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Highlights 24 

Main Dolomite oils from Germany and Poland constitute ten distinct groups 25 

Aromatic C40 carotenoids are important correlative biomarker tools 26 

Main Dolomite oils were generated from algal-rich marly carbonate/evaporite source rocks 27 

Abstract 28 

Geochemical analyses were used to classify 39 Zechstein (Late Permian, Lopingian) 29 

Main Dolomite (Ca2) crude oil samples from fields in the eastern and southern sector of the 30 



Southern Permian Basin (SPB) of Europe and to provide new insights into the origin of the 31 

oil. Geochemical data indicate that Ca2 oils were generated in the early-to-late oil window 32 

and are mostly non-waxy oils. Various biomarker and stable carbon isotopic ratios were used 33 

to identify source and depositional settings for source rocks of Ca2 oils arranged within 10 34 

distinct oil groups. Specifically, the geochemical analyses and oil-oil correlations revealed a 35 

set of characteristic biomarkers including an even-over-odd predominance (EOP) for the C20-36 

30 n-alkanes, C40 carotenoid occurrence (isorenieratane, chlorobactane, β-isorenieratane), 37 

bisnorhopane/hopane (BNH/H) ratios >0.1, high abundances of C35 homohopanes and 38 

elevated concentrations of C32 and C34 homohopanes, a predominance of C29 homologues 39 

among 4-desmethyl steranes in the majority of oil samples, and a high abundance of 40 

diasteranes. Stable carbon isotopes and biomarkers provided ample evidence that Ca2 oils 41 

were generated from predominantly algal-rich marly carbonate/evaporite source rocks located 42 

in the lower slope/shallow-basin and lagoonal facies of the Ca2 basin, all deposited under 43 

suboxic-anoxic (euxinic) conditions. In the case of all higher maturity oils, the source rocks 44 

could not be reliably identified but high (>2) C24Tet/C23 values suggest a carbonate-evaporite 45 

depositional setting.  46 

  47 

1. Introduction 48 

The intracontinental Southern Permian Basin (SPB, Fig. 1) is the southern sub-basin of 49 

the Central European Basin (CEB) and one of the richest and most extensively studied 50 

petroliferous basins in Europe. It is Europe’s largest sedimentary basin, evolving from the 51 

latest Carboniferous to Recent times (van Wees et al., 2000; Pharaoh et al., 2010), and 52 

extending over ~1,700 km from eastern England to the Belarussian-Polish and Polish-53 

Lithuanian borders, and from Denmark to southern Germany, covering an area of ~ 700,000 54 

km2, in Zechstein Limestone [Ca1] time. The SPB oil is predominantly reservoired in porous 55 

and fractured carbonate facies of the Zechstein Main Dolomite (Ca2; also called the Staβfurt 56 

Karbonat in Germany) and it is believed to have been derived from Ca2 basin, slope and 57 

lagoon facies.  58 

During Late Permian (Zechstein) greenhouse time, the SPB was repeatedly subjected to 59 

marine transgressions and regressions which resulted in the succession having a cyclic 60 

character of carbonate and evaporite deposits. Of these the second carbonate cycle (Ca2; Fig. 61 

2) is economically the most important. Since the discovery of the Volkenroda field in 1930 in 62 



Germany (Albrecht, 1932), about 258 additional fields have been discovered, including two 63 

large Ca2 fields in Poland: Barnówko-Mostno-Buszewo (1992; ~94 Mbo), and Lubiatów-64 

Międzychód-Grotów (2001-2003; ~48 Mbo) (Doornenbal and Stevenson, 2010). The 65 

underlying and overlying evaporite rocks enclose the Ca2 (Kovalevych et al., 2008) and 66 

create an effective seal for hydrocarbons trapped in the Ca2 reservoir.  67 

Although the Ca2 gas accumulations and their origin are relatively well understood 68 

(Krooss et al., 1995, 2005, 2006; Mingram et al., 2005; Jurisch and Krooss, 2008; Zdanowski 69 

and Wozniak, 2010; Kotarba et al., 2017), there are still many uncertainties concerning Ca2 70 

oil-oil correlations and correlations of Ca2 oils to potential source rocks (Hofmann and 71 

Leythaeuser, 1995; Gerling et al., 1996a; Czechowski and Piela, 1997; Wehner, 1997; 72 

Czechowski et al., 1998; Kotarba et al., 1998, 2000; Hindenberg, 1999; Grelowski and 73 

Czechowski, 2010; Mikołajewski et al., 2012; Hammes et al., 2014; Petersen et al., 2016). 74 

Furthermore, the lack of sufficient information prevents the establishment of oil families, an 75 

understanding of their origin, the prediction of migration routes and possible secondary 76 

processes.   77 

In this paper, we integrate the available and newly-generated molecular and isotopic 78 

compositions of the Ca2 oils and identify their characteristic biomarkers. We evaluate the 79 

occurrence of the aromatic C40 carotenoids (i.e., chlorobactane, isorenieratane) which can be 80 

used to infer water column stratification and photic zone euxinia (PZE, Summons and Powell, 81 

1986; Sinninghe Damsté et al., 1993). Our conclusions are integrated with other biomarker 82 

signatures to interpret past redox conditions and organic matter (OM) source, using stable 83 

carbon isotopes of saturated and aromatic fractions as well as distributions of n-alkanes, 84 

isoprenoids, tricyclic terpanes, hopanes and steranes. These data and interpretations are 85 

complemented by the conclusions on the origin of Ca2 oils derived from the pioneering work 86 

of Gerling et al. (1996a), subsequently continued by others (e.g., Czechowski et al., 1998; 87 

Kotarba et al., 1998, 2000, 2003; Hindenberg, 1999; Kotarba and Wagner, 2007; Grelowski 88 

and Czechowski, 2010; Słowakiewicz and Gąsiewicz, 2013).  89 

 90 

2. Geological setting 91 

In the Permian, the CEB mainly consisted of two WNW – ESE striking basins, called the 92 

Northern and Southern Permian basins (NPB and SPB). During sedimentation of the 93 



Zechstein Group, which represents approximately ~2 to 2.6 m.y. (Changhsingian; Szurlies, 94 

2013; Hounslow and Balabanov in press), the SPB was located in northern Pangea at 95 

palaeolatitudes of 10-15oN. It was separated from the NPB by a chain of palaeo-highs, i.e., 96 

the Mid North Sea High and Ringkøbing-Fyn High (Fig. 1), both of which were covered by 97 

sediments during the latest Zechstein (Hiete et al., 2005). The NPB and the SPB were both 98 

occupied by waters of the epicontinental Zechstein Sea. Marine ingression from the Boreal 99 

Sea and the Palaeo-Tethys into the mainly restricted basins resulted in deposition of a thick, 100 

cyclic succession (as much as ~2 km) of bedded carbonate, sulphate and halite with minor 101 

potash salt and with relatively thin intercalations of clastic sediments (Richter-Bernburg, 102 

1953; Taylor, 1998; Paul, 2010). Four major carbonate-evaporite cycles (Z1-Z4) are 103 

recognised across the SPB, overlain by three thinner clastic-evaporite cycles (Z5-Z7), 104 

reflecting a more regressive trend in the upper part with an increase of fluvial deposits 105 

delivered from surrounding highlands to the basin centre. Only in the central parts of the 106 

North German sub-Basin (NGB) do the upper three cycles contain halite (Best, 1989). Many 107 

sulphate evaporites of the Zechstein Group resemble those of the modern Abu Dhabi and 108 

Qatar sabkhas, whereas the configuration of the basin and its seawater circulation may have 109 

resembled that of the present-day Mediterranean Sea. 110 

 111 

3. Potential source rock settings within the Ca2 strata 112 

Previously invoked concepts for potential source rocks of Ca2 oils have evolved over the 113 

past 20 years, from models invoking lower slope-basinal facies (Karnin et al., 1996; Kotarba 114 

et al., 2003) to inner platform-slope-lagoonal facies (Pletsch et al., 2010) to lagoonal and 115 

lower slope-shallow basin facies containing mixed algal-microbial-terrigenous types of OM 116 

with relatively low total organic carbon (TOC) content (Gerling et al., 1996a; Schwark et al., 117 

1998; Hindenberg, 1999; Kotarba and Wagner, 2007; Słowakiewicz and Mikołajewski, 2011; 118 

Słowakiewicz and Gąsiewicz, 2013; Słowakiewicz et al., 2013, 2015, 2016a; Kosakowski 119 

and Krajewski, 2014, 2015). Recently, biomarker studies have helped to characterise the 120 

palaeoenvironmental and palaeoceanographic conditions during the deposition of Ca2 facies 121 

(Słowakiewicz et al., 2015, 2016a), and suggested characteristic biomarkers and biomarker 122 

ratios for the individual facies types (Słowakiewicz, 2016).  123 

As previously postulated (e.g., Gerling et al., 1996b; Karnin et al., 1996; Czechowski et 124 

al., 1998; Kotarba et al., 1998, 2000, 2003; Hindenberg, 1999; Kotarba and Wagner, 2007; 125 



Słowakiewicz and Gąsiewicz, 2013), the Ca2 intraformationally generated oil, which 126 

migrated to fill pores, fissures, fractures and karst cavities (Słowakiewicz et al., 2016b); this 127 

resulted in an artificially-enhanced enrichment in OM volumes for the Ca2 sequence as a 128 

whole. This process is evident in the elevated Rock-Eval production index (PI) values 129 

(PI>0.4), which were interpreted by Kotarba et al. (2003) as implying that >30% of their 130 

overall Ca2 rock sample population was impregnated by migrated hydrocarbons.  131 

4. Materials and Methods 132 

4.1. Sample collection 133 

Thirty-nine crude oil samples were collected from 1) NW Poland (Kamień Pomorski and 134 

Pomerania carbonate platforms) and SW Poland (west Fore-Sudetic Monocline), which were 135 

situated on the northern and southern margins of the SPB, respectively (Fig. 2a,b); 2) NE 136 

Germany (Mecklenburg-Vorpommern) and SE Germany (Brandenburg), which were parts of 137 

the NGB situated on the northern and southern margins of the SPB (Fig. 2a,b); and 3) the 138 

northern part of the Thuringian (sub)-Basin (TB, Germany), which was located on the south-139 

central margin of the SPB (Fig. 2c). Two crude oils (PL-4 and -5) are reservoired in 140 

Zechstein Platy Dolomite (Ca3) facies but due to the geochemical similarity to the Ca2 oils 141 

they are included in our overall dataset.  142 

4.2. Extraction and biomarker analyses 143 

About 5 - 100 mg of the stabilized crude oil samples were subjected to a fractionation 144 

procedure. Prior to this, asphaltenes were precipitated over 12 h by adding 2 mL 145 

dichloromethane (DCM) and 60 mL petroleum ether to (at maximum) 100 mg of sample. 146 

Subsequently, the mixtures were centrifuged at 3000 rpm for 15 min. The supernatant 147 

solution containing maltenes was collected and the solvent removed through evaporation in a 148 

nitrogen atmosphere at 35 °C. Parallel asphaltene precipitation of a sample of known 149 

composition (Norwegian Geochemical Standard NSO-1 oil) for every sample sequence 150 

assured reproducibility control of the method. The residual maltenes (up to 100 mg) were 151 

separated into aliphatic and aromatic fractions as well as into hetero-compounds (NSO-152 

compounds) on silica gel (activated at 240 °C for 12 h) by mid-pressure liquid 153 

chromatography (BESTA-Technik für Chromatographie GmbH), using a sequence of organic 154 

solvents of different polarity (iso-hexane, iso-hexane/DCM (2:1; v:v), DCM/MeOH (2:1; v:v). 155 

The distribution of compounds contained in the aliphatic and aromatic fractions was 156 

determined with gas chromatography-mass spectrometry (GC-MS), using an Agilent-7890 157 



instrument equipped with a PTV inlet splitting on two DB-1 columns (each 50 m; 0.2 mm 158 

i.d.; film thickness 0.11 µm), one coupled to a flame ionisation detector (FID), the other one 159 

to an Agilent 7000 QQQ mass spectrometer (in Germany); and an Agilent 7890A equipped 160 

with a fused silica capillary column (60 m, 0.25 mm i.d.) coated with 95 % methyl-/5 % 161 

phenylsiloxane phase (DB-5MS, film thickness 0.25 µm) and coupled with an Agilent 5975C 162 

mass selective detector (in Poland). Helium was used as the carrier gas. The columns were 163 

heated from 60 °C to 150 °C, at a rate of 20 °C min-1, then heated to 320 °C, at a rate of 164 

4.5 °C min-1 (held for 15 min). Measurements of aliphatic fractions were carried out using 165 

parent-daughter-scans via multiple-reaction-monitoring (MRM). Aromatic fractions were 166 

analysed in full-scan mode. Peak ratio calculations for GC-FID and GC-MS were done from 167 

integrated area:area and the biomarker ratios were computed as area:area as well. 168 

Isorenieratane was identified from co-elution experiments with an aliphatic fraction from the 169 

Rhaetian Kössen Formation, Germany and the Changhsingian Main Dolomite, Poland (and 170 

the presence of spectral characteristics typical for aryl isoprenoids; e.g. m/z 133; Grice et al., 171 

1996; Koopmans et al., 1996; Słowakiewicz et al., 2015). Quantification was achieved 172 

through comparison of the FID trace of the isorenieratane peak of the sample with an n-C40 173 

alkane calibration sample set with known concentrations. 174 

 175 

4.3. Stable carbon isotope analyses 176 

Stable carbon isotope ratios of the C15+ saturated and aromatic hydrocarbon fractions 177 

were determined after combustion (Schoell, 1984) using a Dual-Inlet VG-903 isotope mass 178 

spectrometer. The δ13C values are reported relative to the Vienna Pee Dee Belemnite (VPDB) 179 

standard, and the analytical error, determined by using co-injected standards, is ±0.2‰. 180 

5. Results and discussion 181 

Several parameters were excluded from analysis because they are readily altered by 182 

thermal maturity: API gravity, sulphur content, saturated/aromatic hydrocarbon ratio, and the 183 

weight percent <C15 hydrocarbon fraction.  184 

 185 

5.1. Maturity 186 

The thermal maturity of oils (Table 1, 2) was evaluated based on analysis of the saturated 187 

and aromatic hydrocarbons including ratios of pristane/n-heptadecane (Pr/n-C17) and 188 



phytane/n-octadecane (Ph/n-C18), C27 18α-trisnorneohopane (Ts) to C27 17α-trisnorhopane 189 

(Tm) (Ts/( Tm), C27 diasteranes /(diasteranes + regular steranes) vs Ts/Tm (controlled by 190 

thermal maturity and source, Moldowan et al., 1994), C30 moretane/C30 hopane (M/H), 191 

20S/(20S+20R) for αααC29 steranes, ββ/(αα + ββ) for αββC29 steranes, triaromatic steroids 192 

(TA[I]/TA[I+II]), 4- to 1-methyldibenzothiophene (MDR), and the calculated vitrinite 193 

reflectance (Rm = 0.073 x MDR + 0.51, Radke, 1988). Using a variety of maturity 194 

parameters can help to overcome possible fractionation effects resulting from adsorption of 195 

OM on mineral surfaces, the expulsion process, and subsequent migration of oil (Zhusheng et 196 

al., 1988), all of which may affect maturation signatures and variations in biomarker 197 

distributions.  198 

The isoprenoid-based ratios Pr/n-C17 and Ph/n-C18 show values of 0.07 – 1.17 and 0.2 – 199 

1.5, respectively (Table 1, Fig. 3). As a result of the preferential release of n-alkanes during 200 

maturation, these ratios decrease with increasing thermal stress, but they also can be affected 201 

by organofacies variation and biodegradation (Peters et al., 2005). These ratios are the lowest, 202 

respectively, in BGR-13 and PL-6 and the highest in PL-5 (Table 1). The Pr/n-C17 ratio 203 

shows groupings of Ca2 oils (Fig. 3) most likely resulting from different thermal maturity of 204 

OM.  205 

The Ts/Tm ratios range from 0.6 – 11.8 and are the highest (>4) in BGR-9, PL-12, -18 206 

and -19, and this ratio appears to have been maturity-controlled in the Ca2 oil samples (Fig. 207 

4a).  However, it can also be affected by lithology: in carbonate settings Tm is preferentially 208 

generated (Peters et al., 2005). The moretane/hopane (M/H) ratios vary between 0.05 and 209 

0.19 in all samples (Table 2). The M/H ratios could not be determined in BGR-9, PL-18, -19, 210 

and -24 due to the presence of only trace amounts of these biomarkers.  211 

The isomerisation equilibrium for ββ/(αα + ββ) and 20S/(20S+20R) C29 steranes lies 212 

between 0.67 – 0.71 and 0.52 – 0.57, respectively (Seifert and Moldowan, 1986). Both 213 

parameters are valid through peak oil generation. In our samples, values for the ββ/(αα + ββ) 214 

ratio vary between 0.52 and 0.62, whereas the 20S/(20S+20R) values range from 0.43 to 0.56, 215 

indicating generation from the early oil phase to peak oil window (Table 2). Huang et al. 216 

(1990) noted that oils derived from gypsum, rock salt and carbonate -enriched source rocks 217 

show lower ββ/(αα + ββ) values than for 20S/(20S+20R). Hence, the ββ/(αα + ββ) C29 sterane 218 

ratio may not be reliable as a direct maturity indicator because it could be affected by source 219 

rock lithology. The TA(I)/TA(I+II) ratio (Mackenzie et al., 1981) increases with increasing 220 



maturity (Beach et al., 1989) and is descriptive for mature and late mature stages of oil 221 

generation (Peters et al., 2005). Values for TA(I)/TA(I+II) ratio are between 0.04 and 1 222 

indicating generation from the peak oil phase to late oil window (Table 2).  223 

MDR values in the studied samples vary between 1.5 and 8.3 giving maturities in the 224 

range of 0.6%Rm to 1.1%Rm (Fig. 4b, Table 2), indicating early to peak/late oil window 225 

generation.  226 

Collectively, our data indicate that the majority of oil samples were generated in the peak 227 

oil window, whereas seven oils located in SE NGB (BGR-6, -7, -8, -9), NW (PL-18, -19) and 228 

SW (PL-24) Poland were generated in the late oil window (Fig. 2, Table 2), which suggests a 229 

different thermal history. In addition, the maturity estimation for BGR-1 is inconclusive (high 230 

Rm, low sterane and triaromatic steroid ratios), but by comparison to other oils we suggest 231 

BGR-1 was also likely generated in the peak oil window.  232 

Grelowski and Czechowski (2011) noted that crude oils reservoired in Ca2 facies in SW 233 

Poland (Gorzów Block located north of the Fore-Sudetic Monocline) have a higher maturity 234 

than Ca2 oils located in NW Poland. However, high maturity of PL-18 and -19 and to some 235 

extent PL-13 located in NW Poland suggests local high thermal maturity conditions. In the 236 

case of oils located in the TB, corresponding natural gases may indicate slightly higher 237 

maturities than in the other regions of Germany (Gerling et al., 1996a).  238 

 239 

5.2. Palaeosetting during oil source rock deposition  240 

5.2.1 Stable carbon isotopes of hydrocarbon fractions 241 

δ13C values of oils and oil fractions can be used for petroleum correlation (Peters et al., 242 

2005), age classification (Andrusevich et al., 1998) or reconstruction of the depositional 243 

environment (Sofer, 1984; Chung et al., 1992). δ13C values of the saturated fraction of the 244 

studied oils vary between -30.6 and -24.3‰, whereas the aromatic fraction has δ13C values 245 

ranging from -31 to -23.9‰ (Fig. 5, Table 1). The canonical variable (CV=0.47; Sofer, 1984), 246 

which separates non-waxy (marine) and waxy (non-marine) oils, varies between -4.4 and 2.2. 247 

All signatures indicate that the source rocks for the studied oils were deposited in a marine 248 

setting. However, the BGR-4 oil falls slightly off the transition field between marine and 249 

terrigenous origin of oils, suggesting some contribution from terrigenous OM (CV = 2.2), but 250 

other biomarker signatures (e.g. homohopanes, steranes) strongly support predominantly 251 

marine OM.  252 



Figure 5 shows several oil groupings (described in Section 6 in more detail); for example 253 

PL-4, -5, -12, -13 and -21 (NW Poland), occurring in Ca2 lower slope-shallow basin facies 254 

(Fig. 2), have the lowest δ13C values. Higher δ13C values are given by BGR-6, -7, -8 and -9, 255 

which make up another group of oils located in the TB and reservoired in lagoonal facies (Fig. 256 

2). The highest δ13C values (~-26 to -24 ‰) are in BGR-12, -13, -14, PL-6 and -7 located in 257 

SE Germany and SW Poland, respectively, and occurring in lagoonal and inner shoal facies. 258 

Other oil groups, like PL-16, -18, -19 and -20, or BGR-4, rather reflect individual oil-fields 259 

which may have been sourced from a different type of OM. Stable carbon isotope ratios must 260 

be used with caution in indicating source input because of fractionations during and after 261 

formation of the OM. Therefore, δ13C isotopes should be used in tandem with other source- 262 

and age- diagnostic biomarkers which would allow more confident assessment of OM input 263 

(Peters et al., 2005). Nonetheless, Simoneit et al. (1993) also reported that δ13C values of 264 

Permian marine OM range from -31 to -26 ‰, which are almost entirely within the range for 265 

saturated and aromatic fractions of Ca2 oils, suggesting predominantly a common source of 266 

marine OM. The heaviest δ13C values in BGR-12, -13, -14, PL-6 and -7 suggest algal-rich 267 

OM that was probably deposited in a hypersaline environment (Table 1; Grice et al., 1998).  268 

 269 

5.2.2 Water column stratification inferred from Ca2 oils 270 

A suite of biomarkers was used to assess redox conditions and depositional 271 

environment during formation of source rocks for the investigated crude oils including the 272 

carbon preference index (CPI), Pr/n-C17 versus Ph/n-C18, even-over-odd predominance (EOP) 273 

of n-alkanes, C31-C35 homohopane distributions, the homohopane index (HHI) expressed as 274 

C35/(C31-C35) and C35S/C34S, the concentration of isorenieratene and chlorobactene 275 

derivatives, 28,30-bisnorhopane (BNH) abundance expressed as BNH/C30 17α-hopane 276 

(BNH/H), and gammacerane abundance expressed as gammacerane/C30 17α-hopane (G/H) 277 

(Table 1).  278 

The calculated CPI for almost all oils is close to 1.0 (Table 1) but an EOP for the C20-279 

30 n-alkanes is observed in some oils (Fig. 6). An EOP is typical of biomass deposited in 280 

restricted marine carbonate/evaporite facies (Palacas et al., 1984; Mello et al., 1988a,b).   281 

The patterns in the Pr/n-C17 versus Ph/n-C18 plot (Fig. 3; Table 1) indicate primary 282 

accumulation of marine OM under reducing conditions (Connan and Cassou, 1980; Palacas et 283 

al., 1988) for the source rocks of the Ca2 oils. However, these values can be thermally 284 

modified in oils of higher maturity (BGR-6, -7, -8, -9, PL-18, -19 and -24).  285 



 Homohopane distributions (Fig. 7) can be utilized to differentiate between oxic and 286 

reducing palaeodepositional environments, but the distributions can be affected by maturity 287 

and secondary alteration (Peters and Moldowan, 1991). The distribution for oils from NE 288 

Germany and NW Poland is characterised by elevated relative abundances of C35 289 

homohopanes indicating that Zechstein carbonate and evaporite facies were deposited in a 290 

restricted setting with anoxic bottom water (Boon et al., 1983; Connan et al., 1986; Fu et al., 291 

1986; ten Haven et al., 1988; Mello et al., 1988a,b; Clark and Philp, 1989; Słowakiewicz et 292 

al., 2015, 2016a); such conditions have been interpreted to be accompanied by the presence 293 

of reduced sulphur species in the water column (ten Haven et al., 1988; Sinninghe Damsté et 294 

al., 1995a). The reducing depositional conditions are also expressed by high HHIs (0.12-0.31, 295 

average 0.2) and C35S/C34S (0.39-1.71) (Table 1). High HHIs in oil samples from NE 296 

Germany and NW Poland correspond well to high HHIs (0.12-0.56) reported predominantly 297 

from the Ca2 lower slope facies of the northeastern margin of the SPB (Słowakiewicz et al., 298 

2016a). Oils from SE Germany and SW Poland have lower HHIs (0.12-0.18) and C35S/C34S 299 

(0.74-1.05) (Table 1) suggesting suboxic/anoxic conditions consistent with relatively low 300 

HHIs (0.03-0.17[4], average 0.04-0.09) found in lagoonal facies (Słowakiewicz et al., 2016a).  301 

All oil samples are characterised by the dominance of C30 17α-hopane over lower or 302 

higher homologues in many oil samples (Fig. 6). The majority of oil samples have elevated 303 

abundances of C32 and C34 hopanes (particularly oils from S Germany, Fig. 6, 7), which are 304 

believed to indicate suboxic (high C32)/anoxic (high C34) source-rock depositional 305 

environments (Peters and Moldowan, 1991). In addition, the dominance of 17α-C34 over C33 306 

and C35 homologues indicates a carbonate lagoonal and evaporitic environment source 307 

(Waples and Machihara, 1991) or suggests an unknown source of bacteriohopanepolyols. 308 

BGR-9, PL-18, -19, -24 contain lower abundances or an absence of C31-C35 homohopanes, 309 

likely due to thermal degradation during catagenesis (Table 1).  310 

Biomarkers for anaerobic phototrophic green sulphur bacteria provide strong constraints 311 

on the redox state and water column stratification indicating PZE during source rock 312 

deposition (Summons and Powell, 1986; Sinninghe Damsté et al., 1993). Isorenieratane, β-313 

isorenieratane, C14-31 2,3,6-aryl isoprenoids, and chlorobactane are present in most of the oils  314 

(Fig. 6, Table 1); they were not detected in BGR-13, PL-4, -5, -12, -13, -18, -19, -21, and -24. 315 

Concentrations of isorenieratane and chlorobactane vary between 16 and 710 µg g-1 oil and 1 316 

and 65 µg g-1 oil, respectively. The overall highest concentrations of isorenieratene 317 

derivatives in our dataset occurred in oils from NE Germany and NW Poland (isorenieratane: 318 



22-710 µg g-1 oil, chlorobactane: 3-65 µg g-1 oil, presence of β-isorenieratane; Fig. 6, Table 319 

1).  320 

Intriguingly, PL-12 and -21 oils, which do not contain isorenieratane and chlorobactane 321 

and were derived from the Ca2 lower slope facies, may mark the maximum basinward extent 322 

of PZE as it impinged on the NE slope of the SPB (Fig. 2a). Therefore, of all Ca2 oil 323 

biomarkers, the C40 carotenoids (isorenieratene derivatives) seem to be particularly important 324 

for Ca2 oils and source rocks. However, isorenieratene derivatives also occur in the 325 

Kimmeridge Clay Formation (e.g., van Kaam-Peters et al., 1988) and Oxford Clay Formation 326 

(Kenig et al., 2004), even though both are only regarded as source rocks for petroleum in the 327 

central and northern North Sea and are insignificant in the southern North Sea (Lott et al., 328 

2010). They also occur in the Posidonia Shale Formation (Frimmel et al., 2004), important 329 

only in the Dutch rift basins and in Germany (Lott et al., 2010), in Devonian black shales 330 

(Joachimski et al., 2001) with no petroleum generation potential reported (Pletsch et al., 331 

2010), Oligocene Menilite beds in the Polish and Ukrainian Carpathians (Kotarba et al., 332 

2007) being the most important source rock for the Carpathian Province (Curtis et al., 2004, 333 

Kotarba and Koltun, 2006) and in Middle Rhaetian shales in Germany (Blumenberg et al., 334 

2016). Consequently, French et al. (2015) concluded that in addition to PZE, other factors, 335 

such as an origin from microbial mats, an allochthonous input, planktonic origin or 336 

production of these biomarkers in ‘no analogue’ palaeoenvironments, should be taken into 337 

account to explain sources of isorenieratene derivatives.  338 

Similarly, Słowakiewicz et al. (2015, 2016) only found isorenieratene derivatives in the 339 

shallow basin and lower slope facies and in lagoons of the northeastern and southern SPB. 340 

Reducing and even euxinic conditions likely existed in restricted lagoons dominated by 341 

production of microbialites under high salinity conditions, but isorenieratane and 342 

chlorobactane have not been detected in oolite shoal facies on the northeastern SPB, 343 

excluding redeposition of isorenieratene derivatives into subtidal settings of the Ca2 344 

carbonate platform. However, the presence of isorenieratane and chlorobactane in lagoons 345 

and inner oolite shoals of the southern SPB suggests that such settings were their source in 346 

some Ca2 oils (i.e., BGR-12, -14, PL-10, -14, -16, -17, -20).  347 

Anoxic conditions during deposition of source rocks are also confirmed by the occurrence 348 

of BNH detected in some oils (Table 1).  BNH is a desmethylhopane of unknown origin but 349 

generally regarded as indicative of anoxic or euxinic deposition (e.g. Curiale et al., 1985; 350 



Mello et al., 1990; Peters et al., 2005). The BNH/H ratio can be applied as a facies parameter, 351 

provided that the oil samples are not of too high maturity. BNH was detected in all oils from 352 

Poland (except for PL-3) and the BNH/H ratio in the Polish oils varies between 0.01 and 0.21. 353 

Abundant BNH in PL-18 and -19 indicates deposition of the source rock under clay-poor 354 

anoxic conditions (Katz and Elrod, 1983; Mello et al., 1988a; Curiale and Odermatt, 1989). 355 

Alternatively, the ratio may be affected by maturity as the relative amount of BNH can 356 

decline with increasing maturity (Peters et al., 2005). BNH (BNH/H 0.1 – 0.24) was also 357 

detected in the lowermost lower slope and shallow basin facies in the Ca2 on the northern 358 

margin of the eastern SPB (NW Poland, Słowakiewicz et al., 2015) which would suggest a 359 

common source for oils located in NW Poland. However, BNH was not detected in core 360 

samples from other parts of the SPB (Słowakiewicz et al., 2015). Nevertheless, its absence, 361 

also in oil samples from Germany and PL-3, does not preclude sedimentation under anoxic 362 

conditions. 363 

Gammacerane, which is also present in the studied oils, is commonly invoked as 364 

additional evidence for a stratified water column in marine and non-marine depositional 365 

environments and/or specifically for hypersalinity (Moldowan et al., 1985; Jiamo et al., 1986; 366 

Sinninghe Damsté et al., 1995b). Gammacerane is believed to derive from tetrahymanol, 367 

which is produced by ciliates feeding on bacteria at oxic-anoxic transition zones. The 368 

abundance of gammacerane, expressed as G/H ratios (Sinninghe Damsté et al., 1995b), varies 369 

from 0.09 to 0.41 (Table 1). This may indicate slightly elevated salinity conditions during 370 

source rock deposition and corresponds to G/H (0.1-0.6) obtained from lower slope-shallow-371 

basin and hypersaline lagoonal Ca2 facies (Słowakiewicz et al., 2015, 2016a). Gammacerane 372 

was not detected in BGR-9, PL-18 and -19.  373 

In summary, our data suggest that Ca2 oils were generated from source rocks deposited 374 

under suboxic-anoxic(euxinic) marine carbonate-evaporite conditions with various strengths 375 

of water column stratification as evidenced by e.g., G/H. Gammacerane most commonly 376 

occurs in high abundance in the more restricted portions of the Ca2 basin and in 377 

restricted/hypersaline lagoons (Słowakiewicz et al., 2016a). Specifically, gammacerane 378 

abundance, which mirrors that of BNH, was detected in the lowermost sections of the lower 379 

slope facies and in the shallow-basin facies (NE margin of the Ca2 sea). It was interpreted as 380 

a record of marine hypersalinity during the early stage of the Ca2 transgression and carbonate 381 

precipitation as a part of the carbonate-evaporite cycle (Słowakiewicz et al., 2015), which 382 

additionally could support a carbonate-evaporite source for the Ca2 oils.  383 

 384 



5.3. Source of organic matter 385 

The tricyclic/17α-hopane ratio can be used for assessment of thermal maturity of oils 386 

(Seifert and Moldowan, 1978), but it is commonly applied in the identification of the 387 

principal source rocks (Peters et al., 2005). The tricyclic/17α-hopane ratio in the majority of 388 

oil samples is 0.03-0.53 (average 0.16, standard deviation [SD] 0.14) and in two samples 389 

(BGR-7 and -9) is >1 (Table 1). High (>1) tricyclic/17α-hopane ratios can be attributed to 390 

marine depositional conditions rather than maturity (Seifert and Moldowan, 1979; Philp et al., 391 

1992). However, da Cruz et al. (2011) noted that oils with lower tricyclic/17α-hopane ratios, 392 

usually interpreted as more mature oils, could be the consequence of anaerobic microbiota 393 

degradation operating at higher temperatures. Regardless, a moderately high tricyclic/17α-394 

hopane ratio in tandem with high G/H and HHIs is consistent with deposition in a high-395 

salinity marine environment.  396 

The source rock for Ca2 oils can also be explored using the C21/C22 and C24/C23 tricyclic 397 

terpane ratios (in general, high C21/C22 and low C24/C23 occur in oils derived from carbonate 398 

source rocks; Zumberge et al., 2005), the C19/C21 tricyclic and C24 tetracyclic (Tet)/C23 399 

tricyclic terpane ratios (abundant C24 tetracyclic terpane in oils indicates carbonate or 400 

evaporite source rocks, Palacas et al., 1984; Connan et al., 1986; Connan and Dessort, 1987; 401 

Clark and Philp, 1989; or abundant tricyclic and tetracyclic terpanes can indicate high 402 

thermal maturity, Farrimond et al., 1999), as well as the C29 17α-norhopane/C30 17α-hopane 403 

ratio (C29/H, high [>0.8] in oils derived from anoxic carbonate or marl source rocks; Palacas 404 

et al., 1984; Clark and Philp, 1989).  405 

For these oils, the C21/C22 and C24/C23 tricyclic terpane ratios suggest a marly carbonate-406 

evaporite depositional environment for Ca2 oils (Fig. 8). Similarly, the C19/C21 tricyclic and 407 

C24 Tet/C23 tricyclic terpane ratio indicates that Ca2 oil groups are facies-controlled rather 408 

than maturity-controlled and high C24 Tet values imply a carbonate-evaporite depositional 409 

environment for the source rocks (Fig. 9, Table 1). The C29/H ratio, which ranges from 0.3 to 410 

5.8, suggests terrigenous-carbonate/marl-type of OM, but the highest values (>2) could be 411 

thermally controlled (Table 1).  412 

The diasterane/sterane ratio expressed as C29 13β,17α(H) (20S + 20R)/(C29 413 

5α,14α,17α(H) 20S + 20R + 5α,14β,17β(H) 20S + 20R) also helps to distinguish oils from 414 

carbonate versus clastic source rocks (Mello et al., 1988a). High diasterane/sterane ratios are 415 

typically interpreted to derive from clay-rich source rocks but high ratios have also been 416 



observed in extracts from organic-lean and clay-poor carbonate rocks (Palacas et al., 1984; 417 

Moldowan et al., 1991), although high ratios in oils can also result from high thermal 418 

maturity or heavy biodegradation (Seifert and Moldowan, 1978, 1979). Van Kaam-Peters et 419 

al. (1998) observed that the diasterane/sterane ratio does not correlate with clay content but 420 

depends on the amount of clay relative to the amount of OM which can explain high 421 

diasterane/sterane ratios in oils derived from carbonate source rocks. The diasterane/sterane 422 

ratio in the majority of oil samples varies between 0.04 and 0.8 suggesting carbonate-423 

evaporite source rocks with an abundant clay (marl) content (Table 1). The Pr/Ph versus C27 424 

diasteranes /(diasteranes + regular steranes) plot also suggests a carbonate-evaporite 425 

depositional environment for the Ca2 oils’ source rocks (Fig. 10). Very high 426 

diasterane/sterane ratios in PL-18, -19 and -24 (~2-3) can result from high thermal maturity 427 

(see Fig. 4 and Section 5.1, Seifert and Moldowan, 1978; van Graas, 1990), which is also 428 

confirmed by the reduced homohopane distributions, rendering the sterane data difficult to 429 

interpret in terms of OM source for those oils.  430 

The dibenzothiophene/phenanthrene (DBT/P) ratio can also indicate source rock 431 

lithology, with carbonate rocks having ratios >1 and shales having ratios <1 (Hughes et al., 432 

1995). In addition, high DBT/P ratios indicate the incorporation of reduced sulphur into OM 433 

in the source rocks, typical of carbonate-evaporite environments (Hughes et al., 1995). 434 

Accordingly, the source rock for oils in NE and SE Germany and BGR-9 contained relatively 435 

more clay/marl or evaporite (high C24/C23 0.65 – 0.99) (Fig. 8), than carbonate indications 436 

(C29/H 0.37 – 0.68, DBT/P 0.09 – 1.18; Fig. 11; Table 1). In other oils the proportion of 437 

evaporite/clay decreases at the expense of marl/carbonate. However, Figure 11 and Table 1 438 

show that the DBT/P ratio in PL-18 and -19 is very high (>13), which is likely thermally 439 

affected, and thus the obtained values cannot be reliably interpreted with respect to 440 

depositional setting. However, they can serve as reliable high-maturity indicators.  441 

The Ca2 oils include abundant C27-C29 4-desmethyl steranes, with C29 steranes being 442 

more abundant than the total C27-C28 steranes in 13 oil samples (Table 1, Fig. 12). The 443 

regular sterane distribution is consistent with either terrigenous or marine algal OM (Huang 444 

and Meinshein, 1979; Volkman, 1986; Volkman et al., 1998; Kodner et al., 2008), but is 445 

mostly indicative of algal-dominated carbonate marine settings (Palacas et al., 1984; Walter 446 

and Cassa, 1985; Grantham, 1986). The C27/C29 and C28/C29 sterane ratios in almost all 447 

samples vary from 0.3 to 1.7 and 0.3 to 0.9, respectively (Table 1). The highest of these 448 

sterane ratios are in PL-18 and -19 (Table 1, Fig. 12), and they are likely thermally controlled 449 



and should be treated with caution. It also should be noted that a high-maturity interpretation 450 

for these samples is consistent with the high DBT/P and Ts/Tm versus C27 451 

diasteranes/(diasteranes + regular steranes) ratios which also appear to be maturity-induced. 452 

In some cases, the C27/C29 ratio can be used to indicate the relative inputs of algae relative to 453 

higher plants based on the dominance of C29 steroids in the latter (Huang and Meinschein, 454 

1979); however, many algae also synthesize C29 sterols (Volkman, 1986; Volkman et al., 455 

1998; Kodner et al., 2008). Although the C27/C29 sterane ratio is typically >1 in marine-456 

dominated depositional systems (Grantham and Wakefield, 1988), lower ratios are typical for 457 

predominantly marine Permian/Triassic sections (Cao et al., 2009; Hays et al., 2012; 458 

Słowakiewicz et al., 2015, 2016a).  459 

The C28/C29 sterane ratio has been used to distinguish Upper Cretaceous and Cenozoic 460 

oil from Palaeozoic or older oil (Grantham and Wakefield, 1988). These authors observed 461 

that the C28/C29 sterane ratios for crude oils from marine source rocks with little or no 462 

terrigenous OM input are <0.5 for lower Palaeozoic and older oils, 0.4-0.7 for upper 463 

Palaeozoic to Lower Jurassic oils, and greater than approximately 0.7 for Upper Jurassic to 464 

Miocene oils. Earlier than the Mesozoic, however, C28 steranes were also likely derived from 465 

green algae, particularly prasinophytes (Kodner et al., 2008). It is also important to note that 466 

Słowakiewicz et al. (2016a) attributed the C28/C29 sterane ratio variability to basin-scale 467 

differences in algal ecology. Therefore, we interpret the C28/C29 sterane ratios (0.31 to 1.42, 468 

average ~0.47, excluding PL-18 and -19) as resulting from the proportion between C29 469 

sterane-producing green algal groups and C28 sterane-producing red and prasinophyte algae 470 

(Kodner at al., 2008) in carbonate-evaporite environments. Thus, we conclude that the 471 

C28/C29 sterane ratios in our sample set suggest significant input of green algae to the total 472 

biomass. 473 

The regular steranes/17α-hopanes ratio is commonly used to reflect input of algae and 474 

higher plants versus bacteria, but increasing maturity elevates this ratio (Seifert and 475 

Moldowan, 1978; Requejo, 1994). The steranes/17α-hopanes ratio (0.1-2, Table 1) in our oil 476 

samples suggests a high proportion of algae to bacteria (average 0.55), yet some values in 477 

BGR-9, PL-18, -19 and -24 may result from high thermal maturity.  478 

In summary, Ca2 oils were derived from a source rock whose OM contained various 479 

proportions of algae and bacteria and to a much lesser degree terrestrial plants depending on 480 

the type of the carbonate/evaporite depositional environment.  481 



 482 

6. Implications for the inferred source of Ca2 oils and oil grouping 483 

The Ca2 oil samples were derived from marine source rocks and the calculated CV (Table 484 

1) classifies almost all Ca2 oils as non-waxy (CV<0.47). The biomarker parameters show that 485 

Ca2 oils were predominantly derived from mixed sulphate(+clay)-carbonate or marly 486 

carbonate lithofacies, i.e., the Ca2 source rocks as well as overlying and underlying 487 

anhydrites.  488 

Collectively, the biomarker data presented here show the characteristic lipid biomarkers 489 

which can be applied in correlating Ca2 oils from shallow basin-lower slope and lagoonal-490 

oolite shoal carbonate facies, located in the NE, SE and S SPB (Fig. 2). The marly carbonate 491 

source rocks are characterized by a significant contribution of sapropelic (algal + microbial) 492 

and subordinate clay(marl)-associated OM and they are chiefly located in lower 493 

slope/shallow-basin and lagoonal facies. The presence of clay minerals in the Ca2 carbonate 494 

matrix has also been noted by Schwark et al. (1998) and Grelowski and Czechowski (2011) 495 

and this is reflected by the increased abundance of diasteranes in the Ca2 oils. Generally, 496 

evaporite (anhydrite) rocks containing clays (e.g., chicken-wire anhydrite), but also marl and 497 

micritic limestone deposited under anoxic conditions, have long been considered as important 498 

source rocks for hydrocarbons (Kirkland and Evans, 1981; Sonnenfeld, 1985; Jiamo et al., 499 

1986; Warren, 1986, 2011; Bousson, 1991; Edgell, 1991). The marginal and 500 

subaerial/shallow-water upper part of Z1 (Upper Anhydrite or Werra Anhydrite = Lower + 501 

Upper Anhydrite) and Z2 (Basal Anhydrite) anhydrite (Fig. 2) contains bituminous 502 

carbonate-anhydrite laminites and chicken-wire anhydrite (Taylor, 1998; Słowakiewicz and 503 

Mikołajewski, 2009; Peryt et al., 2010), which could have been an additional source for Ca2 504 

oils. In addition, anhydrite is an important contributor to the Ca2 hypersaline lagoonal facies 505 

and interbeds with the Ca2 facies which would explain the evaporitic nature of the Ca2 oils 506 

studied and hence their additional sulphate-type OM source. 507 

Ca2 oils share characteristic biomarker ratios which also are specific to particular SPB 508 

areas. Thus, they can be distinguished from oils generated from other source rocks and time 509 

intervals. The characteristic biomarkers of many Ca2 oils include: a) CPI ~1 and an EOP in 510 

the range of C20-30 n-alkanes characteristic of carbonate/evaporite source rocks deposited in 511 

hypersaline settings; b) C40 carotenoids (isorenieratane (0)16-709 µg g-1 oil, chlorobactane 512 

(0)1-65 µg g-1 oil, β-isorenieratane), although these are only characteristic for oils reservoired 513 



in (and most likely sourced from) shallow-basin to lower slope and lagoonal facies and are 514 

characteristic of oils located in NE Germany and NW Poland; c) 28,30-bisnorhopane 515 

(BNH/H 0.01-0.07) occurs in oils from the shallow-basin/lower slope-lagoonal facies in NW 516 

and SW Poland; d) high abundance of C35 homohopanes was detected in oils from shallow-517 

basin/lower slope-lagoonal facies in NW Poland and NE Germany; e) a predominance of C34 518 

homohopanes over C33 and C35 homohopane homologues occurs in oils from lagoonal facies 519 

in the TB; f) the majority of Ca2 oils have C29 steranes dominant over C27 and C28 520 

homologues but that is interpreted as deriving from a green algal marine, rather than 521 

terrestrial, OM source; g) a high abundance of diasteranes relative to regular steranes (>0.1) 522 

in almost all Ca2 oils is typical of petroleum derived from source rocks with an abundant clay 523 

content; h) very high BNH/H (~0.2), Ts/Tm (>10), C29/H (>4), DBT/P (>13) ratios are 524 

characteristic of PL-18 and -19 suggesting relatively high thermal maturity and clay-poor 525 

carbonate source rocks deposited under anoxic conditions. These suggested Ca2 characteristic 526 

oil biomarkers correlate well with their analogues detected in Ca2 rock extracts 527 

(Słowakiewicz, 2016), whereas the correlation for BGR-9, PL-18, -19 and -24 with potential 528 

source rocks could not be reliably determined, probably due to elevated maturity levels. 529 

Despite these general characteristics of Ca2 oils, based on δ13C isotopes, homohopane 530 

distributions, sterane ratios, isorenieratene derivatives, as well as regional occurrences and 531 

previous interpretations on the local facies, the following oil sample classification is 532 

suggested: 533 

Group 1: BGR-12, -13, -14, PL-6 and 7 located in SE Germany and SW Poland and 534 

reservoired in inner shoal (BGR-13, PL-6, -7) and lagoonal facies (BGR-12, -14). They are 535 

characterised by the heaviest δ13C isotopes (-24 to -26 ‰) and were derived from algal-rich 536 

carbonate-evaporite source rocks deposited under anoxic (euxinic) conditions in Ca2 537 

hypersaline lagoons. They are also characterised by slightly elevated C34 homohopanes 538 

(except for BGR-14, Fig. 7).  539 

Group 2: BGR-1, -2, -3 and -4 are reservoired in lower slope facies. δ13C isotopes vary 540 

between -27 and ~-25 ‰. The oils derived from predominantly algal (high sterane/17α-541 

hopane ratios) carbonate/evaporite Ca2 lower slope source rocks deposited under reducing 542 

(HHI 0.19-0.23), euxinic (isorenieratane 159-408 µg g-1 oil, chlorobactane 27-65 µg g-1 oil) 543 

and hypersaline conditions (G/H 0.16 to 0.19). They are characterised by abundant 544 

concentrations of C35 homohopanes (Fig. 7). 545 



Group 3: PL-1, -2, -3, -8, -9, -11, -15, -22, -23 are reservoired in lower slope and 546 

lagoonal/oolite shoal facies. δ13C isotopes vary between ~-27 and~-26 ‰. Group 3 is similar 547 

to Group 2 oils but were derived from predominantly microbial-algal carbonate/evaporite 548 

Ca2 lower slope/lagoonal source rocks. Group 3 is characterised by the highest HHI (0.2-0.3), 549 

C35S/C34S and G/H (0.2-0.35) ratios, and isorenieratane (23-709 µg g-1 oil) and chlorobactane 550 

([0]3-53 µg g-1 oil) concentrations. They are also characterised by abundant C35 551 

homohopanes (Fig. 7).  552 

Group 4: BGR-5 (NE Germany) and BGR-10, -11 and -15 located in SE Germany are all 553 

reservoired in outer shoal facies. δ13C isotopes vary between -26 and ~-28 ‰. The oils were 554 

derived from algal-rich (the highest sterane/17α-hopane ratios), carbonate/evaporite Ca2 555 

lagoonal source rocks deposited under slightly reducing (HHI 0.12-0.16), euxinic 556 

(isorenieratane 125-360 µg g-1 oil, chlorobactane 17-47 µg g-1 oil) and hypersaline conditions 557 

(G/H 0.09-0.11). They are characterised by elevated C34 homohopanes (Fig. 7). 558 

Group 5: Pl-16 and -20 located in SW Poland are reservoired in shallow-basin (PL-20) 559 

facies. This group is similar to Group 3 but has slightly elevated C34 homohopanes, abundant 560 

C27 steranes, lacks elevated C35 homohopanes (Fig. 7), and was deposited in reducing (HHI 561 

0.17, BNH 0.06), euxinic (isorenieratane 46-50 µg g-1 oil) and hypersaline (G/H 0.23-0.27) 562 

conditions. Additionally, relatively low abundance of isorenieratene derivatives may suggest 563 

temporary euxinia and less restricted depositional conditions. PL-16 and -20 are derived from 564 

algal-rich carbonate/evaporite source rocks likely located in Ca2 shallow-basin facies. 565 

Group 6: BGR-9 and PL-24 oils are reservoired in oolite (BGR-9) and shallow-marine 566 

dolo- and lime- mudstone (PL-24) facies. High thermal maturity evidenced by the high 567 

Ts/Tm (5.2-9.2, Table 2) and C29/H (0.8-2) ratios, the low abundance of hopanes and absence 568 

of isorenieratane or chlorobactane precludes a reliable interpretation of the OM source for 569 

these oils. However, high C24Tet/C23 values might suggest a carbonate-evaporite depositional 570 

environment for the source rocks.  571 

Group 7: PL-18 and -19 are reservoired in outer oolite facies of the Pomeranian 572 

carbonate platform (Fig. 2a). Thermal maturity is high (Table 2), similar to Group 6. High 573 

thermal maturity is supported by very high Ts/Tm (10.9-11.8, Table 2), diasterane/sterane 574 

(2.99-3.02), C29/H (4.36-5.78), DBT/P (13.2-14.5, Fig. 9) and BNH/H (11-12) ratios. The 575 

C24/C23 (0.78-0.85) tricyclic ratio and high C24Tet/C23 values could indicate a 576 

carbonate/evaporite source rock. 577 



Group 8: BGR-6, -7, and -8 occur in the southwest TB in lagoonal facies. δ13C isotopes 578 

vary between -29 and -28 ‰. The oils were derived from algal-rich (high C27/C29 sterane 579 

ratios) clay/marl or evaporite, rather than carbonate, deposited in Ca2 lagoonal facies under 580 

slightly reducing (HHI 0.13-0.14) and hypersaline depositional conditions (G/H 0.16 to 0.17). 581 

C15 to C31 2,3,6-aryl isoprenoids are present and isorenieratane – if at all – occurs only in 582 

traces, which might be the result of relatively high thermal maturity (Table 2; Summons and 583 

Powell, 1986). Elevated concentrations of C34 homohopanes over C33 and C35 homologues are 584 

characteristic of the Group 8 oils. 585 

Group 9: PL-4, -5, -12, -13 and 21 occur in NW Poland in lower slope/shallow-basin 586 

facies. They are characterised by the lightest δ13C isotopes (~-31 and -30 ‰). The source 587 

rock for Group 9 received more clay/marl or evaporite than carbonate input, along with a 588 

significant algal source (abundant C27 steranes) located in Ca2 lower slope/shallow-basin 589 

facies deposited under reducing and hypersaline conditions. Chlorobactane, isorenieratane or 590 

β-isorenieratane were not detected (Fig. 6). Elevated concentrations of C32 and C35 591 

homohopanes over lower and higher homologues are characteristic of this group. PL-4 and -5 592 

oils, which are reservoired in Ca3 basin (dolo-mudstone and anhydrite) facies, have 593 

biomarker characteristics similar to Ca2 oils in this group which suggests that Ca3 oils may 594 

have been generated and migrated from Ca2 lower slope/shallow-basin facies.  595 

Group 10: PL-10, -14, -17 occur in SW Poland in inner shoal/lagoonal facies. They are 596 

similar to Group 1 but have less depleted δ13C isotopes (-26.6 to -25.6 ‰). Group 10 is 597 

characterised by an almost even percentage of C33-35 homohopanes. The oils were derived 598 

from microbial-rich source rocks deposited under anoxic/euxinic (HHI 0.16-0.18, BNH/H 599 

0.02-0.05, isorenieratane 141-341 µg g-1 oil, chlorobactane 6-14 µg g-1 oil) conditions in Ca2 600 

hypersaline lagoons. 601 

 602 

7. Conclusions 603 

As is the case for petroleum systems in general, Zechstein reservoirs are heterogeneous 604 

and an in-depth understanding would be possible only after detailed examination of a much 605 

larger dataset. Such attempts were beyond the scope of this paper and, furthermore, complete 606 

datasets on the individual systems were not available. However, from the available dataset we 607 

have integrated a suite of various biomarker parameters in order to interpret redox conditions 608 



and OM source for Ca2 oils. Thirty-nine Zechstein Main Dolomite oils were analysed to 609 

investigate their origin in the eastern and south-central sector of the Southern Permian Basin 610 

of Europe. The investigated Ca2 oil samples reveal 10 groups based on their stable carbon 611 

isotopes, biomarker fingerprints and subtle biomarker differences. The oils show strong 612 

geochemical similarity within these particular groups and in some cases, sharp differences 613 

among them. The thermal maturity of the studied oils corresponds to the peak to late oil 614 

window, the latter being difficult to interpret with respect to source.  615 

The biomarker correlations between the Ca2 oils revealed that the very high DBT/P and 616 

sterane ratios can be used for thermal maturity assessments for Zechstein Main Dolomite oils. 617 

With respect to source, these biomarker data indicate that the oils were derived from 618 

evaporite- and carbonate- rich source rocks (i.e., the Main Dolomite and overlying and 619 

underlying evaporites) deposited under marine conditions and characterized by a significant 620 

contribution of sapropelic (algal + microbial) OM and a subordinate clay(marl)-associated 621 

OM. Source rocks for Groups 6 and 7 oils could not be clearly determined due to their high 622 

thermal maturity and low abundance of source-specific biomarkers, although high C24Tet/C23 623 

values suggest a carbonate-evaporite depositional environment for their source rocks as well. 624 

Importantly, some characteristic biomarkers allowed more nuanced identification of source 625 

facies; for example, C40 aromatic carotenoids are particularly distinct among oils, and 626 

isorenieratene derivatives were used for oil groupings, for the first time to the best of our 627 

knowledge. Collectively, this allowed the identification of the 10 distinct groups, defined by 628 

depositional environment, geographical location in the SPB, OM source and thermal maturity. 629 
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 994 

Fig. 1. Palaeoenvironmental map of the Ca2 in the Late Permian in Europe (updated after Słowakiewicz et al., 995 

2015). Longitude and latitude are present day values. A – Kamień Pomorski carbonate platform; B – Pomerania 996 

carbonate platform; C – Fore-Sudetic Monocline; D – NE North German (sub)-Basin (Mecklenburg-997 

Vorpommern); E – SE North German (sub)-Basin (Brandenburg); F – Thuringian (sub)-Basin.  998 



 999 



Fig. 2. Palaeoenvironmental maps, lithostratigraphy, and location of Ca2 oils in a) NW Poland and NE 1000 

Germany; b) SW Poland and SE Germany; and c) Thuringian sub-basin, central-south Germany (modified after 1001 

Hindenberg, 1999; Słowakiewicz et al., 2010; Brosin, 2013; Wagner, 2012; Gąsiewicz, 2013). Y. Halite + Y. 1002 

Potash – Younger Halite (Na3) + Younger Potash (K3); Z1, Z2, Z3 – Zechstein cycles 1, 2, 3. Well names in 1003 

bold font indicate crude oils containing isorenieratane.  1004 

 1005 

Fig. 3. Phytane to n-C18 alkane (Ph/n-C18) versus pristane to n-C17 alkane (Pr/n-C17) for Ca2 oil samples 1006 

(graphical fields are according to Shanmugam, 1985).  1007 



 1008 

Fig. 4. C27 18α-trisnorneohopane/17α-trisnorhopane (Ts/Tm) versus other geochemical ratios indicating thermal 1009 

maturity of Ca2 oils. a) Ts/Tm versus C27 diasteranes/(diasteranes + regular steranes) [C27 Dia/(Dia + Reg)] 1010 

shows thermal maturity control of Ca2 oil samples; b) Ts/Tm versus calculated vitrinite reflectance (Rm; Radke, 1011 

1988) grouping the majority of Ca2 oil samples within the peak oil window. 1012 



 1013 

Fig. 5. Sofer’s (1984) plot of δ13C values for the saturated and aromatic fractions for Ca2 oils located in 1014 

Germany and Poland.  1015 



1016 
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1018 



 1019 



Fig. 6. Representative total ion current chromatograms of whole oils (TIC) and mass chromatograms (m/z 191, 1020 

m/z 217, m/z 133+134) of the saturated and aromatic fractions of Ca2 oils showing the correlation of ten oil 1021 

groups. Ts – C27 18α-trisnorneohopane; Tm - 17α-trisnorhopane; a – chlorobactane; b – β-isorenieratane; c – 1022 

isorenieratane. Other symbols as in Table 1. Note that tricyclic terpanes in groups 6 and 7 have quite low 1023 

abundance with respect to the overall high thermal maturity of the oil samples, which could result from the 1024 

lithological type of the source rocks or alteration effects.  1025 

 1026 



Fig. 7. Homohopane distributions in Ca2 oils. BGR-9, PL-18, -19 and -24 are not plotted because of absent or 1027 

reduced homohopanes.  1028 

 1029 

Fig. 8. C24/C23 versus C22/C21 of tricyclic terpanes for the studied oils used to infer source rock lithology from oil 1030 

composition (Peters et al., 2005). 1031 

 1032 

 1033 



Fig. 9. C24 tetracyclic (Tet)/C23 tricyclic terpanes versus C19/C21 tricyclic terpanes for Ca2 oil samples used to 1034 

infer source rock lithology from oil composition. Oil groups are differentiated and facies-controlled. High 1035 

abundance of C24 Tet might indicate carbonate-evaporite depositional environment of source rocks for Ca2 oils. 1036 

 1037 

 1038 

Fig. 10. Correlation between pristane/phytane (Pr/Ph) and C27 diasteranes/(diasteranes + regular steranes) 1039 

obtained from extracts of Ca2 oils showing that the correlation is controlled by the depositional environment of 1040 

source rocks for Ca2 hydrocarbons (fields modified after Moldowan et al., 1994).  1041 

 1042 

Fig. 11. Cross-plot of dibenzothiophene/phenanthrene (DBT/P) ratio versus pristane/phytane (Pr/Ph) ratio for 1043 

Ca2 oil samples (graphical fields modified after Hughes et al., 1985). 1044 



 1045 

Fig. 12. Ternary diagram of C27-, C28-, and C29ααα (20R)-sterane distributions for the analysed Ca2 oil samples.  1046 
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Group Wells Oil field Depth (m) δ
13

CSAT δ
13

CARO CV Pr/Ph Pr/n -C17 Ph/n -C18 C19/C23 C22/C21 C24/C23 C24Tet/C23 C26/C25 

1 BGR-12 Döbern - -25.8 -24.9 -1.65 0.53 0.13 0.34 0.84 0.37 0.64 2.78 1.01

1 BGR-13 Guben - -25 -24.2 -2.12 0.64 0.08 0.20 1.16 0.58 0.54 4.45 0.92

1 BGR-14 Tauer - -26.1 -24.3 0.44 0.59 0.10 0.23 1.09 0.47 0.53 3.43 1

1 PL-6 Kosarzyn 1753.5-1788 -24.3 -23.9 -3.23 0.26 0.07 0.39 0.8 0.48 0.58 3.67 0.89

1 PL-7 Kosarzyn 1810.7-1817.5 -25.7 -24.9 -1.91 0.43 0.11 0.37 1.18 0.46 0.62 5.37 0.81

2 BGR-1 Richtenberg - -27 -26.3 -1.73 0.52 0.57 1.11 0.25 0.24 0.93 0.87 0.78

2 BGR-2 Reinkenhagen - -26.8 -26.5 -2.68 0.57 0.49 0.93 0.25 0.25 0.87 0.63 0.84

2 BGR-3 Barth - -27.1 -26.2 -1.25 0.55 0.48 0.87 0.35 0.24 0.99 0.94 0.84

2 BGR-4 Grimmen - -27.5 -25.1 2.2 0.52 0.57 1.16 0.19 0.25 0.85 0.80 0.76

3 PL-1 Błotno 3181.5-3184 -26.8 -26.1 -1.78 0.42 0.37 0.83 0.14 0.39 0.76 0.45 0.91

3 PL-2 Daszewo 2891.8-2910 -27 -26.6 -2.29 0.17 0.09 0.59 0.21 0.77 0.44 1.17 0.85

3 PL-3 Daszewo N 2842.5-2843.3 -26.2 -25.8 -2.64 0.34 0.18 0.69 0.34 0.46 0.53 1.8 1.06

3 PL-8
Kamień 

Pomorski 2232 -27.3 -25.9 -0.07 0.54 0.49 1
0.04 0.5 0.7 0.79 0.83

3 PL-9
Kamień 

Pomorski 2246 -27.4 -26 -0.09 0.45 0.44 0.96
0.06 0.5 0.77 0.81 0.84

3 PL-11 Międzyzdroje 2824.5-2836.5 -27.2 -26.5 -1.66 0.11 0.11 1.27 0.1 0.36 0.72 1.3 0.26

3 PL-15 Rekowo 2666-2667 -26.6 -26.1 -2.29 0.59 0.86 0.99 0.1 0.41 0.58 0.84 0.67

3 PL-22 Wapnica 3015-3029 -27.4 -26.5 -1.16 0.24 0.29 1.24 0.11 0.46 0.76 0.88 0.59

3 PL-23
Wysoka 

Kamieńska 3030 -27.4 -26.2 -0.37 0.47 0.44 0.96
0.07 0.58 0.69 0.78 0.76

4 BGR-5 Fallstein - -27.2 -26.2 -1 0.63 0.42 0.74 0.21 0.23 0.77 0.59 0.86

4 BGR-10 Mittweide - -26.7 -26.1 -2.04 0.57 0.45 0.88 0.23 0.26 0.85 0.82 0.85

4 BGR-11 Pillgram - -27.2 -26.2 -1 0.57 0.47 0.93 0.23 0.26 0.84 0.92 0.83

4 BGR-15 Schlepzig - -27.6 -26.1 0.24 0.60 0.42 0.83 0.23 0.26 0.74 0.90 0.88

5 PL-16 Retno 1700-1730 -27.3 -27.1 -2.74 0.53 0.37 0.64 0.49 0.4 0.56 2.4 0.52

5 PL-20 Struga 2042.5-2058.5 -27.6 -27.6 -3.09 0.38 0.17 0.54 0.51 0.44 0.45 2.79 0.62

6 BGR-9 Kietz - -26.5 -25.8 -1.88 0.65 0.41 0.71 0.44 0.27 1.13 0.4 1.1

6 PL-24 Namyślin 3140 -26.4 -25.4 -1.25 0.63 0.44 0.71 0.24 0.67 0.98 0.54 1.19

7 PL-18 Sławoborze 3242-3258 -27.9 -27.8 -2.86 0.61 0.19 0.47 2.66 0.56 0.78 3.17 0.54

7 PL-19 Sławoborze 3207-3238 -28.1 -27.9 -2.38 0.43 0.17 0.52 2.94 0.64 0.85 2.35 1.15

8 BGR-6 Volkenroda - -28.7 -28.6 -2.53 0.94 0.50 0.63 1.94 0.27 0.87 2.21 1

8 BGR-7 Altengoltern - -28.5 -29.2 -4.37 1.21 0.35 0.37 2.25 0.24 0.65 2.11 1.22

8 BGR-8 Mehrstedt - -29.2 -28.3 -0.6 0.99 0.56 0.68 1.71 0.26 0.79 2.09 1.07

9 PL-4 Gorzysław 2417-2420.5 -30.6 -30.6 -2.16 0.5 0.78 1.5 0.98 0.33 0.5 1.94 1.19

9 PL-5 Gorzysław 2728-2746 -30.5 -31.0 -3.31 0.7 1.17 1.43 0.82 0.33 0.51 1.96 0.44

9 PL-12 Moracz 3279.5-3309.5 -30.5 -30.1 -1.31 0.27 0.18 0.89 1.33 0.42 0.7 1.89 0.67

9 PL-13 Petrykozy 2623 -30.3 -29.9 -2.26 0.7 0.56 0.91 0.4 0.44 0.79 2.29 0.87

9 PL-21 Wapnica 2812.5-2818.5 -29.9 -29.9 -1.37 0.76 0.57 0.84 1.77 0.46 0.63 1.94 0.72

10 PL-10 Maszewo 1657-1666 -26.3 -26 -2.83 0.15 0.08 0.73 0.39 0.39 0.65 1.92 1.16

10 PL-14 Połęcko 1560.4-1576.9 -26.6 -26 -2.07 0.39 0.33 0.8 0.29 0.3 0.77 1.64 0.71

10 PL-17 Rybaki 1668-1708.5 -25.9 -25.6 -2.95 0.48 0.45 0.8 0.27 0.31 0.81 1.37 0.5
 1048 

 1049 



BNH/H C29/H C30 dia/H C31R/H G/C30 HHI C32/C31 (S+R) C34/C33 (S+R) C35S/C34S %C31 %C32 %C33 %C34 %C35

0 0.65 0.05 0.38 0.14 0.13 0.84 1.01 0.89 32 27 14 14 13

0 0.67 0.04 0.43 0.15 0.13 0.93 1.21 0.74 29 27 14 17 13

0 0.8 0.05 0.42 0.15 0.13 0.76 0.89 1.02 35 26 14 13 13

0.07 0.48 0.08 0.54 0.24 0.16 0.87 1.38 0.76 26 23 15 20 16

0.07 0.66 0.11 0.64 0.21 0.12 1.02 1.11 0.77 29 30 14 15 12

0 0.39 0.03 0.39 0.19 0.23 0.99 1.17 1.19 21 21 16 19 23

0 0.42 0.03 0.38 0.16 0.19 0.89 1.10 1.04 25 22 16 18 19

0 0.37 0.03 0.38 0.18 0.22 0.98 1.11 1.17 21 21 17 19 22

0 0.39 0.03 0.37 0.16 0.21 0.93 1.16 1.11 23 21 16 19 21

0.03 0.68 0.07 0.46 0.35 0.26 0.82 1.07 1.56 23 18 16 17 26

0.03 0.94 0.04 0.48 0.21 0.25 0.84 1.2 1.47 24 20 14 17 25

0 0.65 0.06 0.48 0.14 0.18 0.95 1.41 0.94 25 24 14 19 18

0.01 0.62 0.02 0.36 0.17 0.21 0.87 0.72 1.38 24 21 16 16 23

0.01 0.63 0.02 0.36 0.18 0.24 0.86 0.72 1.37 24 21 16 16 23

0.01 0.59 0.01 0.41 0.25 0.31 1.02 1.25 1.7 18 18 15 18 31

0.03 0.65 0.03 0.44 0.23 0.29 0.86 1.1 1.71 21 18 15 17 29

0.02 0.56 0.03 0.39 0.24 0.3 1.02 1.2 1.65 18 18 15 18 30

0.01 0.57 0.03 0.37 0.2 0.26 0.88 0.72 1.4 23 20 17 17 23

0 0.56 0.03 0.4 0.13 0.12 0.64 1.10 0.74 34 22 15 17 12

0 0.5 0.03 0.42 0.13 0.15 0.73 0.93 0.96 30 22 17 16 15

0 0.49 0.03 0.41 0.10 0.14 0.75 0.92 0.92 30 23 17 16 14

0 0.57 0.04 0.39 0.12 0.16 0.70 0.99 0.99 31 21 16 16 16

0.06 0.54 0.07 0.5 0.23 0.17 0.87 1.22 0.89 27 23 15 18 17

0.06 0.71 0.07 0.51 0.27 0.17 0.81 1.44 0.75 26 21 15 21 17

0 2.03 0 0 0.00 0 0.00 0.00 0 0 0 0 0 0

0.06 0.84 0.2 0.15 0.20 0 0.55 0 0 54 30 16 0 0

0.21 5.78 0 1.67 0 0 0 0 0 100 0 0 0 0

0.18 4.36 0 1.1 0 0 0 0 0 100 0 0 0 0

0 0.41 0.03 0.37 0.19 0.14 1.01 1.14 0.77 26 26 16 18 14

0 0.68 0.04 0.42 0.20 0.13 0.79 2.04 0.39 26 20 13 27 13

0 0.43 0.03 0.34 0.20 0.13 0.95 1.09 0.70 28 26 16 17 13

0.05 0.57 0.16 0.56 0.41 0.26 1.12 1.27 1.48 21 23 13 17 26

0.04 0.31 0.08 0.56 0.35 0.24 1.04 1.32 1.28 22 23 14 18 24

0.01 0.4 0.28 0.36 0.19 0.27 1.06 1.08 1.59 19 21 16 17 27

0.02 0.4 0.18 0.34 0.11 0.27 1 0.78 1.31 23 23 15 17 22

0.03 0.38 0.29 0.34 0.2 0.25 1.07 1.01 1.43 20 21 17 17 25

0.03 0.51 0.07 0.51 0.23 0.17 0.91 1.14 0.94 27 24 15 17 17

0.02 0.49 0.06 0.58 0.22 0.18 0.81 1.02 1.05 28 22 16 16 18

0.05 0.39 0.06 0.53 0.2 0.16 0.78 1 0.97 29 22 16 16 16
 1050 

 1051 



C29 dia/(dia+reg) C27dia/(dia+reg) %C27 %C28 %C29 C27/C29 C28/C29 tricyclics/17α-hopanes steranes/17α-hopanes ISO CHL DBT/P CPI

0.22 0.12 25 24 51 0.49 0.46 0.16 0.52 45 12 2.32 0.93

0.31 0.22 31 19 51 0.61 0.37 0.15 0.17 nd nd 3.52 0.94

0.32 0.23 31 21 48 0.65 0.44 0.30 0.26 49 nd 5.08 0.99

0.15 0.34 37 20 43 0.7 0.47 0.06 0.18 60 4 2.97 0.93

0.32 0.42 47 13 40 0.91 0.48 0.03 0.1 16 1 3.24 0.91

0.32 0.32 30 19 51 0.59 0.36 0.10 0.79 408 65 0.09 0.88

0.24 0.24 27 21 52 0.53 0.39 0.16 0.91 163 27 0.24 0.91

0.28 0.26 27 21 52 0.51 0.41 0.15 1.01 159 27 0.47 0.92

0.24 0.22 25 22 53 0.48 0.42 0.10 0.92 360 47 0.15 0.89

0.14 0.29 37 23 40 0.69 0.51 0.15 0.28 161 9 11.5 0.99

0.11 0.22 41 23 36 0.87 0.54 0.09 0.17 73 4 3.46 0.93

0.27 0.34 50 18 32 0.98 0.51 0.05 0.12 23 nd 1.5 0.92

0.17 0.17 24 26 50 0.48 0.52 0.11 0.34 275 44 2.62 0.96

0.17 0.17 23 26 51 0.45 0.51 0.11 0.32 22 3 2.59 0.98

0.04 0.12 26 24 50 0.47 0.57 0.05 0.35 585 26 3.02 0.94

0.05 0.17 28 26 46 0.52 0.41 0.06 0.29 320 19 4.33 0.93

0.05 0.15 29 22 49 0.51 0.32 0.06 0.35 710 26 2.58 0.94

0.21 0.17 24 27 49 0.49 0.55 0.11 0.32 117 53 0.64 0.97

0.2 0.12 20 25 55 0.36 0.45 0.50 2.04 58 21 1.00 0.97

0.24 0.20 24 24 52 0.46 0.46 0.32 1.15 125 19 0.62 0.91

0.27 0.24 27 22 51 0.52 0.43 0.18 0.71 230 27 0.98 0.91

0.18 0.12 22 25 53 0.41 0.47 0.26 1.37 145 17 1.27 0.96

0.17 0.42 28 23 49 0.53 0.53 0.05 0.17 50 nd 9.24 0.91

0.20 0.41 35 20 45 0.66 0.48 0.05 0.12 46 4 7.13 0.92

0.49 0.42 39 19 42 0.93 0.46 5.32 1.83 nd nd 1.39 0.98

1.98 0.28 32 32 36 0.89 0.89 0.53 0.65 nd nd 1.22 0.99

2.99 0.58 75 11 13 4.45 1.36 0.53 1.07 nd nd 14.47 0.95

3.02 0.65 75 10 15 3.55 1.42 0.49 0.75 nd nd 13.18 0.94

0.54 0.34 43 14 43 0.98 0.33 0.27 0.52 nd nd 1.18 0.95

0.62 0.32 47 14 38 1.23 0.37 1.47 1.04 nd nd 0.24 0.98

0.54 0.35 43 14 43 1.01 0.32 0.23 0.43 nd nd 0.65 0.96

0.29 0.48 39 13 49 0.44 0.38 0.04 0.31 nd nd 2.78 0.85

0.33 0.5 41 11 48 0.58 0.4 0.04 0.27 nd nd 1.81 0.88

0.78 0.48 68 9 23 1.68 0.86 0.14 0.37 nd nd 6.85 0.95

0.47 0.33 44 10 46 0.33 0.31 0.1 0.2 nd nd 0.25 0.92

0.76 0.44 70 7 23 1.72 0.83 0.15 0.36 nd nd 2.32 0.94

0.18 0.36 36 21 43 0.64 0.48 0.06 0.23 141 6 7.56 0.93

0.15 0.38 34 22 44 0.62 0.52 0.06 0.28 234 6 3.63 0.93

0.16 0.37 35 21 44 0.64 0.48 0.07 0.32 341 14 4.27 0.93
 1052 

 1053 

Table 1. Source-related geochemical characteristics of Ca2 oil samples. 1054 

 1055 

nd – not determined; 1056 

δ13CSAT – stable carbon isotopic composition (‰) of the saturated hydrocarbon fraction; 1057 

δ13CARO – stable carbon isotopic composition (‰) of the aromatic hydrocarbon fraction; 1058 

CV – canonical variable (CV = -2.53δ13CSAT + 2.22δ13CARO – 11.65); 1059 



Pr/Ph – pristane/phytane; 1060 

Pr/n-C17 – pristane/n-heptadecane; 1061 

Ph/n-C18 – phytane/n-octadecane; 1062 

C19/C23 – C19/C23 tricyclic terpanes;  1063 

C22/C21 – C22/C21 tricyclic terpanes;  1064 

C24/C23 – C24/C23 tricyclic terpanes;  1065 

C24Tet/C23 – C24 tetracyclic/C23 tricyclic terpanes; 1066 

C26/C25 – C26/C25 tricyclic terpanes;  1067 

BNH/H – 28,30-bisnorhopane / C30 17α-hopane; 1068 

C29/H – C29 norhopane / C30 17α-hopane;  1069 

C30 dia/H – C30 diahopane / C30 17α-hopane; 1070 

C31R/H – C31 homohopane 22R / C30 17α-hopane; 1071 

G/H – gammacerane / C30 17α-hopane; 1072 

HHI – homohopane index: C35αβ(S + R) / (ΣC31-C35αβ S + R); 1073 

C32/C31 (S+R) – C32 (S+R) 17α-hopane / C31 (S+R) 17α-hopane; 1074 

C34/C33 (S+R) – C34 (S+R) 17α-hopane / C33 (S+R) 17α-hopane; 1075 

C35S/C34S – C35S/C34S homohopanes; 1076 

%C31, %C32, %C33, %C34, %C35  – percentage of C31, C32, C33, C34, C35 to total C31-35 homohopanes; 1077 

C29 dia – diasterane/sterane ratio – C29 13β,17α(H) (20S + 20R) / (C29 5α,14α,17α(H) 20S + 20R + 1078 

5α,14β,17β(H) 20S + 20R); 1079 

%C27 (m/z 217) – 100 x C27S / (C27S + C28S + C29S);  1080 

%C28 (m/z 217) – 100 x C28S / (C27S + C28S + C29S);  1081 

%C29 (m/z 217) – 100 x C29S / (C27S + C28S + C29S);  1082 

C27/C29 – C27/C29 sterane ratio; 1083 

C28/C29 - C28/C29 sterane ratio; 1084 

tricyclics/17α-hopanes – ΣC19-26 tricylic terpanes / (ΣC19-26 tricylic terpanes + ΣC29-33 17α-hopanes); 1085 

steranes/17α-hopanes – ΣC27-29 regular steranes / ΣC28-35 17α-hopanes; 1086 

ISO – isorenieratane (µg/g oil); 1087 

CHL – chlorobactane (µg/g oil); 1088 

DBT/P – dibenzothiophene/phenanthrene; 1089 

CPI – carbon preference index based on n-alkanes [Σ(C25–C33)odd / Σ(C24–C32)even + Σ(C25–C33)odd / Σ(C26–1090 

C34)even] / 2 1091 

 1092 

 1093 

Group Wells C27 Ts/Tm M/H C29 20S C29 ββ TA(I)/TA(I+II) MDR Rm 

1 BGR-12 1.14 0.12 0.51 0.57 0.23 2.98 0.73 

1 BGR-13 1.36 0.14 0.45 0.55 0.25 2.52 0.69 

1 BGR-14 2.44 0.18 0.49 0.55 0.55 3.32 0.75 

1 PL-6 1.43 0.1 0.47 0.58 0.26 2.10 0.72 

1 PL-7 1.11 0.13 0.43 0.56 0.16 1.96 0.71 



2 BGR-1 0.87 0.10 0.50 0.54 0.05 5.89 0.94 

2 BGR-2 0.95 0.09 0.48 0.53 0.06 3.24 0.75 

2 BGR-3 1.3 0.07 0.49 0.58 0.12 2.51 0.69 

2 BGR-4 0.73 0.10 0.50 0.54 0.04 4.04 0.80 

3 PL-1 3.5 0.06 0.51 0.57 0.30 2.18 0.72 

3 PL-2 1.1 0.09 0.5 0.59 0.22 2.65 0.74 

3 PL-8 0.92 0.05 0.54 0.53 0.14 1.58 0.63 

3 PL-9 0.91 0.06 0.56 0.52 0.12 2.04 0.66 

3 PL-11 0.63 0.06 0.47 0.56 0.1 1.76 0.70 

3 PL-15 0.98 0.07 0.48 0.56 0.08 1.78 0.70 

3 PL-22 0.77 0.08 0.48 0.57 0.11 1.76 0.70 

3 PL-23 1.23 0.1 0.55 0.57 0.09 3.30 0.75 

4 BGR-5 1.13 0.09 0.49 0.58 0.11 3.90 0.79 

4 BGR-10 1.26 0.12 0.51 0.58 0.24 3.63 0.78 

4 BGR-11 0.9 0.10 0.50 0.58 0.32 2.51 0.69 

4 BGR-15 0.79 0.10 0.51 0.59 0.16 3.55 0.77 

5 PL-3 0.77 0.11 0.53 0.58 0.2 2.16 0.72 

5 PL-16 1.85 0.1 0.46 0.58 0.21 1.76 0.70 

5 PL-20 1.42 0.1 0.47 0.56 0.24 2.05 0.71 

6 BGR-9 5.23 nd 0.50 0.59 0.83 3.76 0.78 

6 PL-24 2.13 nd nd nd nd 2.98 0.73 

7 PL-18 11.77 nd nd 0.55 1.00 4.91 0.91 

7 PL-19 10.9 nd nd 0.57 1.00 4.53 0.85 

8 BGR-6 0.81 0.08 0.51 0.59 0.41 5.54 0.91 

8 BGR-7 0.94 0.17 0.50 0.57 1 8.31 1.12 

8 BGR-8 1.32 0.09 0.50 0.59 0.39 5.64 0.92 

9 PL-4 0.76 0.19 0.49 0.57 0.10 1.59 0.68 

9 PL-5 0.83 0.09 0.48 0.55 0.08 1.48 0.67 

9 PL-12 4.01 0.15 0.5 0.61 0.38 2.59 0.74 

9 PL-13 1.95 0.08 0.56 0.52 0.19 1.80 0.64 

9 PL-21 2.99 0.16 0.51 0.62 0.36 3.77 0.78 

10 PL-10 1.55 0.12 0.48 0.56 0.19 1.72 0.69 

10 PL-14 1.17 0.11 0.47 0.55 0.12 1.63 0.69 

10 PL-17 1.4 0.1 0.44 0.54 0.13 1.82 0.70 

 1094 

Table 2. Selected biomarker maturity and maturity-controlled parameters for Ca2 oil samples.  1095 

 1096 

nd – not determined;  1097 

C27 Ts/Tm – C27 18α-trisnorneohopane / 17α-trisnorhopane; 1098 

M/H – moretane/hopane; 1099 

C29 20S – 20S / (20S + 20R) epimers of 5α(H),14α(H),17αβ(H)-ethylsterane; 1100 

C29 ββ – 5α(H),14β(H),17β(H)/[5α(H),14β(H),17β(H) + 5α(H),14α(H),17α(H) 20R ethylsteranes]; 1101 



TA(I)/TA(I+II) – TA(I) = C20+C21, TA(II) = ΣC26-C28 (20S + 20R) triaromatic steroids; 1102 

MDR – methyldibenzothiophene ratio = 4-MDBT / 1-MDBT; 1103 

Rm – calculated vitrinite reflectance = 0.073 x MDR + 0.51 1104 

 1105 

 1106 


