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Abstract 

The molecular and isotopic composition of biomarkers in initial bitumen isolated from immature 

(0.41 % Rr) oil shale samples (Aleksinac deposit) and liquid products obtained by pyrolysis in 

open (OS) and closed (CS) systems are studied. The influence of pyrolysis type and variations of 

kerogen type on biomarkers composition and their isotopic signatures in liquid products is 

determined. The applicability of pyrolysis type, numerous biomarkers and carbon isotopic 

compositions (δ13C) of n-alkanes in liquid pyrolysates is established. Pyrolysis experiments were 

performed on two selected samples that showed high content of total organic carbon and 

hydrocarbon generation potential, but also certain variations in sources/depositional environment 

of organic matter (type I and mixed type I/II kerogen) within previous research of the oil shales 

sample set. The biomarker signatures were evaluated using gas chromatography-mass 

spectrometry (GC-MS) and δ13C of individual n-alkanes in bitumen and liquid pyrolysates. The 

molecular composition of liquid pyrolysates from the OS is very similar to those in initial 

bitumen, independently on kerogen type, confirming algal origin of organic matter (OM) 

deposited in lacustrine environment, even more apparently than results of initial bitumen. 

Therefore, OS can be useful for assessment of source and depositional environment of OM. 

Pyrolysis in the CS caused more intense thermal alterations, therefore the source fingerprints 

sometimes notably disappear. The liquid pyrolysates from the CS have the distributions of 
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biomarkers similar to those in crude oils. The biomarker maturity parameters showed slightly 

higher values in the CS pyrolysate of mixed type I/II kerogen in relation to type I kerogen. δ13C 

of n-alkanes in liquid pyrolysates from the OS are isotopically lighter in comparison to bitumen, 

independently on kerogen type. Oppositely, in liquid pyrolysates from the CS, they become 

heavier than in bitumen, indicating the thermal influence on δ13C signatures, with more 

pronounced difference for type I kerogen. 

 

* Corresponding author. Phone +381 11 3336 724; Fax: +381 11 2636 061;  

E-mail address: gordana.gajica@ihtm.bg.ac.rs (Gordana Gajica) 
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1. Introduction 

Oil shales are considered as a potential source of energy since they usually contain a large 

amount of solid fossil hydrocarbons (1016 t) bounded in the kerogen (Sert et al., 2009). In 

addition to the high content of solid fossil hydrocarbons (HCs), a significant feature of oil shales 

is the high atomic H/C ratio (coal 0.4-1.0; oil shales > 1.7; oil ~ 1.9) and unique composition of 

organic matter (OM) in relation to other solid fossil fuels (Strizhakova and Usova, 2008). The oil 

and gas potential of oil shales implies their ability to generate HCs, and depends on the quantity, 

type and maturity of OM (Tissot and Welte, 1984). As oil shales are commonly immature or at a 

low degree of maturity, they have the full potential (equal to initial) to produce liquid and 

gaseous hydrocarbons via technical processing.  

The OM in oil shale is present in a variable amount and type, distributed finely and irregularly in 

an inorganic matrix. The major part of OM is present in the form of an insoluble OM (kerogen), 

while extractable OM (bitumen) is present in a very low percentage. Although bitumen is present 

in a small amount, the analysis of biomarker composition of bitumen can provide important 

information about the origin and maturity of OM, as well as paleoenvironmental conditions that 

occurred at the time of deposition of the investigated samples (Tissot and Welte, 1984; Peters et 

al., 2005; Hatem et al., 2016). 

mailto:gordana.gajica@ihtm.bg.ac.rs
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On the other hand, kerogen, comprising the major part of oil shale OM, is a complex 

geopolymer, insoluble in conventional inorganic and organic solvents, and despite of 

development of numerous methods, its detail analysis still represents the challenge. Pyrolysis is 

one of the techniques for organic geochemical investigation of kerogen. It represents controlled 

heating of kerogen in an inert atmosphere, which causes thermal decomposition of its complex 

structure into lower molecular weight fragments leading to its transformation into soluble OM, 

which can be further analyzed more easily. The composition of the kerogen can be assessed by 

analyzing the biomarker composition in pyrolysates obtained by thermal decomposition of 

kerogen, in the same way as the analysis of biomarkers in initial bitumen (Philp, 1987). In 

addition to many common characteristics, biomarker composition obtained by pyrolysis of 

kerogen can notably differ from free biomarkers in bitumen generated during native (geological) 

maturation (Monthioux et al., 1985; Philp, 1987; Farrimond et al., 1998; Franco et al., 2010). 

Biomarkers are incorporated into kerogen by covalent bonding (de Leeuw et al., 1989; Hoffman 

et al., 1992; Adam et al., 1993), as well as by adsorption and occlusion (Cheng et al., 2016; 

Snowdon et al., 2016). Since it is very difficult to differentiate the bound moieties released by 

pyrolysis methods from occluded ones (Snowdon et al., 2016), most researches use the term 

bound biomarkers (including both covalently bound and occluded biomarkers) to represent the 

products released from macromolecular structures. Due to the protection afforded by their 

macromolecular hosts, the thermal maturity of bound biomarkers is generally lower than that of 

their freely occurring counterparts (Rubinstein et al., 1979; Russell et al., 2004; Lockhart et al., 

2008; Wu et al., 2013). 

The molecular composition of pyrolysates primarily depends on kerogen type and maturity, but 

also on the type of applied pyrolysis system and the operating conditions (reactor type, 

temperature, heating rate, pressure, residence time, type and flow rate of inert gas, size of the 

particles, presence of catalyst, etc.). Many studies have been conducted on pyrolysis experiments 

in open (Rock-Eval, thermal gravimetric analysis, flash pyrolysis, laser micropyrolysis) and 

closed (autoclave, Au capsules, microwave) systems using different types of sedimentary rocks 

and operating conditions (Monthioux et al., 1985; Behar et al., 1992; Pakdel et al., 1999; El Harfi 

et al., 2000; Yoshioka and Ishiwatari, 2002; Sugden et al., 2005; Pan et al., 2010; Hakimi et al., 

2018).  
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Pyrolysis in an open system (OS) allows liberating biomarkers that are adsorbed and weakly 

bounded to kerogen and can provide better insight into the nature of kerogen-bound compounds 

and the types of precursor biomass. Pyrolysis in a closed system (CS) is applied to stimulate 

kerogen maturation processes after diagenesis, oil and gas generation phase, which would take 

place upon the geological conditions if sediments have reached greater depths.  

During last decade, in addition to aforementioned routine pyrolytical techniques, microscale 

sealed vessel (MSSV) pyrolysis and catalytic hydropyrolysis combined with gas 

chromatography–mass spectrometry attracted emerged attention as useful and versatile methods. 

The MSSV pyrolysis performs in a closed system at lower temperatures (250–350 oC) over 

longer time periods (e.g. days) in comparison to the high temperatures (> 500 oC) and ballistic 

heating rates associated with flash pyrolysis. Therefore MSSV pyrolysis can provide additional 

speciation information useful for establishing the structure and source inputs to recent OM 

(Berwick et al., 2007), although the extended heating times and closed-nature of MSSV pyrolysis 

may contribute to the cracking of the alkyl side chain of biomarkers and their isomeric 

rearrangement (Berwick et al., 2010). The catalytic hydropyrolysis is conducted from 300 to 550 

oC using much slower heating rates (e.g. 8 oC/min) than flash pyrolysis. Metal sulfide catalysts 

are used to reduce the thermal profile of volatile evolution, thus avoiding the application of very 

high temperatures which promote secondary processes. Products are rapidly removed from the 

open-system thermal reactor, which is maintained under high hydrogen pressure (>10 MPa). 

These conditions support the relatively soft release of pyrolysis fragments, with less structural 

and isomeric rearrangement in comparison to MSSV pyrolysis (Berwick et al., 2010). Recent 

modification of the standard MSSV pyrolysis (using tetralin as hydrogen donor and dispersed 

sulfide molybdenum as catalyst) increased biomarker release from kerogen and reduced 

secondary cracking of released biomarkers (Wu and Horsfield, 2019).  

Compound specific isotope analysis (CSIA) of individual biomarkers (e.g. n-alkanes) can be also 

used to obtain information about source (plants, algae and phytoplanktons differ in the way how 

they assimilate CO2 during photosynthesis) and maturity (during maturation processes 

enrichment in heavier isotope occurs) of OM (Lewan, 1983; Freeman et al., 1990; Schwarzbauer 

et al., 2013; Strobl et al., 2014).  

The samples used for pyrolytic experiments within this study originated from the Aleksinac oil 

shale deposit, which is the largest and richest oil shale deposit in Serbia (Jelenković et al., 2008). 
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The molecular composition of aliphatic hydrocarbons, ketones and fatty acid methyl esters, as 

well as δ13C values of individual n-alkanes in extracted initial bitumen of two immature raw oil 

shale samples, containing type I and mixed type I/II kerogen, respectively, and liquid products 

obtained by the open system pyrolysis (OS) and the closed system pyrolysis (CS) are studied. 

The influence of pyrolysis type and variations of kerogen type on biomarkers composition and 

their isotopic signatures in liquid products is determined. The applicability of pyrolysis type, 

numerous biomarkers and carbon isotopic compositions of n-alkanes in liquid pyrolysates is 

established.   

 

2. Material and methods  

2.1. Samples 

Pyrolytic experiments have been conducted on immature outcrop oil shale samples from the 

Aleksinac deposit, Serbia (Jelenković et al., 2008). These oil shales were deposited in lacustrine 

(brackish to freshwater) environment during Lower Miocene, and samples analyzed within this 

study were taken from the Upper layer of the Dubrava block (Gajica et al., 2017a). Two samples, 

which have shown the highest total organic carbon, TOC (D16, 29.10 wt. %; D13, 13.19 wt. %) 

and the highest hydrogen index, HI (D13, 858 mg HC/g TOC; D16, 619 mg HC/g TOC) as 

revealed by previous investigation performed on the oil shales sample set (Gajica et al., 2017a), 

were selected for pyrolytic experiments. The selected samples are immature (huminite 

reflectance, Rr = 0.41 %; Production Index, PI = 0.02), generated a high yield of liquid 

hydrocarbons (Gajica et al., 2017a, b), but contain different kerogen types (D13 type I; D16 

mixed type I/II). Furthermore, the D16 is characterized by elevated sulfur content (6.11 wt. %) 

and prevalence of carbonates (63.87 wt. %) in mineral matter, while the D13 sample has lower 

amount of sulfur (0.21 wt. %) and carbonates (33.95 wt. %; Gajica et al., 2017a). 

 

2.2. Methods 

2.2.1. Analysis of raw oil shale samples  

Prior to bitumen extraction, the samples were crushed and pulverized (< 63 μm). Details of 

bitumen extraction and separation into fractions, as well as gas chromatographic-mass 

spectrometric analysis (GC-MS) are given elsewhere (Gajica et al., 2017a). Oxygen containing 

compounds, ketones and fatty acid esters, were also analyzed complementarily to the biomarkers 
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of the aliphatic fraction due to their structural similarity to n-alkanes. n-Alkan-2-ones and fatty 

acid methyl esters were identified in aromatic fraction based on typical ion fragmentograms, m/z 

58 and 74, respectively.  

 

2.2.2. Pyrolytic experiments on bitumen-free oil shale samples 

Pre-extracted, bitumen-free samples containing kerogen and native mineral matrix were used for 

pyrolytic experiments. Samples were pre-extracted, because the free bitumen, especially its polar 

fraction containing functionalized hopanoids and steroids, may have been incorporated into the 

kerogen during pyrolysis (Vu et al., 2008; Wu and Geng, 2016). The temperature of 400 oC, 

providing high yields of biomarkers, was chosen according to the literature data (Comet et al., 

1986; Lewan et al., 1986; Wu and Geng, 2016, Wu and Horsfield, 2019) and our preliminary 

performed experiments.   

The open system (OS) pyrolysis was performed using Pyrolyser, Model MTF 10/15/130 

(Carbolite Limited, Parsons Lane, Hope, UK) at temperature of 400 oC under a nitrogen 

atmosphere. The samples were heated from 20 oC to the final pyrolysis temperature at a rate of 5 

oC/min and the duration of pyrolytic experiments at the final temperature was 4 h. The furnace 

(15 cm long) was equipped with a quartz tube (inner diameter, 1 cm) that was 4.5 times longer 

than furnace. The quartz tube was situated within the furnace and equal parts of the quartz tube 

were outside of furnace. The tube was connected to the nitrogen supply at one side, while the 

other was connected to a trap (cooled to 0 °C), filled with 20 cm3 of chloroform, to which the 

pyrolysis products were transferred by the N2 flow. Liquid products were collected in cold trap, 

whereas released gases could not be collected. The sample (~ 1.5 g) was situated in the quartz 

vessel and the vessel with the sample was transferred into the pyrolysis furnace in the middle of 

the quartz tube. After cooling the pyrolytic system over night, the quartz tube and solid residue 

were rinsed with hot chloroform and this extract was combined with the liquid product collected 

in the cold trap. Chloroform was removed by rotary vacuum evaporator. Liquid product was 

quantitatively transferred from the flask to small glass bottle using a Pasteur pipette and dried to 

the constant mass under ambient conditions.  

The closed system (CS) pyrolysis was carried out in a stainless steel reactor (autoclave), which 

was loaded with ~ 5 g of the sample. After loading, the autoclave was sealed, pressurized to ~6 

MPa of nitrogen and checked for leaks. When no leaks were detected, the system was purged 
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three times with nitrogen in order to remove the air. The initial nitrogen pressure was then 

reduced to 600 kPa. The samples were heated from 20 oC to 400 oC at a rate of 5 oC/min and the 

duration of pyrolytic experiments at the final temperature was 4 h. During the experiments the 

temperature was continuously monitored at 30 s intervals using Type J thermocouple. The 

obtained standard deviations ranged between 0.3 and 0.6 oC. After the experiments were 

completed, the reactor was cooled down to room temperature overnight. It was then vented and 

opened to collect the liquid products and solid residue. Liquid pyrolysis products were extracted 

using chloroform, by combining thorough rinsing of the autoclave interior and the solid residue 

with hot solvent. Chloroform was removed by rotary vacuum evaporator. Liquid product was 

quantitatively transferred from the flask to small glass bottle using a Pasteur pipette and dried to 

the constant mass under ambient conditions.   

The obtained liquid pyrolysates were analyzed using the same procedure as for initial bitumen 

extracted from the raw oil shale samples (Gajica et al., 2017a). 

 

2.2.3. Compound specific stable isotope analysis (CSIA) 

Compound specific stable carbon isotope analysis of individual n-alkanes in aliphatic fraction of 

bitumen and liquid pyrolysates was performed using a gas chromatography-isotope ratio 

monitoring-mass spectrometry system (GC-irmMS). A gas chromatograph 6980A was linked to 

a Finnigan Delta Plus XL mass spectrometer equipped with a GCC III combustion interface 

(Fisons Instruments). Gas chromatographic separation was carried out on a ZB1 fused silica 

capillary column (30 m x 0.25 mm i.d.; 0.25 µm film thickness). Chromatographic conditions 

were as follows: 1 µL splitless injection (injector temperature 270°C) at an oven temperature of 

60°C, splitless time 60 s, 3 min hold, then programmed at 3°C min-1 to 300°C. The helium 

carrier gas velocity was set to 35 cm s-1. The oxidation oven equipped with a CuO/NiO/Pt-

catalyst was set at 940°C. Each isotope ratio determination was run in triplicate. The carbon 

isotope ratio of the reference gas (carbon dioxide) was calibrated with a certified reference 

standard purchased from Chiron (Trondheim, Norway) containing n-C11 (–26.11 ‰ vs. VPDB), 

n-C15 (–30.22 ‰ vs. VPDB) and n-C20 (–33.06 ‰ vs. VPDB). All data presented are expressed 

relative to the VPDB (Vienna Pee Dee Belemnite) standard. The internal precision of 

measurements was determined by standard deviations between 0.1-0.4 ‰ with maximum values 

around 0.8 ‰.  
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3. Results and discussion  

3.1. The molecular composition of aliphatic fraction of initial bitumen and liquid pyrolysates 

The gas chromatographic patterns of the aliphatic fractions in bitumen of raw samples and liquid 

pyrolysates from the open and the closed systems are given in Figure 1, while specific ion 

chromatograms of n-alkanes, ketones, fatty acid methyl esters, steranes and terpanes are given in 

Figures 2-6. Specific parameters calculated from distributions of mentioned biomarkers are listed 

in Table 1. 

The distribution of aliphatic hydrocarbons in initial bitumen of the sample D13 is characterized 

by domination of isoprenoids (phytane, β-carotane) and steranes. On the other hand, the 

distribution of aliphatic hydrocarbons in initial bitumen of the sample D16 is characterized by 

prevalence of n-alkanes, relatively high amount of steranes and hopanes, and the presence of β-

carotane in low abundance (Fig. 1a, d). The observed differences in total ion chromatograms 

(TICs) of aliphatic fractions are consistent with certain variations in sources of OM that are also 

reflected through the kerogen type, since both raw oil shale samples showed uniform and low 

maturity. 

The distribution of aliphatic hydrocarbons in liquid pyrolysate from the OS of the sample D13 is 

characterized by high abundance of regular isoprenoid alkanes (C16 and C18) and pristene. Such a 

domination of lower regular isoprenoids is not common in native samples, and it is indicative for 

notable contribution of algal OM (Fig. 1b; Volkman et al., 2015). Both liquid products from the 

OS are characterized by prevalence of n-alkanes in pairs with terminal n-alkenes, which is also 

indicative of algal sources (Fig. 1b, e; Zhang et al., 2016) and low thermal maturity. The 

polycyclic biomarkers with sterane and hopane skeleton are clearly visible only in liquid 

pyrolysates from the OS of sample D13. 

n-Alkanes notably dominated in the distribution of aliphatic hydrocarbons in both liquid 

pyrolysates from the CS,. These liquid pyrolysates also have relatively high content of regular 

isoprenoid C18, pristane and phytane. On the other hand, terminal n-alkenes in liquid pyrolysates 

from the CS are present in a lower amount than in liquid pyrolysates from the OS (Fig. 1b, c, e, 

f). This indicates intense secondary processes in the CS compared to OS. 
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Fig. 1. Total Ion Chromatograms (TICs) of aliphatic fractions of initial bitumen of raw samples 

(a, d) and liquid pyrolysates from the open (b, e) and closed (c, f) system pyrolysis. 

n-Alkanes are labelled according to their carbon number; Δ – terminal n-alkenes with the same number of carbon 

atoms as neighbor n-alkanes; * – non-terminal n-alkenes; Pr-ene – prist-1-ene; Pr – pristane; Ph – phytane;  

i – regular isoprenoids; arb. – arbitrary. 
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3.1.1. n-Alkanes 

In initial bitumen, the identified n-alkanes ranged from C15 to C35, with dominance of n-C27,  

n-C29, n-C31 homologues (Fig. 2a, d). 

 

 

 

Fig. 2. GC-MS chromatograms of n-alkanes (m/z 71) in aliphatic fractions of initial bitumen  

(a, d) and liquid pyrolysates from the open (b, e) and closed (c, f) system pyrolysis. 

Sq – squalane; for other abbreviations see the legend of Figure 1. 

 

The distribution of n-alkanes in liquid pyrolysates differs from those in bitumen of raw samples. 

n-Alkanes are identified in almost the same range of C14-C40 in all liquid pyrolysates (Fig. 2). 

The chromatograms reveal significant increase of n-alkanes abundance in relation to other 

hydrocarbons (Fig. 1) and the domination of lower homologues (Fig. 2). In addition to the fact 
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that the distribution of n-alkanes depends on maturity changes that particularly occur in the 

closed system pyrolysis, and lead to the shift of the n-alkane maximum toward lower 

homologues relative to initial bitumen, it also depends on the precursor material that is 

incorporated into the kerogen. The prevalence of lower homologues in liquid pyrolysates is 

consistent with the predominantly algal origin of OM (Table 1; van de Meent et al., 1980; Gajica 

et al., 2017a), although it was not clearly visible based on n-alkanes distribution in initial 

bitumen (Fig. 2a, d). Namely, as already has been mentioned, initial bitumen is characterized by 

the domination of higher homologues, which can be indicative of the contribution of both, higher 

land plants and algae, as well as their mixture in the precursor OM (Gelpi et al., 1968). It 

confirms that bounded biomarkers, early incorporated into the kerogen phase depicts source 

fingerprint of OM better than their counterparts in free bitumen.  

The n-alkane distributions in all liquid pyrolysates are characterized by uniform abundances of 

odd and even homologues, resulting in a reduction of the CPI values (~ 1) in relation to the 

bitumen (Table 1). The main difference in the distribution of n-alkanes in pyrolysis products is a 

greater abundance of the higher homologues in liquid pyrolysate of the sample D13 from the CS 

relative to those obtained in the OS, whereas for the sample D16 the opposite trend is observed 

(Fig. 2b, c, e, f). This can be attributed to various microalgal origins (Gelpi et al., 1968), 

consistent with kerogen types and differences in TICs (Section 2.1; Fig. 1a, d), such as 

contribution of unicellular microalga Botryococcus braunii (Sinninghe Damsté et al., 1993), 

which presence has been already reported in Aleksinac oil shales (Ercegovac et al., 2003). 

Additionally, it can be caused by the longer exposure to thermal stress and pressure, as well as 

contact with native minerals (present in samples) in the CS, which contribute to more intense 

cracking of kerogen and to the defunctionalisation of molecules such as fatty acids, alcohols, 

thiols, ketones and esters that led to formation of free radicals during pyrolysis (Pakdel et al., 

1999). These free radicals could be deactivated by hydrocarbons themselves, by hydrogen 

trapping, or by recombination, giving as the final products corresponding n-alkanes (Monthioux 

et al., 1985). In addition, in the CS, n-alkanes can also be formed by secondary reactions due to 

thermal cracking of heavy molecules such as substituted aromatic compounds (e.g. 

alkylbenzenes containing long alkyl chain), polar compounds, asphaltenes, cyclic compounds, as 

well as n-alkanes themselves (Franco et al., 2010).  
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3.1.2. n-Alkenes 

Generally, n-alkenes do not occur or are present in low amounts in initial bitumen formed under 

natural conditions due to their low diagenetic stability, while artificial maturation of kerogen 

results in the occurrence of alkenes in liquid pyrolysates. Terminal n-alkenes are identified as 

pairs with the corresponding n-alkanes in liquid pyrolysates, ranging from C14 to C29 in the OS 

and from C14 to C24 in the CS (Fig. 1b, c, e, f). The prevalence of terminal n-alkenes, showing 

decreasing abundance with the increase of molecular weight, is common in pyrolysis products 

(Leif and Simoneit, 2000). n-Alkenes arise as intermediates during the thermal decomposition of 

long chain n-alkyl fragments of kerogen by the free radical mechanism. n-Alk-1-enes can also be 

formed by the β-elimination reactions of esters and amides by the loss of hydrogen atoms from 

primary alkyl-radicals or by the disproportionation of secondary alkyl-radicals (Ingram et al., 

1983).  

A greater abundance of n-alk-1-enes is detected in liquid pyrolysates from the OS, resulting in 

higher values of the Σn-alk-1-enes/Σn-alkanes ratio than in the liquid products from the CS 

(Table 1). This result was expected due to the short retention of degradation products in reaction 

medium of the open system, whereas in the closed system alkenes spent more time in contact 

with gases and catalysts from native minerals, which leads to their transformation.  

The prevalence of linear hydrocarbons, represented by series of n-alkenes and n-alkanes, in TICs 

of aliphatic fractions of all liquid pyrolysates is characteristic of shale oils derived from 

lacustrine algal immature kerogen (Fig. 1b, c, e, f; Grice et al., 2003; Zhang et al., 2016). This 

HCs distribution in liquid pyrolysates may originate from algaenan. Algaenan is a highly 

aliphatic biopolymer which originates from cell wall remains of microalgae such as chlorophyta, 

eustigmatophyta and dinoflagellates (Douglas et al., 1990; Zhang et al., 2016). It is also known 

that the green microalgae Botryococcus braunii synthesizes long chain polymethylenic algaenan 

(Stasiuk, 1993; Derenne et al., 1994; Volkman, 2014). This biopolymer is present in a low 

content in algal OM, but it can be preserved and incorporated into kerogen due to its resistance to 

microbial and diagenetic breakdown (Gelin et al., 1997; Zhang et al., 2016; Zhang and Volkman, 

2017). Therefore, algaenan can be a source of long chain alkyl-groups (particularly in sample 

D13, which contain mainly kerogen type I and has the quite high hydrocarbon generation 

potential; Section 2.1). 
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 0.67 -

0.71 
/ 

0.57 - 

0.62 

≤ 

0.15* 
 

B – Initial bitumen, extracted from raw oil shale samples; OS – open system pyrolysis; CS – closed system 

pyrolysis; CPI – Carbon Preference Index, CPI (C15-C35) = ½ x [Σodd(n-C15-n-C35)/Σeven(n-C14-n-C34) + Σodd(n-

C15-n-C35)/Σeven(n-C16-n-C36)]; Pr/Ph = Pristane/Phytane; %C27 ααα(R) – C27/(C27 + C28 + C29) of 

5α(H)14α(H)17α(H)20R-steranes; %C28 ααα(R) – C28/(C27 + C28 + C29) of 5α(H)14α(H)17α(H)20R-steranes;  

%C29 ααα(R) – C29/(C27 + C28 + C29) of 5α(H)14α(H)17α(H)20R-steranes; C29ααα 20S/(20S+20R) =  

C29 5α(H)14α(H)17α(H)20S-sterane/C29 5α(H)14α(H)17α(H)(20S+20R)-steranes; ΣC27-C29 βαα(R)/ΣC27-C29 

ααα(R) = sum (C27-C29) 5β(H)14α(H)17α(H)20R-steranes/sum (C27-C29) 5α(H)14α(H)17α(H)20R-steranes; C29 

αββ/(αββ + ααα) = C29 5α(H)14β(H)17β(H)20R-sterane/(C29 5α(H)14β(H)17β(H)20R + C29 

5α(H)14α(H)17α(H)20R)-steranes; Rc – calculated vitrinite reflectance = 0.49 x C29ααα 20S/20R sterane + 0.33; 

C31αβ 22S/(22S+22R) = C31 17α(H)21β(H)22(S) homohopane/C31 17α(H)21β(H)(22S+22R)-homohopanes; 

C30βα/C30αβ = C3017β(H)21α(H)-moretane/C3017α(H)21β(H)-hopane; GI – Gammacerane index, GI = 

(gammacerane × 10)/(gammacerane + C3017α(H)21β(H)-hopane); S/H = [Σ(C27-C29) 

5α(H)14α(H)17α(H)(20S+20R) + 5α(H)14β(H)17β(H)(20S+20R)-steranes]/[Σ(C29-C33) 17α(H)21β(H)-hopanes]; 

E.V. – equilibrium values (Peters et al., 2005); * – for Tertiary age. 

 

3.1.3. Isoprenoid alkanes 

In initial bitumen of both samples, pristane and phytane are the major regular isoprenoid alkanes 

(Fig. 1a, d). Regular isoprenoid alkanes C16 and C18 are also identified in both samples, while 

regular C25 isoprenoid is present in a low abundance in the sample D13 only. From the non-

regular isoprenoids, β-carotane is present in both samples, but in the D16 sample in a low 

abundance, whereas C30 (squalane) and γ-carotane are identified in the sample D13 only. 

More significant differences were observed in the distributions of isoprenoid alkanes between 

liquid products from two different pyrolytic systems, than between bitumen of initial samples. In 

the OS regular isoprenoid alkanes C16 and C18 are more abundant than pristane and phytane in 

both samples, whereas in the CS it is the opposite (Fig. 2b, c, e, f). Relatively high abundance of 
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regular isoprenoids (C15, C16, C18) in liquid pyrolysates, particularly from the OS, could be 

attributed to isoprenoid precursors that are weakly bounded to kerogen and can be easily 

liberated by slight thermal treatment (Figs. 1 and 2 b, e; Brassell et al., 1986). The presence of 

C16 and C18 isoprenoids is consistent with algal origin of OM and they can be generated by 

pyrolysis of Botryococcus braunii (Derenne et al., 1994; Volkman, 2014). Pristane and phytane 

are mainly formed from chlorophyll pigments found in photosynthetic organisms (Volkman, 

1986; Ishiwatari and Ishiwatari, 2004). In liquid pyrolysates from the OS, prist-1-ene is 

identified. This compound is typical product of thermal decomposition of immature kerogen 

(Höld et al., 2001). Namely, isoprenoid precursors such as chlorophyll or tocopherol generate 

pristane during geological maturation and prist-1-ene by thermal degradation during pyrolysis 

(Goossens et al., 1984; Zhang et al., 2016). Prist-1-ene does not appear in liquid pyrolysates from 

the CS probably due to prolonged exposure to thermal stress which caused its further 

transformation (Zhang et al., 2016). This is consistent with lower abundance of n-alk-1-enes in 

CS than in OS. Regular C25 isoprenoid and squalane (present in initial bitumen of the sample 

D13), as well as β- and γ-carotane are not identified in liquid pyrolysates. Interestingly, the same 

results were obtained by pyrolysis of the organic-rich sediments (using the same closed system 

and pyrolytic conditions) from the Valjevo-Mionica and Kremna basins (Stojanović et al., 2010; 

Perunović et al., 2014). The absence of these isoprenoids in liquid pyrolysates can be due to the 

sensitivity of their skeleton to thermal stress.  

In initial bitumen of both raw samples, the uniform Pr/Ph ratio < 0.4 indicates sedimentation 

under reducing depositional conditions, which enhanced the preservation of algal-rich OM 

(Table 1; Gajica et al., 2017a). The values of Pr/Ph ratio are higher in all liquid pyrolysates than 

in initial bitumen (Table 1). In liquid products from the OS the Pr/Ph is > 1. That might be 

explained by a preferred release of pristane than phytane from isoprenoid moieties during 

thermal treatment of kerogen (Larter et al., 1979; Kissin, 1993). In liquid pyrolysates from the 

CS the Pr/Ph ratio is ~ 1 (Table 1). This might be caused by the increase in maturity (Connan, 

1974; Peters et al., 2005) or by the fact that both isoprenoid alkanes are formed at the same rate 

during artificial maturation (Stojanović et al., 2010). As expected, the Pr/n-C17 and Ph/n-C18 

ratios decrease during the thermal treatment of kerogen (Table 1). 
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3.1.4. Ketones 

In initial bitumen, the n-alkan-2-ones are identified in the range of C12-C33, with uniform 

distribution of even and odd homologues in the sample D13 and dominance of odd homologues 

with maximum at C27 in the sample D16 (Fig. 3a, d). It is noteworthy that distribution of ketones 

is very similar to those of n-alkanes, confirming their common origin (Figs. 2, 3a, d). In addition 

to n-alkan-2-ones, a C18 isoprenoid ketone (6,10,14-trimethylpentadecan-2-one) was identified in 

initial bitumen of both raw samples, as the most prominent compound. 

 

 
 

Fig. 3. GC-MS chromatograms of n-alkan-2-ones (m/z 58) in initial bitumen (a, d) and  

liquid pyrolysates from the open (b, e) and closed (c, f) system pyrolysis. 

n-Alkan-2-ones are labelled according to their carbon number; i-C18-one – C18 regular isoprenoid ketone (6,10,14-

trimethylpentadecan-2-one); arb. – arbitrary. 
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n-Alkan-2-ones are also present in liquid pyrolysates. They are identified in the range C10-C33 in 

liquid products from the OS; whereas in the CS the distribution starts from C10, but due to the 

low abundance and co-elution of the other compounds precise determination of higher 

homologues (>C15) was impossible (Fig. 3). In comparison to bitumen, both liquid pyrolysates 

from the OS are characterized by prevalence of lower n-alkan-2-ones and more uniform 

distribution of even and odd homologues, as well as significantly lower abundance of C18 

isoprenoid ketone. The results are in accordance with changes in n-alkane and isopreniod 

distributions (decrease of CPI, Pr/n-C17 and Ph/n-C18 in the OS liquid products in comparison to 

initial bitumen; Table 1). In liquid pyrolysates from the CS lower homologues notably prevail, 

while C18 isoprenoid ketone is absent. 

n-Alkan-2-ones have been found in marine and lacustrine sediments (Volkman et al., 1983; 

Cranwell et al., 1987). β-Oxidation of fatty acids, followed by decarboxylation, and β-oxidation 

of corresponding n-alkanes are reported as the main biological formation pathways of n-alkan-2-

ones in sedimentary OM (Volkman et al, 1983; Cranwell, et al., 1987). Predominance of odd 

over even homologues is characteristic of microbiological origin (Brassell et al., 1980; Tuo and 

Li, 2005), while maximum at C27 can indicate origin from microalgae, phytoplankton and higher 

plants (Ying and Fan, 1993; González-Vila et al., 2003). The C18 isoprenoid ketone is found in 

many recent sediments (Rontani and Volkman, 2003). It can be formed by photosensitized 

oxidation of some isoprenoid alkanes, such as pristane and phytane (Rontani and Giral, 1990), 

bacterial degradation of phytol (Rontani and Giral, 1990), photodegradation of chlorophyll-a 

(Rontani et al., 1991), and by alkaline hydrolysis of tocopherols (Rontani and Volkman, 2003). 

It is known that the n-alkane-2-ones and C18 isoprenoid ketone occur in shale oils (Šaban et al., 

1980; Rovere et al., 1983; Sinninghe Damsté et al., 1993). They can be attributed to the algaenan 

from different types of algae (Zhang et al., 2016; Zhang and Volkman, 2017; Zhang et al., 2021). 

In some studies, these ketone compounds were associated with the Botryococcus braunii 

(Dubreuil et al., 1989; Gelin et al., 1993; Derenne et al., 1994). They can arise by thermal 

degradation of kerogen by breaking β-keto groups that are bounded to kerogen (Rovere et al., 

1983). The cleavage of this structure leads to the appearance of n-alkane-2-ones, as well as the 

increase of the Σalkenes/Σalkanes ratio (Zhang and Volkman, 2017). The domination of lower 

homologues in all liquid pyrolysates can be a result of thermal treatment. Significantly lower 

abundance of C18 isoprenoid ketone in liquid products from the OS and absence of this 
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compound in liquid pyrolysates from the CS can be explained by sensitivity of its structure to 

thermal stress. Namely, Zhang et al. (2016) reported that C18 isoprenoid ketone was identified 

only at temperature 310 ºC during stepwise pyrolysis at temperatures from 310 to 660 ºC. 

 

3.1.5. Fatty acid methyl esters 

In initial bitumen of raw samples, the fatty acid methyl esters are identified in the range of C13-

C33 (Fig. 4a, d). The lower homologues with maximum at C17 are dominant in the sample D13, 

while in the sample D16, consistent with distributions of n-alkanes and n-alkan-2-ones, higher 

homologues prevail, with maximum at C29. 

 

 
 

Fig. 4. GC-MS chromatograms of fatty acid methyl esters (m/z 74) in initial bitumen (a, d) and 

liquid pyrolysates from the open (b, e) and closed (c, f) system pyrolysis. 
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Fatty acid methyl esters are labelled according to their total carbon number; arb. – arbitrary. 

 

Carboxylic acids methyl esters occur widely in natural products and it is known that lacustrine 

sediments usually contain them (Cranwell, 1984). The lower homologues of fatty acid methyl 

esters (< C20) are characteristic of aquatic organisms (Cranwell, 1984) and many algae and 

bacteria (Merritt et al., 1991), while higher homologues indicate terrestrial plants as precursors of 

OM (Pakdel et al., 1999). The very scarce distribution of fatty acid methyl esters in the CS 

pyrolysis could be explained by β-elimination reactions of esters into n-alk-1-enes that are 

mainly completed before the catagenetic stage (Alexander et al., 1992; Zhang et al., 2021).  

 

3.1.6. Steranes 

In initial bitumen of raw samples, the distributions of steranes show domination of regular C27-

C29 steranes with ααα(R) configuration. Steranes with βαα(R)-configuration, typical for 

immature diagenetic OM, are identified in the C27-C29 range, while ααα(S) steranes are 

represented by C29 homologue only. Lower molecular weight, C21-C26 steranes are present in a 

low abundance in both samples, whereas C28-C30 4-methylsteranes are identified in the sample 

D16 (Fig. 5a, d). 

The distributions of steranes in liquid pyrolysates from the OS are very similar with those in 

bitumen extracts of raw samples, and even show higher amount of βαα(R)-isomers (Fig. 5a, b, d, 

e). The result clearly indicates well protection of biogenic stereochemistry in kerogen bounded 

steranes and its preservation during the OS pyrolysis. On the other hand, pyrolytic experiments 

in the CS, lead to significant differences in the distribution of steranes in relation to their 

distribution in liquid products from the OS and bitumen (Fig. 5). In the CS liquid pyrolysates, 

beside C27-C29 regular ααα(R) steranes, C27-C29 homologues with thermodynamically more 

stable configurations, ααα(S), αββ(S) and αββ(R), as well as, βα- and αβ-diasteranes are also 

present. Thermodynamically unstable steranes with βαα(R)-configuration and C28-C30 4-

methylsteranes (identified in the sample D16) were absent (Fig. 5c, f). This indicates that 

isomerisation occurs to a major extent during the release and defunctionalisation of bounded 

steroids and hopanoids and further facilitates in free biomarkers with the increasing of time spent 

under the thermal treatment (secondary processes; Murray et al., 1998).  

The distribution of C27-C29 regular ααα(R) steranes in liquid products from both type of pyrolytic 

systems has almost the same trend as in bitumen of raw samples, C28 > C29 > C27 in the sample 
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D13 and C29 > C27 > C28 in the sample D16 (Fig. 5, Table 1). However, particularly in liquid 

pyrolysates from the CS, an equalization of the relative abundances of regular C27-C29 steranes is 

apparent, indicating the loss of the fingerprint from the biological precursors. The result can be 

attributed to secondary reactions enabled in the CS, and it is consistent with observations 

reported in previous studies (e.g. Lu and Kaplan, 1992; Vuković et al., 2016). On the other hand, 

it was observed that the amount of steroid side chain cleavage occurring during hydropyrolysis is 

low (Love et al., 2005). Another explanation for the enrichment of the CS pyrolysis products in 

C27 steranes is the early incorporation of algal derived biomarkers (e.g. C27 steranes) into the 

kerogen phase during kerogen formation, whilst the free bitumen contains greater amount of 

higher plant C29 steranes, originating from the lake catchment, in comparison to kerogen (Love et 

al., 1998; Bowden et al., 2006). This is in line with greater increase of content of C27 steranes in 

the CS pyrolysate of the sample D13 (enriched in algal OM) than in the sample D16, in relation 

to initial bitumen (Table 1). At higher maturities (catagenesis), high quantity of released kerogen 

bound steranes would enrich the free bitumen in C27 steranes, consistent with the known increase 

in the proportion of C27 steranes with increase of thermal maturity (Peters et al., 2005).  

4-Methylsteranes C28-C30, present in sample D16, are identified in corresponding OS liquid 

pyrolysates, and have the same trend C30 ≈ C28 > C29 as in bitumen (Fig. 5d, e). They are 

indicative of prymnesiophyta, certain bacteria, diatoms, dinoflagellates and aquatic macrophytes 

in lacustrine or marine environments (Wolff et al., 1986; Klink et al., 1992; Peters et al., 2005). 

4-Methylsteranes are not identified in CS liquid pyrolysate (Fig. 5f), confirming certain loss of 

the source fingerprint in the CS. Their absence could be attributed to demethylation reactions. 

Low molecular weight steranes C21-C26 are identified in a greater abundance in liquid products 

from both type of pyrolysis than in bitumen (Fig. 5), which can indicate the increase in maturity 

of OM (Wingert and Pomerantz, 1986). Furthermore, according Li and Jiang (2001), and Lu et 

al. (2009) their generation during late diagenesis indicates that the precursors of C21-C25 steranes 

are associated with microbially mediated diagenetic processes in the specific depositional 

environment. Although, diatoms are generally considered as the principal precursors of C26 24-

norcholestanes (Holba et al., 1998; Peters et al., 2005), the impact of dinoflagellates cannot be 

rule out, since Wang et al. (1996) detected C26 24-norcholestane among the hydrous pyrolysis 

products of dinoflagellates; Rampen et al. (2007) identified 24-norsterols in dinoflagellate 

Gymnodiniium simplex, and Wang et al. (2008) confirmed that C26 24-norcholestanes in Eocene–
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Oligocene lacustrine sediments from the Jiyang sub-basin (Bohai Bay Basin, eastern China) 

originated from dinoflagellates.  

 

 
 

Fig. 5. GC-MS chromatograms of steranes (m/z 217) in initial bitumen (a, d) and liquid 

pyrolysates from the open (b, e) and closed (c, f) system pyrolysis. 

C21-C26 steranes with 14α(H)17α(H) configuration; βαα and ααα designate 5β(H)14α(H)17α(H) and 

5α(H)14α(H)17α(H) configurations in steranes; S and R designate configuration at C-20 in steranes; *C28-C30 – C28-

C30 4-methylsteranes; I – C27 5α(H)14α(H)17α(H)20(S)-sterane + C28 13α(H)17β(H)20(S)-diasterane; II – C27 

5α(H)14β(H)17β(H)20(R)-sterane + C29 13β(H)17α(H)20(S)-diasterane; III – C27 5α(H)14β(H)17β(H)20(S)-sterane 

+ C28 13α(H)17β(H)20(R)-diasterane; IV – C27 5α(H)14α(H)17α(H)20(R)-sterane; V – C29 13β(H)17α(H)20(R)-

diasterane; VI – C28 5α(H)14α(H)17α(H)20(S)-sterane; VII – C29 13(H)17(H)20(S)-diasterane; VIII – C28 

5α(H)14β(H)17β(H)20(R)-sterane + C29 13α(H)17β(H)20(R)-diasterane; IX – C28 5α(H)14β(H)17β(H)20(S)-
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sterane; X – C28 5α(H)14α(H)17α(H)20(R)-sterane; XI – C29 5α(H)14α(H)17α(H)20(S)-sterane; XII – C29 

5α(H)14β(H)17β(H)20(R)-sterane; XIII – C29 5α(H)14β(H)17β(H)20(S)-sterane; XIV – C29 

5α(H)14α(H)17α(H)20(R)-sterane; arb. – arbitrary. 

 

The values of sterane maturation parameter C29 ααα 20S/(20S+20R) in liquid pyrolysates from 

the OS are insignificantly higher than in bitumen (Table 1), suggesting almost equal maturity of 

the initial bitumen and OS pyrolysis product. On the other hand, the value of the sum (C27-C29) 

βαα(20R)/sum (C27-C29) ααα(20R) steranes ratio is very close in initial bitumen and the OS 

pyrolysis product of the sample D16, containing mixed type I/II kerogen, whereas the sample 

D13, containing type I kerogen (enriched in algal OM, representing the main source of steranes) 

exhibited notably higher value of this parameter in the pyrolysate from the OS than in initial 

bitumen (Table 1). The increase of content of βαα(20R) steranes in the sample D13 is 

particularly apparent for C27 homologue (Fig. 5a, b), which is generally typical algal biomarker 

fingerprint. This confirms an assumption derived from n-alkane distributions that the OS 

pyrolysate can provide even clearer data about the sources of OM, than initial bitumen. In 

addition, the preservation of biological stereochemistry 5β(H)14α(H)17α(H)(20R) in steranes 

released by the OS pyrolysis confirms conclusions from previous studies (Rubinstein et al., 

1979; Russell et al., 2004; Lockhart et al., 2008; Wu et al., 2013) that bounded biomarkers retain 

their native structure better than free biomarkers present in bitumen, as well as that 

stereochemistry of former is not altered by the OS pyrolysis that is in line with results of Love et 

al. (1995, 1997) and Bishop et al. (1998). Therefore, the applied type of the OS pyrolysis to 

certain extent is comparable with catalytic hydropyrolysis (HyPy), which utilizes a dispersed 

sulfide molybdenum catalyst and high hydrogen pressures (>10 MPa) to ensure minimal 

structural rearrangement of the released biomarkers (Love et al., 1995, 1997; Murray et al., 1998, 

Meredith et al., 2008) and recently modified the microscale sealed vessel (MSSV) pyrolysis (Wu 

and Horsfield, 2019).  

In liquid pyrolysates from the CS, the values of the C29 ααα 20S/(20S+20R) ratio are in the 

equilibrium range (D16) or near the equilibrium range (D13; Table 1). The maturation parameter 

C29 αββ/(αββ+ααα) is calculated for liquid pyrolysates from the CS, only, because in other 

samples αββ steranes are absent. The values of this parameter are slightly lower than proposed 

equilibrium values (Table 1). The reason can be extremely slow process of the sterane 

isomerization reaction ααα → αββ, that needs an appropriate period of time, in addition to the 
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thermal stress. Based on the sterane maturity ratios it can be estimated that by CS early to main 

“oil window” phase was reached (corresponding to vitrinite reflectance of 0.76-0.92 %; Table 1). 

 

3.1.7. Terpanes 

In initial bitumen of raw samples, the terpane distribution is characterized by a relatively low 

abundance of tricyclic and tetracyclic terpanes and domination of pentacyclic terpanes (hopanes). 

In the hopane distribution C27 17β(H)- and 17α(H)-trisnorhopane, C29-C32 βα moretanes, C29-C32 

αβ hopanes and C29-C33 ββ hopanes are present. Gammacerane is identified in both samples (Fig. 

6a, d). 

The distribution of terpanes in liquid products from both pyrolytic systems is characterized by 

the domination of pentacyclic hopanes (βα and αβ), and the presence of tricyclic and tetracyclic 

terpanes in low amounts, as in the bitumen of raw samples. In addition, C31-C35 homohopanes 

are identified in all liquid pyrolysates, while in the bitumen of raw samples only C31-C32 

homologues are present in traces (Fig. 6). This is in line with conclusions of Farrimond et al. 

(2003) that significant amount of hopanes is present in kerogen bounded form in immature 

samples.  

The distributions of hopanes in liquid products from the OS (consistent with sterane 

distributions) show immature pattern. Hopanoid fingerprints are characterized by the high 

abundance of thermodynamically unstable diagenetic isomers with ββ-configuration and the 

presence of hopenes, especially C27-hop17(21)-ene (Fig. 6b, e), confirming well protection of 

biological structure in bounded kerogen phase and its preservation by the OS pyrolysis. On the 

other hand, liquid products from the CS displayed notably more mature hopane distributions, 

which are characterized by presence of neohopanes (C27Ts, C29Ts), the prevalence of 

thermodynamically more stable αβ- over βα- isomers, and dominance of 22S- relative to less 

stable 22R epimers in the C31-C35 homohopane series, confirming significant biomarker 

isomerisation in the CS. Gammacerane is identified in all liquid pyrolysates in relatively low 

abundance, as in initial bitumen. 

Prokaryotes are considered as the main biological precursors of hopanes (Ourisson et al., 1979). 

The main precursor of gammacerane is the membrane lipid tetrahymanol, which can be found in 

ciliates, ferns, an anaerobic rumen fungus and photosynthetic bacteria in stratified water columns 

(Peters et al., 2005; Sugden et al., 2005). The value of gammacerane index (GI) in initial bitumen 
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is higher in the raw sample D16 than D13, while in liquid pyrolysates it is opposite, being more 

pronounced in the OS (Table 1).  

 

 

 

Fig. 6. GC-MS chromatograms of terpanes (m/z 191) in initial bitumen (a, d) and liquid 

pyrolysates from the open (b, e) and closed (c, f) system pyrolysis.  

C27Ts – C27 18α(H)-22,29,30-trisnorneohopane; C27Tm – C27 17α(H)-22,29,30-trisnorhopane; C27β – C27 17β(H)-

22,29,30-trisnorhopane; C29Ts – C29 18α(H)-30-norneohopane; C27 hopene – C27 trisnorhop-17(21)-ene; C30 hopene 

– C30 hop-17(21)-ene; *C30 hopene – C30 hop-13(18)-ene; αβ, βα and ββ designate configurations at C-17 and C-21 

in C29-C35 hopanes; S and R designate configuration at C-22 in C31-C35 homohopanes; G – gammacerane;  

arb. – arbitrary. 
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Comparable to the initial bitumen, the liquid pyrolysate of the sample D16 from the OS has 

elevated content of C27 17β(H)-trisnorhopane (Fig. 6d, e), which was obtained in high amount by 

flash pyrolysis of several families of alphaproteobacteria, betaproteobacteria and cyanobacteria 

(De Rosa et al., 1971). The C27-C30 hopenes found in liquid pyrolysates from the OS are 

diagenetic products and may be generated from the same source as C27-C35 hopanes, by 

breakdown or structural rearrangement of diploptene, diplopterol and bacteriohopanepolyols that 

synthesize certain types of bacteria and cyanobacteria (Rohmer et al., 1984; Sugden et al., 2005; 

Love et al., 2005). The steranes/hopanes ratio (S/H, Table 1) < 1 in the initial bitumen of raw 

sample D16 depicts higher input of prokaryotic organisms, while S/H > 1 in the bitumen of D13 

sample is indicative for dominant algal input (Peters et al., 2005), consistent with kerogen type 

(Rock-Eval data; Gajica et al., 2017a). Decrease of the S/H ratio, observed in all liquid 

pyrolysates, in comparison to initial bitumen (particularly those from the OS; Table 1), implies 

that content of hopanes in the kerogen-bound biomarkers is higher than amount of steranes due 

to the fact that hopanes are generally bound into macromolecules via a larger number of binding 

sites than steranes (Hofmann et al., 1992; Bowden et al., 2006).  

The hopane maturation parameter, C31αβ 22S/(22S+22R) (Table 1) indicates a slightly elevated 

maturity in liquid products obtained from the OS than in initial bitumen, while this difference is 

remarkable in the liquid pyrolysates from the CS. On the other hand, the C30βα/C30αβ ratio is 

higher in the OS pyrolysates than in initial bitumen, and as expected apparently lower in the CS 

pyrolysates of both samples. The elevated values of the C30βα/C30αβ in liquid products (obtained 

by mild pyrolysis methods that generally preserving stereochemistry of kerogen bounded 

biomarkers unaltered) in relation to free bitumen were often reported in literature (Murray et al., 

1998; Yoshioka and Ishiwatari, 2002; Bowden et al., 2006; Berwick et al., 2010). Enhanced 

abundance of C30βα moretane in kerogen bounded fraction can be attributed to relatively low 

energy barrier for conversion of ββ hopane into more stable βα and αβ isomers that readily 

occurs during diagenesis in free, but also to some extent probably in bounded biomarkers (Seifert 

and Moldowan, 1980). Furthermore, the isomerisation ββ → βα and αβ can occur even prior to 

incorporation of hopanoid moieties into kerogen via covalent bonding, adsorption or occlusion, 

since βα moretane and αβ hopane are regularly present in very immature samples (e.g. lignites, 

having huminite reflectance of about 0.30 %Rr; Stojanović et al., 2012; Stojanović and Životić, 

2013) On the other hand, energy barrier for conversion of βα moretane to αβ hopane is higher, 
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requires more intense thermal stress (Seifert and Moldowan, 1980) and occurs later mainly in 

free, rather than better protected bounded biomarkers. Since studied samples are immature, 

bounded hopanes are enriched in C30βα moretane, comparing to free bitumen, and it was readily 

released (along with other immature hopanoid fingerprints such as, hopenes and ββ hopanes; Fig. 

6b, e) during the OS pyrolysis, which does not alter stereochemistry, particularly in rings of 

bounded biomarkers.  

Generally, the obtained values of hopane maturity ratios corroborate to the conclusion derived 

based on the sterane maturity indicators, suggesting late diagenetic phase for liquid pyrolysates 

from the OS and catagentic stage for liquid pyrolysates from the CS. Maturity parameters based 

on epimerisation R → S at the chiral C-atom (C-20 in steranes and C-22 in homohopanes) 

reached equilibrium values in the both liquid pyrolysates from the CS, in difference to C29 

αββ/(αββ+ααα) and C30βα/C30αβ ratios which consider isomerization in the ring (Table 1). This 

result is in accordance with the fact that activation energy for the isomerization in the ring of 

polycylic biomarkers is higher than those required for epimerization at the chiral C-atom in their 

side chain (Peters et al., 2005). Furthermore, maturity changes in rings, in addition to thermal 

stress, require an appropriate period of time, which are usually insufficient by pyrolytic 

simulation of maturation (Peters et al., 2005; Stojanović et al., 2010; Vuković et al., 2016).  

The sterane and hopane maturity ratios suggest that mixed type I/II kerogen (sample D16) 

attained slightly higher maturity level by the closed system pyrolysis than type I kerogen (sample 

D13). Partly, this can be attributed to higher content of sulfur in sample D16 (Section 2.1).. 

Namely, C-S and particularly, S-S bonds are weaker than C-C bonds, and consequently relatively 

easily cleavage at low thermal-stress levels, forming the initiating free radicals that allow the 

further thermal cracking of C-C bonds to occur at a faster rate and lower temperatures (Lewan, 

1998). This is confirmed by very similar values of the C29 ααα20S/(20S+20R) and C31 αβ 

22S/(22S+22R) ratios in the OS liquid products of samples D13 and D16, being slightly higher 

in former, because in the OS the initiating sulfur radicals are removed from the maturing OM by 

carrier gas and therefore unavailable to participate fully in initiating thermal cracking reactions 

(Reynolds et al., 1995). Conversely, the CS pyrolysis maintains initiating sulfur radicals in 

contact with thermally maturing kerogen, thus can contribute to higher values of biomarker 

maturity ratios in the CS liquid product of the sample D16 in comparison to D13, because in 

addition to sulfurization/desulfurization processes, high concentrations of sulfur radicals might 
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constrain the reactions from biological precursors or their intermediates into rearranged 

compounds (Wang et al., 2010). Elevated C29 ααα20S/(20S+20R) and C29αββ/(αββ+ααα) sterane 

maturity parameters were occasionally observed in extracts of immature carbonate rocks and 

corresponding oils enriched in sulfur (ten Haven et al., 1986; Rullkötter and Marzi, 1988; Peters 

et al., 1990; Wang et al., 2010). Since, the D16 sample in addition to elevated sulfur content 

(6.11 wt. %), is characterized by prevalence of carbonates (63.87 wt. %) in mineral matter, 

whereas the D13 sample has notably lower amounts of sulfur and carbonates (0.21 wt. % and 

33.95 wt. %, respectively; Gajica et al., 2017a), the observed differences in values of biomarker 

maturity ratios in their CS liquid products are quite reasonable and in accordance with findings 

from previous studies.   

 

3.2. Compound specific isotope analysis of n-alkanes in initial bitumen and liquid pyrolysates 

The results of compound specific carbon isotope analysis (δ13C) of n-alkanes in aliphatic 

fractions of initial bitumen and liquid pyrolysates from the open and closed systems are 

presented in Figure 7.  

 

3.2.1. Initial bitumen of raw samples  

The isotope δ13C values of individual C15-C25 n-alkanes range between –30.2 and –33.8 ‰ with 

average value of –31.9 ‰ in the sample D13 (measurement of δ13C for homologues having more 

than 25 C-atoms was impossible due to the co-elution of steranes and hopanes; Fig. 1a). In the 

sample D16, the δ13C values of individual C15-C29 n-alkanes range from –28.7 to –32.5 ‰ 

(average value, –30.9 ‰). In the initial bitumen, hydrocarbons originate from free lipids, 

naturally generated in geological conditions during diagenetic processes and their δ13C values 

mainly depend on source material and depositional environment. Generally, low δ13C values of 

n-alkanes in initial bitumen of raw oil shale samples indicate depletion in the heavier isotope13C, 

which is more pronounced in the sample D13. 

A relatively wide range of δ13Cvalues of n-alkanes (difference up to 3.6 ‰) in the analyzed 

samples may result from diverse carbon sources (algae, bacteria and higher plants). The obtained 

low δ13C values (< –28 ‰) could be also attributed to algal origin of the OM (Collister et al., 

1994; Lichtfouse et al.1994; Love et al., 1998; Liu et al., 2015) that is consistent with Rock-Eval 

data (Section 2.1; Gajica et al., 2017a) and molecular composition of bitumen and liquid 
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pyrolysates from OS (Section 3.1). A slightly elevated values of δ13C in the sample D16 in 

comparison to D13 can be attributed to higher contribution of prokaryotic organisms, confirmed 

by lower S/H ratio (Table 1) and different conditions in depositional environment (Gajica et al., 

2017a). The sample D13 is characterized by more uniform δ13C values than sample D16, in 

accordance with notably prevalent algal type I kerogen. Typical feature of the sample D16 is 

enrichment in 13C of C22-C26 n-alkanes, which is indicative for additional source of OM, since 

mid-chain n-alkanes, beside from algae, can be derived from bacteria or aquatic macrophytes 

(Neto et al., 1998; Ficken et al., 2000). 

 

 
 

Fig. 7. δ13C values of individual n-alkanes in initial bitumen and liquid pyrolysates from the 

open and closed system pyrolysis.  

B – bitumen; OS – open system; CS – closed system. 

 

3.2.2. Liquid pyrolysates 

The δ13C values of individual C15-C29 n-alkanes in liquid pyrolysates from the OS of the sample 

D13 are between –32.6 and –35.8 ‰ (average value –34.1 ‰). In the OS liquid pyrolysate of the 

sample D16 the δ13C values of individual C17-C30 n-alkanes range from –30.0 to –33.7 ‰, 

average value, –32.8 ‰. In the liquid pyrolysates hydrocarbons are released from the kerogen 
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due to thermal decomposition and further alterations, and generally δ13C values of individual n-

alkanes increase with increasing maturity as a result of 13C enrichment (Lewan, 1983; Tian et al., 

2017). However, the average δ13C values in liquid products from the OS show a decrease of ~ 2 

‰ in comparison to bitumen. This indicates that during thermal treatment of immature kerogen 

in OS, there is releasing of weakly bounded hydrocarbons, associated with preferential cleavage 

of 12C–12C bonds in aliphatic moieties weakly bounded to kerogen. Immediately after releasing, 

hydrocarbons leave the reaction medium, being carried by an inert gas, and collected in a cold 

trap that prevents secondary processes. As a result, n-alkanes in OS liquid pyrolysates are 

enriched in 12C isotope in comparison to initial bitumen. Isotopically light individual n-alkanes 

are characteristic for immature kerogen (Schidlowski, 1986; Love et al., 1998) and were also 

found in oils from lacustrine environment (Bjorøy et al., 1991). 

The δ13C values of individual C16-C31 n-alkanes in liquid pyrolysate from the CS of the sample 

D13 are between –26.6 and –30.3 ‰, average value –28.7 ‰. In the CS liquid pyrolysate of the 

sample D16 the δ13Cvalues of individual C15-C31 n-alkanes range from –27.8 to –31.1 ‰, 

average value –29.6 ‰. The average δ13C values of n-alkanes in liquid pyrolysates from the CS 

show an increase of ~ 3 ‰ in comparison to initial bitumen in the sample D13, and ~ 1 ‰ in the 

sample D16. In relation to liquid pyrolysates from the OS, liquid pyrolysates from the CS has 

significant enrichment in heavier isotope 13C, ~ 5 ‰ in the sample D13 and ~ 3 ‰ in the D16. 

Clearly, more intense thermal stress in the CS leads to the increase cleavage of carbon bonds 

containing 13C, resulting in higher δ13C values of n-alkanes. Therefore, δ13C data of samples of 

different maturity and particularly, of liquid products obtained by different system pyrolysis 

should be used with caution. 

Comparing carbon isotope curves of individual n-alkanes in initial bitumen and liquid 

pyrolysates from the open and closed systems of both samples (Fig. 7) it is noticeable that they 

are not similar but they have the same trend (OS < bitumen < CS). Pyrolytic experiments show 

that the isotopic ratio of n-alkanes obtained by the OS becomes isotopically lighter in 

comparison to bitumen, while in liquid products from the CS they become heavier. In the CS, 

thermal processes are more intense and cause decomposition of resistant aliphatic biopolymers 

derived from algae, which are enriched in 13C isotope (Collister et al., 1994; Love et al., 1998). 

The enrichment of n-alkanes in 13C is more pronounced in CS liquid pyrolysate of the sample 

D13 than D16 (Fig. 7), and can be explained by kerogen type, i.e. higher contribution of algal 
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OM in D13 (Sections 2.1 and 3.1; Gajica et al., 2017a). In liquid products from the OS and initial 

bitumen mentioned isotopic signature is missing due to the insufficient thermal stress for 

substantial algaenan degradation during diagenesis (Collister et al., 1994; Love et al., 1998).  

 

4. Conclusions 

The comparative study of the molecular composition of aliphatic hydrocarbons, ketones and fatty 

acid methyl esters of initial extracted bitumen and liquid pyrolysates obtained by the open and 

closed pyrolysis systems of the immature oil shale samples from the Aleksinac deposit (Serbia) 

was done and the applicability of pyrolysis type, biomarker classes and δ13C of n-alkanes in 

liquid pyrolysates was determined.  

During the pyrolysis in the OS, weakly kerogen bounded biomarkers are released in form in 

which they were incorporated into macromolecular structure. Due to the quick removal from the 

reaction medium, there is no possibility for their further degradation and rearrangement into 

other compounds, thus enables well preservation of biomarkers’ stereochemistry. Generally, 

liquid pyrolysates from the OS show similar distribution of biomarkers as initial bitumen of raw 

samples, independently on kerogen type. The biomarker data of liquid pyrolysates from the OS 

confirmed predominantly algal origin of OM deposited in lacustrine environment, even more 

evident than molecular signatures of initial bitumen. This indicates applicability of OS pyrolyisis 

for determination of the source and depositional environment of OM.  

On the other hand, during pyrolysis in the CS cracking of kerogen occurs. The released 

molecules are retained in reaction medium, resulting in their further transformation and/or 

degradation via secondary processes. Therefore, certain biomarkers are transformed into their 

thermodynamically more stable counterparts or even other compounds, and consequently the 

source fingerprints sometimes completely disappear.  

The sterane and hopane maturity parameters in liquid pyrolysates from the open system reflect 

the low degree of maturity, similar to initial bitumen that corresponds to late diagenetic stage. 

Due to the fast release from the reaction medium, biomarker distributions remained mostly 

unaltered, although slight thermal influence on n-alkane parameters and the Pr/Ph ratio is 

observed. Composition of liquid products from the closed pyrolysis system differs, due to the 

prolonged exposure of OM to thermal stress, effect of pressure and native mineral catalysts. This 

is reflected through the values of sterane and hopane maturity ratios, distributions of n-alkanes, 
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and absence of unsaturated compounds (alkenes, hopenes), which are abundant in liquid 

pyrolysates from the OS. The obtained results also indicate that n-alkan-2-ones and fatty acids 

methyl esters are applicable in interpretation up to late diagenetic stage, whereas at higher 

maturities their distributions are very scarce and represented by several short-chain homologues, 

only. The composition of liquid pyrolysates from the closed system is comparable to crude oil. It 

is noteworthy to notice that in the CS isomerization reactions of polycyclic biomarkers follow 

their trends in natural conditions (e.g. faster epimerization at chiral C-atoms in side chain than 

isomerization in rings). The biomarker maturity ratios are slightly higher in the closed system 

pyrolysis products of the sample D16 (mixed type I/II kerogen) than the sample D13 (type I 

kerogen).  

The isotopic signatures of n-alkanes in liquid products obtained by the OS pyrolysis are 

isotopically lighter than in initial bitumen (~ 2 ‰), independently on kerogen type, whereas in 

liquid pyrolysates from the CS they become heavier, showing more pronounced difference for 

type I kerogen, enriched in 13C from algal biomass. The results indicate that δ13C data should be 

used with caution in interpretation of samples having different maturity and particularly liquid 

products from different pyrolytic systems. 
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Highlights  

 

 Open system pyrolysis is useful for determination of organic matter sources, independently 

on kerogen type.  
 

 Pyrolysis of oil shale in closed system generates liquid product comparable to crude oil.  
 

 Mixed type I/II kerogen attained slightly higher maturity than type I kerogen by closed 

system pyrolysis. 
 

 δ13C of individual n-alkanes displayed notable variations depending on pyrolysis type.  

 


