from the PZ1-PZ2 horizons analysed, these
data support a trend of decreasing maturity of the hydrocar-
bons with increasing distance from the source rock — Fig. 8.

CONCLUSIONS

Insight is presented into the nature of the indigenous
organic matter, contained in the PZ1-PZ2 rock sequence in
the central part of the Polish Zechstein Basin and the organic
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Fig. 8. Dependence of vitrinite reflectance R as function of verti-
cal distance from depth of sample T2-3.

illustrating (A) kerogen type (after Obermajer et al., 1999) and (B) source and depositional

geochemical characteristics of the rocks. The organic matter
in the rocks was isolated by rock salt from fluids circulating
in the basin since the Triassic.

The organic matter was deposited under suboxic/an-
oxic environmental conditions in an organic-matter-poor
and sulfur-rich marine environment. The major source
rocks were the upper level of the Stinking Shale and the
Main Dolomite beds. The kerogen is type II and of marine
origin. Its maturity is at a advanced stage of the oil-win-
dow zone.

The source of the hydrocarbons contained in the PZ1—
PZ2 rocks sequence was mainly algae, living in a marine
environment. The molecular composition of hydrocarbons
from the sulphate—shale—carbonate rock series, separating
the PZ1 and PZ2 salt horizons in the KSS, is dominated by
n-alkanes, n-alkylbenzenes, naphthalene and phenanthrene
and their polymethyl derivatives. Dibenzothiophene and its
polymethyl derivatives are present in smaller concentra-
tions. Hopanoids are lacking, while steranes are preserved
in small concentrations only in the Main Dolomite.

The hydrocarbons were expelled dominantly from the
Stinking Shale horizon and migrated into both the overly-
ing and underlying beds. Hydrocarbon maturity gradually
decreases with increasing distance from the T2-3 sampling
level, where the least matured hydrocarbons are at the great-
est outermost distances, both upward and downward. This
is in accord with the sequential generation and release of
hydrocarbons, in which the first expelled and least mature
ones migrated over the longest distance.
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