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Abstract


Crude oil maturity assessment is a vital goal for petroleum geochemistry, and equally important is the exploration of maturity indicators of sufficient credibility. While most molecular proxy parameters have been extensively used and have provided some useful insights; the component ratios approach is somewhat limited in validity regarding oil maturity characterization for variable reasons. Novel thermal trends of hopanes and steranes were observed in a series of hydrous pyrolysates of an immature coal (0.49 %Ro) generated at eight target temperatures ranging from 250–375 °C (measured vitrinite reflectance of 0.71–0.91 %Rm), which–further substantiated this idea. Expelled oil and extractable bitumen were combined as the total soluble organic material (tSOM) for each pyrolysis experiment to mitigate the effects of primary expulsion fractionation. While bitumen extracted from the original coal—the 250 °C tSOM—the 275 °C tSOM (0.49–0.73 %Rm) sequence recorded normal increases in C31 αβ-hopane 22S/(22S + 22R) and decreases in C29–C30 βα-moretane/αβ-hopane ratios, low values and continuous decreases in C29 5α-sterane 20S/(20S + 20R) and ββ/(αα + ββ), Ts/(Ts + Tm) and C29Ts/(C29Ts + C29 αβ-hopane) suggested no biomarker thermal isomerization but predominant control from precursor-to-biomarker transformation. Continuous increases in 22S/(22S + 22R) until 1.43 %Rm accorded with thermal isomerization, but a delayed ratio equilibration at 1.43 %Rm again suggested biomarker precursor interference, which also played a role in the reductions in 20S/(20S + 20R) and ββ/(αα + ββ) to 0.9 %Rm, whereas increasing and high values of C29–C30 βα-moretane/αβ-hopane ratios occurring during 0.73–1.43 %Rm. Reversals in 22S/(22S + 22R) and fluctuations in 20S/(20S + 20R) and ββ/(αα + ββ) at elevated maturity levels with minimum yields of biomarker precursors were predominantly controlled by differential isomer degradative rates. These rarely reported thermal distribution patterns of biomarkers illustrated very complicated biomarker generation–destruction processes during maturation and suggested that the release of bond biomarker to the free status may govern the biomarker maturity ratios rather than thermal isomerization. While the rapid heating conditions and high temperatures in pyrolysis differ inevitably from natural evolution under geological conditions, our study unveiled that unusual biomarker ratios in geological samples could be the norm, contradictory to common beliefs. Accordingly, we propose that isomer concentration is an essential tool to validate maturity estimation of organic matter by isomer ratios, especially for highly mature oils and sediment extracts.
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1. Introduction


Numerous molecular ratios derived from component relative abundance of saturated and aromatic hydrocarbons have been used to monitor oil and source rock maturity [1,2,3,4,5,6]. However, the correlations between these molecular ratios and the corresponding maturity level of the equivalent bitumen (petroleum) in the source rocks were largely empirical relationships and no universally consistent scale of correlation could be established. Molecular parameters failed to constrain geothermal history or assess oil maturity, because multiple processes including petroleum generation and expulsion as well as component transformation, dilution, and destruction, were involved from early diagenesis through the oil generation window [7]. Meanwhile, the geological processes that determine the values of these parameter ratios commonly involved several non-maturity-related factors such as organofacies variations, which, for example, were partly responsible for the spread of terpane and sterane isomerization ratios often seen in samples even at the same stratigraphic maturity level [8,9]. Although commonly displaying low values at an immature stage when biogenic gas was generated [10,11], biomarker maturity ratios at this stage could be altered by microbial reworking of organic matter [12] or were often related to carbonate-developing and hypersaline sedimentary environments [13], in either case showing no relevance to the maturity level.



In a normal case when thermal effect was the dominant control, the R to S isomerization at hopane C-22 and sterane C-20 chiral centers and the α(H)- to β(H) epimerization on the ring structures resulted in increases in the more-over-less stable biomarker isomer ratios with increasing temperature/burial depth in artificial heating experiments/natural maturation sequences [14,15,16]. These processes were initially explained by biomarker thermal isomerization and used to derive the hopane and sterane isomerization ratios for organic matter maturity assessment [17,18]. Later studies reported abnormal depth trends of biomarker isomer distribution that failed to be explained by direct isomerization and accordingly proposed differential thermal generation and degradation rates of isomers differing in thermal stability [19,20]. Furthermore, consecutive (e.g., ββ to βα to αβ conversions of the C30 hopane) [21,22], parallel (isomerization of free and bound biomarkers) [1,23,24] and competing (e.g., isomerization, aromatization and destruction) [25] reactions and multiple biomarker contributors (kerogen, bitumen, existing stereoisomers) of hopane and sterane were confirmed to have been involved in biomarker thermal evolution (e.g., [22,26,27]). These collectively suggested the great complexity in biomarker thermal behavior and the uncertainty in the interpretation of biomarker maturity ratios for organic matter maturity assessment. Direct use of the biomarker signature captured in highly matured samples without deep understanding of biomarker evolution from immature to overmature stages would easily result in misinterpretation and confusion. For instance, Chen et al. [28] noted poorly isomerized C29 steranes in some solid bitumen from the Neoproterozoic and Paleozoic source rocks in the Sichuan Basin where all oil had completely cracked to gas. However, their interpretations for such biomarker distribution in solid bitumen were internally inconsistent and confusing, and conflicted with the geochemical literature because the origins of the observed biomarkers had not been verified [29]. Although causes for abnormal biomarker thermal distributions remained ambiguous in existing literature, biomarker isomerization ratios have remained as standard maturity indicators for source rocks and oils in the past decades. However, the validity of biomarker component ratios as maturity indicators might be case-specific, and at least their interpretation should be cross-validated by complementary maturity assessment tools before any conclusion could be drawn.



To gain a better understanding of biomarker thermal behavior and elucidate the controlling factors, hydrous pyrolysis of organic matter (e.g., coal, shale, bitumen, and kerogen) was widely adopted to mimic natural maturation of organic matter by compensating time with temperature [30]. This method was widely applied to study hopane and sterane origins and build kinetic models to describe isomer thermal evolution [24,26]. However, the artificial heating experiments frequently generated divergent results from natural maturation [9,31,32]. Anomalies such as reversals in hopane and sterane isomerization ratio trends and lagged biomarker generation and destruction were reported in the artificially mature samples. Such anomaly was observed in natural cases associated with igneous intrusion generating much stronger-than-normal geothermal regimes [20,27]. Nevertheless, pyrolysis has remained by far the most favorable method for investigating biomarker thermal evolutions due to its affordable timescale and a thorough harvest of both bound and free biomarkers without changing the isomerization patterns dramatically [33,34,35,36].



To raise awareness of the risks of the common use of biomarker maturity ratios without sufficient validation, this study conducted hydrous pyrolysis of aliquots of a coal sample to a broad maturity level range corresponding to a measured vitrinite reflectance (Rm) range of 0.49–1.91%, followed by thorough delineation of hopane and sterane isomer concentrations and ratio trends. Novel biomarker distributions were reported, which suggested an absence of the common link between biomarker maturity ratios and maturity level. Additionally, the driving factors behind the abnormal biomarker maturity trends were investigated, and alternative maturity indicators were proposed as a validator for the biomarker maturity ratios regarding maturity level interpretation. Contrary to common beliefs, our results indicated that unusual distribution of hopanes and steranes inconsistent with maturity level could be the norm in geological samples and have occurred more commonly than reported. Thus, we caution the single use of biomarker ratios for maturity and/or organic matter input interpretation.




2. Samples and Analytical Methods


A block of immature coal sample was collected from a fresh operating surface of the Beishan Coalfield outcrop, where the most coal-proliferous Middle Jurassic Xishanyao Formation occurred. This formation features predominant terrestrial sedimentary facies, including fluvial, delta, and lacustrine shore, and mainly developed organic matter abundant in higher plant materials [37]. The Beishan Coalfield locates at a topographical elevation of 676 m, eastern Junggar Basin, Xinjiang Province, NW China (44°31′47.7″ N, 90°21′57.3″ E) (Figure 1) [38]. There developed eleven coalbed layers with an accumulative thickness of 68.29 m. These coal samples are generally black, highly fragile, light in density, and dominated by lignite with occasional sub-bituminous coal laminae, suggesting a brown coal rank.



Petrographic analysis was performed on a 10 g bulk of the original coal for maceral composition characterization and vitrinite reflectance measurement, followed by Soxhlet extraction. This Soxhlet extract fraction from the original coal without heating was referred to as the original bitumen (OB) throughout this manuscript. Another 76 g block of the original coal sample was crushed to 10–15 meshes to mitigate matrix heterogeneity, before it was divided to eight aliquots close to 10 g each and remolded to eight coal cylinders 35 mm in diameter. Hydrous pyrolysis was performed on these coal cylinders to eight different terminal temperatures, followed by Soxhlet extraction and a subsequent petrographic analysis of the post-extraction residual coal for vitrinite reflectance determination.



2.1. Petrographic Analysis


A Leica Microscope using a CRAIC Microscope photometer was used for vitrinite maceral identification and vitrinite reflectance measurement [39]. To be differentiated from vitrinite reflectance (Ro) of the naturally mature sample (original coal), the vitrinite reflectance measured from artificially mature sample (coal cylinder) was specified as Rm. Vitrinite reflectance was measured at an oil immersion condition using a reflected light of 546 nm and then calibrated using external standard samples [40]. A smooth observation surface perpendicular to the coal laminae trendline on the original coal and randomly selected on each coal cylinder was created and polished for the measurement. As bitumen impregnation only exerts negligible effects on coal vitrinite reflectance [41], measurement prior to and after Soxhlet extraction of the coal cylinders would not generate significant differences. Therefore, Rm for the coal cylinders was measured after Soxhlet extraction, whereas the original coal Ro was measured before extraction. A total number of 60–80 views, including both vitrinite-lean and -rich areas were counted to determine the maximum and the minimum reflectance values for the original coal and the coal cylinders. The standard deviation of all the measured reflectance values for each sample was constrained to <0.1. The average of valid reflectance values for each sample was taken as the ultimate vitrinite reflectance value and used as a maturity level indicator.




2.2. Hydrous Pyrolysis


Hydrous pyrolysis was conducted using the DK-II type pyrolysis equipment developed by Wuxi Petroleum Geology Research Institution, Sinopec (China Petrochemical Corporation). This device simulates episodic hydrocarbon generation and expulsion in the presence of water in pore-space limited source rocks under heat and pressure that largely mimic natural geological thermal and pressure regimes constraining hydrocarbon generation and expulsion. For detailed configuration and operating parameters of this device, readers are referred to Guan et al. [42].



A leak test of the hydropyrolysis reactor was conducted by an initial nitrogen sweep followed by vacuuming and then deionized water impregnation. The coal sample and an equal weight of pressurized deionized water [43] were filled to the hydrous pyrolysis reactor to ensure water impregnation within coal pore structures and exert hydrostatic pressure of the natural strata conditions. Heating temperature was raised at 1 °C/min from room temperature to 250 °C, 275 °C, 300 °C, 320 °C, 340 °C, 350 °C, 360 °C, 375 °C respectively, and held for 96 h for each heating experiment. Episodic petroleum expulsion through a semi-closed system was accomplished by a valve that automatically opened for hydrocarbon generation once system pressure exceeded the programmed maximum pressure at the valve and otherwise remained sealed while pressure was building up by hydrocarbon generation for the next expulsion. Afterwards, the system was cooled down to the ambient temperature to collect the expelled oil with solvent. The total expelled oil generated by each pyrolysis was weighed as a fraction of the original coal sample mass (μg/g coal) after a mild nitrogen blow treatment to evaporate the solvent. The corresponding residual coal was then Soxhlet-extracted to harvest the bitumen fraction, which was also weighed in μg/g coal and combined with the corresponding total expelled oil to obtain the total soluble organic material (tSOM, μg/g coal) generated under each pyrolysis target temperature. The combination of both components for compound concentration and isomerization ratio calculation was aimed at diminishing the influence from biomarker fractionation during primary migration [44,45,46] and consequently obtaining the authentic gross yield of biomarkers from kerogen at different maturity stages. The expelled gases were collected by saturated salty water displacement.




2.3. Bulk Geochemical Composition Analysis


Gas compositions were analyzed by a GC-9160 gas chromatograph interfaced to a MAT-271 mass spectrometer, according to the guidance outlined in China national standards GB/T 10628-2014 (Gas analysis–comparison methods for determining and checking the composition of calibration gas mixtures) and GB/T 13610-2003 (Analysis of natural gas composition by gas chromatography).



n-Hexane (40 mL/g tSOM) was used to precipitate asphaltenes from the tSOMs. Afterwards, the asphaltene fraction was filtered from the solution, dried, and weighed as μg/g coal. Liquid column chromatography was then performed on the de-asphalted maltene fraction using a 50 cm chromatographic column packed with 1 cm cotton wool, 45 cm activated silica gel/alumina and 1 cm cotton wool from bottom to top. Saturated hydrocarbon, aromatic hydrocarbon and resins were sequentially eluted by repeatedly flushing the column with 10 mL n-hexane four times, 10 mL mixed solvents of dichloromethane/n-hexane (1:1; v:v) four times and 10 mL mixed solvents of dichloromethane/ethanol (3:2; v:v) four times [47]. Finally, these eluents were treated with a mild, steady nitrogen blow to evaporate the solvents before the harvested hydrocarbon fractions and resins were weighed and recorded (μg/g coal).



An aliquot of the saturated hydrocarbon fraction (around 50 mg) was subjected to gas chromatography–mass spectrometry (GC–MS) analysis using an Agilent 7890N gas chromatograph interfaced to a 5975C mass selective detector. Duplicates of three randomly selected samples of this sample set as well as one blank sample and two external standard oils were added to the same sample batch for the GC–MS analysis to ensure reproducibility of the data and proper functioning of the analytical equipment. The GC oven temperature was initially 50 °C (holding time 1 min), then up on a ramp of 20 °C/min to 120 °C, then a ramp of 4 °C/min to 250 °C and finally ramped at 3 °C/min to 310 °C (holding time 30 min). Helium was used as the carrier gas and an HP-5MS fused silica capillary column (60 m × 0.25 mm i.d. × 0.25 μm film thickness) was used for the gas chromatography. The ionization source temperature was 190 °C, the ionization energy was 70 eV, the filament current was 100 μA, and the multiplier voltage was 1200 V. Full scan monitoring mode was conducted for compound identification and selective ion monitoring mode was conducted for compound quantification. Perdeuterated n-C24 with a known concentration was used as the internal standard for quantifying saturated hydrocarbons. Compound concentration was calculated using the ratio of compound peak area over that of perdeuterated n-C24. No response factor calibration was performed. Integration of the peak area was performed via the ‘auto-integration’ function of the software, and the difference in the areas between the same peaks of the duplicate and the original sample was generally <10% for the range of compounds of interest, suggesting good reproducibility of the data.





3. Results


3.1. Original Bitumen Characterization


The original coal sample was immature with a Ro value of 0.42%. It contained approximately 87.2 wt% organic matter, 0.3 wt% pyrite and 12.5 wt% other minerals. Maceral composition analysis suggested predominant vitrinite (60.1 wt%), minor inertinite (39.3 wt%) and the smallest proportion of liptinite (0.6 wt%). The original bitumen (OB) showed a predominance in the asphaltenes among the SARA fractions (saturated hydrocarbons, aromatic hydrocarbons, resins and asphaltenes) and contained low levels of saturated hydrocarbon compound classes (Figure 2A and Figure 3). Immature shales from Brazil and the Chinese Bohai Bay Basin also generated early mature bitumen (extractable oil) as in the present study (Figure 2C,D) [48,49], representing proto-oil organic matter.



In terms of biomarkers, the OB lacked C29–C30 hop13(18)enes but had moderate levels of diagenetic hopanoids C27 17β-hopane and C29–C31 ββ-hopanes (Figure 4 and Figure 5; Table 1). No Ts or trace C29Ts were present in the OB (Figure 4, peaks 3, 8; Table 1). C31 αβ-hopanes 22S/(22S + 22R) ratio was low, but C29–C30 βα-moretane/αβ-hopane ratios were higher than unity (Figure 6; Table 1), suggesting a low rank of the original coal [4,5]. This suggestion of immaturity of the sample was consistent with a previous study of the Xishanyao Formation coal based on hopane and sterane maturity ratios [37].



In contrast with the hopanes, the OB preserved very low levels of the 5α-sterane isomers (Figure 4; Table 1). This may be due to a predominance by higher plants in the organic input for the studied coal [37], and a lack of steroidal moieties as in some coal kerogens [50,51]. The C29 5α-sterane isomers were dominated by the ααR and ββR configurations (Figure 4, peaks, 23, 25; Table 1). The 20S/(20S + 20R) ratio was low in the OB but the ββ/(αα + ββ) ratio was approaching the isomerization equilibrium point of 0.67 (Figure 6D, Table 1) [3]. The high anomaly of the ββ/(αα + ββ) may be due to non-maturity factors [52]. However, overall, these ratios should be interpreted with caution because of the low isomer concentrations (Table 1).




3.2. Variations in Bulk Compositions and Biomarker Distributions with Heating Temperature


Generally, C1–C6 hydrocarbon gases, expelled oil, bitumen, and the SARA components of tSOMs all increased as the heating temperature increased to 340 °C, whereas non-hydrocarbon gases decreased in the same temperature range. Afterwards, the hydrocarbon gases started increasing dramatically, whereas the expelled oil, bitumen, and non-hydrocarbon gases decreased rapidly (Figure 2A,B). Notably, bitumen began diminishing from 320 °C, earlier than the expelled oil, while resins and asphaltenes fractions also initialized decreasing from 320 °C, earlier than the saturated and aromatic hydrocarbons (Figure 2A). The earlier maximization and earlier decreasing of the bitumen rather than the oil fraction, as well as the slow augmentation of the C1–C6 gases before the gas window in this studied sample set accorded with the bulk composition changes in the pyrolysate of a Brazilian source rock consisting of type I kerogen [49] (Figure 2C).



Major saturated compound classes increased remarkably during pyrolysis until 275 °C except tricyclic terpanes, which began reducing earliest from 250 °C (Figure 3). Cyclic biomarkers including alkyl cyclohexanes, tricyclic terpanes, pentacyclic terpanes and steranes simultaneously began decreasing later at 275 °C whereas n-alkanes, pristane + phytane (Pr + Ph) displayed a lagged generation peak at 320 °C and 300 °C, respectively, before decreasing initiated. Notably, the n-alkanes showed another minor generation peak at 350 °C, while alkyl-cyclohexanes and tricyclic terpanes displayed another small peak at 320 °C (Figure 3). Great abundance of the long chain saturated hydrocarbons (C15+, mostly derived from biomarker moieties detached from kerogen via break of weak carbon-heteroatom bonds) compared with the shorter chain C14- hydrocarbons was also reported in the 375 °C pyrolysate of the immature shale from the Bohai Bay basin [48], and the very rapid destruction of these higher carbon number molecules with temperature agreed with the sharp decreases in the biomarker classes beyond 275 °C in the present study (Figure 2D and Figure 3). Despite the considerable changes in bulk compositions and compound class concentrations with increasing target temperature in the present study (Figure 2A,B and Figure 3), the small temperature increments between adjacent target temperatures and the generally paralleled trends of compound yield-temperature curves between the present study and previous studies substantiated the validity of data in the present study.



Like most bulk components, hopane and sterane isomers were significantly enriched under the thermal effect until a maximum generation was reached at 275 °C (Figure 5). Among hopane and sterane isomers, Tm, C31 ββ-hopane and C31 αβ-hopane 22S showed a lagged generation peak beyond 275 °C. Most biomarker compounds either disappeared or were reduced to trace amounts at 340 °C (Figure 5, Table 1), whereas stable isomers Ts, C29Ts and unstable hopanoid precursors C29–C30 hop(13)18enes (Figure 4, peaks 3, 8, 6, 11) disappeared at 275 °C or 300 °C in the tSOMs (Table 1).



Ts/(Ts + Tm) and C29Ts/(C29Ts + C29 αβ-hopane) decreased to zero at 300 °C and 275 °C respectively, which was caused by rapid increases in Tm and C29 αβ-hopane (Figure 5 and Figure 6; Table 1). C29–C30 βα-moretane/αβ-hopane ratios were consistently higher than unity over the 0.49 %Ro–1.74 %Rm (OB–360 °C tSOM) sequence, and both ratios decreased before 275 °C, increased to 300 °C, and then remained steady in high values until 360 °C (Figure 6; Table 1).



The 22S/(22S + 22R) ratio increased consistently to 340 °C and decreased afterwards, when both isomers were being generated under temperatures < 275 °C (or 300 °C) and both being destroyed under temperature > 275 °C (or 300 °C). In contrast, the 20S/(20S + 20R) and ββ/(αα + ββ) ratios decreased steadily from the OB to the 300 °C tSOM and then increased until 340 °C (Figure 5 and Figure 6; Table 1). However, ratio values at 340 °C should be scrutinized because of the low biomarker isomer concentrations.





4. Discussion


4.1. Hopane and Sterane Distribution in the OB–275 °C tSOM (0.49 %Ro–0.73 %Rm) Stage


Rapid generation of the hydrocarbon fractions, the saturated hydrocarbon compound classes and individual hopane and sterane isomers as well as high volume percentages of nonhydrocarbon gases from OB to the 275 °C tSOM (0.49 %Ro–0.73 %Rm) (Figure 2, Figure 3 and Figure 5) were typical changes in the composition of kerogen thermal pyrolysate at an early diagenesis stage [51,53,54]. Moderate levels of non-hydrocarbon hopanoids indicated bacterial lipids detached from the coal kerogen during heating and Soxhlet extraction [55,56]. In contrast, low yields of Ts, C29Ts and steranes suggested a scarcity of precursors for these biomarker compounds in the coal kerogen [57].



In this stage, increases in isomer concentrations and in the 22S/(22S + 22R) ratio whereas a decrease in C29–C30 βα-moretane/αβ-hopane ratios suggested a higher generation rate of C31 αβ-hopane 22S than the 22R isomer, and of αβ than βα isomers of C29–C30 hopanes. These observations agreed with previous studies [15,58] and may imply occurrence of isomerization but of unknown extent.



However, small yields of Ts and C29Ts that were almost one magnitude lower than those of C27 17β-hopane and Tm, and C29 αβ-hopane, respectively, and the consistently decreasing Ts/(Ts + Tm) and C29Ts/(C29Ts + C29 αβ-hopane) (Figure 5 and Figure 6; Table 1) contradicted previous accounts on natural diagenesis products, where these isomers all increased rapidly with increasing trends of the maturity ratios [59,60]. No indication for thermal rearrangement of Tm to Ts and of C29 αβ-hopane to C29Ts or correlation with thermal maturity was implied by the ratio changes in the present study. Irregular biomarker behavior such as this was reported to have occurred in rapidly maturating organic matter affected by igneous intrusion in natural geological settings [27,61] and in pyrolysis [26], and were explained by intense and accelerated heating that rapidly destroyed biomarker compounds. However, how a high geo-thermal anomaly caused novel biomarker distributions remained ambiguous. Alternatively, the absence of C27 18α(H)-22,29,30-trisnorneohop-13(18)-ene and the low initial level and rapid disappearance of C29 neohop13(18)ene, which were diagenetic intermediates of Ts and C29Ts [27,62], might also be responsible for the minimal Ts and C29 Ts generation. In contrast, Tm and C29 αβ-hopane were continuously released from macromolecules under the thermal effect, resulting in low maturity ratios [34].



The consistently high abundances of the C29–C30 hopanes ββ and βα isomers comparable to the αβ isomer concentrations (Table 1) contradicted the commonly observed rapid disappearance of the ββ isomers and thermal reduction of the βα isomers [22,23,63] that supported the normal ββ to βα to αβ thermal evolutionary route of hopanes [64]. In addition, the high C29–C30 βα-moretane/αβ-hopane ratios persisting to the oil window (275 °C, 0.73 %Rm) diverged from the normally < 0.15 values in oil [4] or the equilibrium point of 0.9 in coal [51]. Again, as both the βα-moretane and the αβ-hopane stereoisomers could be derived directly from molecules synthesized by living organisms [65,66] such as bacterial hop-17(21)-ene acids [67,68], the predominance of the βα configuration was mostly likely controlled by a predominant thermal transformation of biomarker precursors of the βα-moretanes. Similarly, Farrimond et al. [59] reported dramatic increases in the βα and αβ isomers from direct transformation of biomarker precursors (e.g., bound biomarkers, macromolecules) other than a stereochemical conversion of the ββ configuration. Therefore, direct βα to αβ isomerization [18] was poorly supported by our data.



Increases in both the 22R and 22S isomers of the C31 αβ-hopane and a simultaneous increase in the 22S/(22S + 22R) ratio until 275 °C (Figure 5 and Figure 6) implied a direct 22R to 22S isomerization, but the extent of such a transformation could not be confirmed. Since hopanoid precursors homohop-17(21)-hopenes reaching the 22R to 22S isomerization equilibrium were reported to occur in shallow organic matter [58], biomarker precursors from bacterial sources might also influence the ratio trend [23].



In contrast to the 22R and 22S isomer pair, consistent diminishments in the ββ/(αα + ββ) and 20S/(20S + 20R) ratios accompanied by generation of the C29 5α-sterane isomers (Figure 5 and Figure 6; Table 1) clearly disproved direct 22R to 22S or α to β isomerization or more rapid generation of 20S relative to 20R or of ββ relative to αα isomer that were widely reported in natural and artificial coal maturation cases [16,69]. Instead, our data supported reversed relative generation rates of these isomers, which implied either additional supplies of the less stable isomers and/or a hindrance of the 20R to 20S and αα to ββ conversion. Lu et al. [70] explained a reversed 20S/(20S + 20R) trend in immature shale pyrolysate by bound biomarker release from kerogen rather than by isomerization. They further proposed a lower activation energy required to detach sterane moieties from kerogen than that for in-kerogen isomerization. If this is true for the current study, the reversed sterane isomerization trends could be predominantly controlled by biomarker precursors directly released through pyrolysis without isomerization. Alternatively, some studies proposed lagged isomer conversion of the bound biomarkers compared with that of their free counterparts during heating [23,33,36,71], this could result in more unstable isomers being released later from kerogen to dilute the low contents of free biomarkers already presented in the OB and reverse the maturity trend (i.e., causing reductions in the ββ/(αα + ββ) and 20S/(20S + 20R) ratios with increasing temperatures).




4.2. Hopane and Sterane Distribution in the 275–340 °C (0.73–1.43 %Rm) Stage


Initiation of hopane and sterane destruction at 275 °C marked the onset of the oil window, when biomarkers including alkyl-cyclohexanes, tricyclic terpanes, hopanes and steranes began declining dramatically [59,72]. This diagenesis boundary featured a notable increase in the generation of hydrocarbon gases and an obvious decrease in the non-hydrocarbon gases proportion (Figure 2B). The oil window lasted until 340 °C, after which less oil was expelled from the coal, hydrocarbon fractions in the tSOMs were diminished, and the hydrocarbon gases showed a significant increase in its proportion of the generated gas (Figure 2). The earlier reduction in the yield of extractable bitumen from the 320 °C tSOM compared with the expelled oil yield agreed with the observations regarding the oil window by Spigolon et al. [49] (Figure 2C). The decreases in resins and asphaltenes proportions and the corresponding increases in saturated and aromatic hydrocarbons from 320 to 340 °C were consistent with the high hydrocarbon and low polar components characteristics of light oils. The minor generation peaks in cyclohexane and bicyclic sesquiterpanes at 320 °C and a maintenance of tricyclic terpanes level likely reflected the generation of ‘secondary biomarkers’ at the cost of polycyclic biomarkers [54,73,74], as previous research suggested bicyclic sesquiterpanes, tricyclic terpanes and other 1–3 ring aliphatic compounds could originate from hopanoid thermolysis [19,75]. This was supported by the fact that increases in cyclohexane and bicyclic sesquiterpanes (729–1072 μg/g tSOM and 319–422 μg/g tSOM, respectively) were partly offset by the reduction in hopanes (2500–2200 μg/g tSOM) in the 300–320 °C range (Table 1). The oil window generally featured predominant production of crude oil [76] and massive destruction of biomarkers [72,77].



The sterane isomer concentrations dropped quickly from 275 °C, in contrast with the much more moderate decreases in the hopane isomer concentrations (Figure 3 and Figure 5). Except a predominance of higher plants in organic input of the studied coal [37] and commonly much more abundant hopanoids than steroids in coal kerogen pyrolysate [50,51], this phenomenon was also likely caused by the different covalent bound types linking sterol and hopanoids to kerogen that caused lagged generation maxima of hopanes than steranes in shale kerogen pyrolysate [50]. Additionally, easier cleavage of single bond linked sterols than multiply linked hopanoids [50,56] and destruction of steroid A-ring upon detaching from kerogen [78] could also be possible reasons for the distinct behaviors between hopanes and steranes.



The continuous accumulation of less stable Tm, C29 βα-hopane and C31 ββ-hopane from 275 to 300 °C was quite abnormal, which was in a strong contrast to the reduction in the more stable hopanes and all sterane isomers (Figure 5; Table 1). These changes were responsible for the continuous decreases in the maturity trends of Ts/(Ts + Tm) and C29Ts/(C29 αβ-hopane + C29Ts) and increases followed by a high value plateau in the C29–C30 βα-moretane/αβ-hopane ratios (Figure 6, Table 1). These anomalous trends apparently contradicted previous observations in which Ts/(Ts + Tm) and C29Ts/(C29 αβ-hopane + C29Ts) increased to elevated maturity levels [5] and C29–C30 βα-moretane/αβ-hopane ratios reduced to 0.15 upon onset of the oil window [4].



Similar reversed maturity trends were explained by the influence from organic facies and clay catalysis by previous studies [14,62,77]. However, both factors could be ruled out in this study with samples being aliquots of the original coal. Notably, the increase in Tm (from 309 to 349 μg/g tSOM, Table 1) was offset by the decrease in C27 17β(H)-22,29,30-trisnorhopane (from 320 to 278 μg/g tSOM, Table 1) at the 275–300 °C (0.73–0.9 %Rm) stage. It was possible that Ts was not bound to kerogen and the release of the bound Tm diluted the free biomarker inventory, or more likely additional supplies of Tm from the conversion of C27 17β(H)-22,29,30-trisnorhopane and other hopanoid precursors detached from kerogen were responsible for the continuous increases in Tm and the reversal in the Ts/(Ts + Tm) ratio [51,74,79]. Similarly, contributions from biomarker precursors were also the most likely reason for the high abundances of thermally labile C29–C30 ββ-hopanes and slower or comparable reduction rates of the C29–C30 βα-moretanes compared with the αβ-hopanes that apparently showed much limited extents of the βα to αβ isomerization (Figure 5 and Figure 6; Table 1).



An increase in the 22S isomer and a decrease in the 22R isomer of the C31 αβ-hopane resulting in an increase in the 22S/(22S + 22R) ratio from 275 to 300 °C seemed to support a direct isomerization. However, this ratio was as low as <0.4 at the initiation of the oil window (Table 1), contradicting the account by Vu et al. [51] on hopanes generated from a series of New Zealand coals, which arrived at the equilibrium point of 0.6 at 0.6–0.8 %Ro at the beginning of the oil window. The retarded progression to the ratio equilibrium point in the present study suggested a significant deficiency in the generation of 22S and additional supply of 22R isomer by sources most likely represented by hopane precursors (e.g., bound hopanoid counterparts and macromolecules). Continuous increases in 22S/(22S + 22R) at the 300–340 °C (0.9–1.43 %Rm) range and ratio reversals at higher temperatures (>340 °C) while both isomers were being destroyed could be explained by differential thermal degradation rates of the 22R and 22S isomers [20,21,59]. This agreed with Chen et al. [80], which suggested that in high temperatures beyond that for biomarker isomerization, biomarker parameters were predominantly controlled by relative generative and degradative rates. However, it was less likely that the relative degradation rates reversed abruptly to account for the ratio reversals upon the gas window (340 °C, Figure 6C). Furthermore, previous researchers observed a trend reversal at the equilibrium point of the 22S/(22S + 22R) ratio upon the oil window [21,81,82], much earlier than in our study. Therefore, 22R to 22S isomerization probably played a significant role in the ratio increases in the 300–340 °C sequence despite of the reduction in the 22S isomer concentration, while additional sources for 22R from biomarker precursors during this phase was still remarkable to decelerate the 22S/(22S + 22R) ratio equilibration. In contrast, intensive destruction of biomarker precursors and hopane isomers preferably degrading the 22S configuration at elevated temperatures [59,61,83,84,85] explained the reduction of this ratio over the gas window (Figure 6C).



For the sterane isomers, although both higher and lower thermal degradation rates of the labile isomers relative to the stable isomers were reported for the C29 5α-sterane ααS, ααR, ββS and ββR isomers [27,59,61,81,84], it was unreasonable that the relatively stable isomers first degraded faster and then slower than their less stable counterparts to account for the prior decrease followed by increases in the 20S/(20S + 20R) and ββ/(αα + ββ) ratios when the ααS, ααR, ββS and ββR isomers were all decreasing (Figure 5D and Figure 6D). Instead, biomarker precursor contribution was again suggested by the small 20S/(20S + 20R) and ββ/(αα + ββ) ratios far less than their respective equilibration values of 0.55 and 0.67 [3,18] and the continuous decreases in both maturity ratios over the oil window. On the other hand, the reversals in the 20S/(20S + 20R) and ββ/(αα + ββ) ratios at elevated temperatures when minimized influence from biomarker precursors was expected could be explained by faster thermal alteration of the less than the more stable counterparts [59,85].



Therefore, due to the involvement of biomarker precursors (e.g., bound biomarker, macromolecules) in kerogen and bitumen, the interpretation of changes in hopane and sterane maturity ratio trends was complicated in the present study as in, for example, Pan et al. [86]. Direct isomerization could not be confirmed by a ratio increase accompanied by simultaneous increases in isomers (e.g., 22R and 22S isomers in the 275–300 °C stage). Neither can relative thermal degradation rates be determined among isomers simply based on a reversal in ratio trends (e.g., sterane isomers during the oil window). Both resulted in the absence of a reliable link between isomer ratios and maturity level. However, apparently the analysis of biomarker isomer concentrations shed light on the real driving factor behind isomer ratio changes and could thus be the supplementary maturity assessment tool to the isomer maturity ratios.





5. Implications


Changes in hopane and sterane concentrations and isomerization ratio over a 250–340 °C temperature range (0.71–1.43 %Rm) of hydrous pyrolysis in our study had poor indications for a direct isomerization of hopane and sterane isomers proposed by Mackenzie et al. [18] and hinted the controlling role of biomarker precursor transformation in hopane and sterane thermal conversion before intensive oil cracking occurred. Involvement of non-hydrocarbon biomarker precursors were frequently applied to explain the occurrence of abnormally high isomerization ratios [68,87] and irregular biomarker maturity trends in immature to low mature organic matters [6,88]. However, our data suggested that the influence from biomarker precursors on hopane and sterane thermal conversion could sustain much later to the end of the oil window until 340 °C (1.43 %Rm) at high heating rates applied in pyrolysis experiments.



Previous studies revealed additional complexity caused by involvement of kerogen (or other sources of biomarker precursors) in biomarker thermal evolution [59]. Furthermore, it was found that isomerization reaction driven by low activation energy preferably occurred at low heating rates over a long geological period, whereas thermal cracking and aromatization requiring high activation energy favored rapid heating conditions [25]. Therefore, although artificial heating could somewhat mimic the prolonged geological thermal evolution [89], it often resulted in a hindrance to successful progression of complete hopane and sterane isomerization routes and consequently led to perplexing hopane and sterane isomer distributions [25,34,90]. Such confusing distributions included insufficient hopane and steranes isomerization accompanied by aromatized steroids [1,16,19], delayed biomarker generation and degradation [59], and reversed trends of hopane and sterane isomerization ratios [19]. Isomerization degrees as low as those in our study suggested by 20S/(20S + 20R) and ββ/(αα + ββ) values were also observed in coal maturation sequences under a high anomaly geotherm regime and were explained by the constraints of limited heating time and elevated heating temperature [32,36,61,91]. Furthermore, previous research found high heating rates and temperatures applied in artificial heating enabled concurrence of reactions such as defunctionalization, isomerization and aromatization that normally occur sequentially in natural geological conditions, which further complicated the thermal behavior of hopane and sterane isomers [24,92]. Therefore, the rapid heating conditions in our study and the involvement of various biomarker precursor sources collectively caused the retarded stereochemical conversion of hopanes and steranes before the most intensive biomarker thermal cracking initiated. This highlighted the essential role of sufficient heating time and a normal thermal regime in generating regular behavior of hopane and sterane isomers [1], which was also crucial to establishing the correlations between hopane and sterane maturity parameters with organic matter maturity level. Moreover, this also implied that thermal behavior of biomarkers in hydrous pyrolysis and under geological conditions may be largely incompatible, although long natural thermal evolution history could be theoretically compensated via high heating rates in pyrolysis. Maturity estimation of organic matters developed in high geo-thermal anomalies using biomarker-derived maturity ratios was vulnerable to misleading interpretations.



Like previous studies, the observations in the present study questioned the common application of biomarker isomerization ratios as universally fit maturity gaugers for organic matter different in type and heating history. For example, the fact that Ts/(Ts + Tm) and C29Ts/(C29 αβ-hopane + C29Ts) failed to work for the entire maturation sequence (0.49–1.91 %Rm) contradicted prior application of them in estimating elevated maturities [5,6,37,72]. The observation that the C31 αβ-hopane 22S/(22S + 22R) ratio consistently increased to the end of the oil window (340 °C, 1.43 %Rm) and that the 20S/(20S + 20R) and ββ/(αα + ββ) ratios remained ineffective from the early diagenesis to the oil window (original coal–340 °C, 0.49–1.43 %Rm) unparalleled the widely accepted operating range of these ratios over the early diagenesis to the early oil window stage (<0.7 %Ro). Our findings suggested very poor alignment of isomerization ratio changes with maturity level. Meanwhile, our study also suggested biomarker concentrations may act as effective maturity parameters that could cross-validate the biomarker ratios for maturity assessment for the right maturity range and to avoid wrong interpretations of maturity. van Graas [5] found an extended functioning maturity range of hopane and sterane concentrations to higher maturity levels at 1.0% Ro. Dzou et al. [19] proposed the use of sterane isomer concentration changes to a broader maturity range (>0.7 %Ro) to illuminate the latent reactions responsible for a net 22S/(22R + 22S) ratio increase and revealed simultaneous isomer formation and destruction. Both studies supported the potential of biomarker isomer concentration as effective alternative maturity parameter.




6. Conclusions


A series of hydrous pyrolysis experiments were performed on eight aliquots of an immature brown coal (0.49 %Ro) to eight target heating temperatures ranging from 250–375 °C (0.71–1.91 %Rm). Changes in bulk compositions and concentrations of major saturated compound classes in the total soluble organic material (expelled oil + extractable bitumen) agreed with previous research on natural thermal evolution. However, the normal maturity trends of 22S/(22S + 22R) ratio and C29–C30 βα-moretane/αβ-hopane ratios in the early diagenesis stage (OB–275 °C tSOM, 0.49 %Ro–0.73 %Rm) provided no definite evidence for direct isomerization but indicated influence from biomarker precursors. This factor also resulted in abnormal biomarker maturation trends, including consistent decreases in the Ts/(Ts + Tm), C29Ts/(C29Ts + C29 αβ-hopane), C29 5α-sterane ββ/(αα + ββ) and 20S/(20S + 20R) ratios and continuously high values of the C29-C30 βα-moretane/αβ-hopane ratios until well into the oil window. Due to the rapid heating conditions, biomarker precursor transformation to the less stable isomers concurred with biomarker interconversion, resulting in retarded progression of hopane and sterane isomerization equilibration. Isomerization ratio trends reversed at elevated maturity levels when interference from biomarker precursors was minimized and only at this point could these ratios reliably indicate relative degradation rates of isomers. Generally, no correlation between hopane and sterane isomerization ratios or with the maturity level could be established from our data. While the insufficient heating time and rapid heating rates in artificial maturation may alter the distribution of biomarkers, abnormal occurrence of biomarkers in highly mature geological samples could be the norm, due to the composite impact of much more complicated and diverse processes unveiled by our study. Nevertheless, biomarker concentration provided valuable cross-validation information on maturity level, supplementary to the biomarker isomerization maturity ratios, and thus it should be included in the maturity assessment, especially for highly mature oil and sediment extracts.
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Figure 1. A location map of the Beishan Coalfield and the sampling site (Adapted from Zeng et al. [38]). 
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Figure 2. (A) Changes in saturated hydrocarbons, aromatic hydrocarbons, resins and asphaltenes (SARA) compositions (μg/g coal) in the original bitumen (OB) and the total soluble organic materials (tSOMs); (B) Bitumen yield (μg/g coal) from the original coal, expelled oil and extractable bitumen contents (μg/g coal) in the tSOMs, and hydrocarbon and nonhydrocarbon gas percentages (%) generated under different heating target temperatures (own elaboration); (C) Yields of bulk hydrocarbons generated under different heating target temperatures 2015. (D) Yields of total expulsed oil and various compound classes under different heating target temperatures of semi-open pyrolysis of a preheated immature shale core to 350 °C from the Bohai Bay Basin, China, after Shao et al. [48]. In (A,B), the OB was assigned a heating temperature of 220 °C for visualization purpose only. Asphaltene content was divided by 10 to be displayed on the same scale as the other SARA fractions. Sat.: saturated hydrocarbons; Aro.: aromatic hydrocarbons; Res.: resins; Asp.: asphaltenes. 
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Figure 3. Changes in the concentrations of different saturated hydrocarbon compound classes in the OB and in the tSOMs (own elaboration),. Each data dot on subfigure (A–F) represents the concentration of the compound class generated either in the original bitumen (OB) or in the total soluble organic material (tSOM) under different heating target temperatures. Note: The OB was assigned a heating temperature of 220 °C for visualization purpose only. See Table 1 for the formula of the summed concentration of each compound class. 
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Figure 4. Distribution pattern of (A) terpanes on the m/z 191 selected ion chromatogram trace and (B) steranes on the m/z 217 trace in the OB and the tSOMs (own elaboration). Peak identification was referred to Farrimond et al., (1996): 1. C21 tricyclic terpane; 2. C23 tricyclic terpane; 3. C27 18α-22,29,30-trisnorneohopane (Ts), 4. C27 17α-22,29,30-trisnorhopane (Tm); 5. C27 17β-22,29,30-trisnorhopane; 6. C29 neohop13(18)ene; 7. C29 αβ-norhopane; 8. C29 18α-30-norneohopane (C29Ts); 9. C29 βα-moretane; 10. C30 αβ-hopane; 11. C30 neohop13(18)ene; 12. C29 ββ-hopane; 13. C30 βα-moretane; 14. C31 αβ-22S-hopane; 15. C31 αβ-22R-hopane; 16. C30 ββ-hopane; 17. C32 αβ-22S-hopane; 18. C32 αβ-22R-hopane; 19. C31 ββ-hopane; 20. C33 αβ-22S-hopane; 21. C33 αβ-22R-hopane; 22. C29 ααS-sterane; 23. C29 ββR-sterane; 24. C29 ββS-sterane; 25. C29 ααR-sterane. 
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Figure 5. Variations in hopane and sterane isomer concentrations in the OB and the tSOMs (own elaboration). Each data dot on subfigure (A–D) represents concentration of the corresponding compound in either the original bitumen (OB) or the total soluble organic material (tSOM), e.g., OB C27 17β-hopane referring to the concentration of C27 17β-hopane in the original bitumen. The OB was assigned a heating temperature of 220 °C for visualization purpose only. See Figure 4 for peak identification. 
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Figure 6. Changes in hopane and sterane maturity ratios in the OB and the tSOMs generated under different target temperatures (own elaboration). Each data dot on subfigure (A–D) represents ratio value in either the original bitumen (OB) or the total soluble organic material (tSOM), e.g., OB Ts/(Ts + Tm) referring to the Ts/(Ts + Tm) ratio value generated in the original bitumen. The OB was assigned a heating temperature of 220 °C for visualization purpose only. C29 βα/αβ = C29 βα-moretane/C29 αβ-hopane; C30 βα/αβ = C30 βα-moretane/C30 αβ-hopane. See Figure 4 and Table 1 for peak identification and ratio explanation. 
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Table 1. Changes in investigated isomer concentrations (µg/g tSOM), compound class concentrations (µg/g tSOM) and biomarker ratios in the OB and the tSOMs (own elaboration).
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	Peak No. in Figure 4
	Sample Type
	OB
	tSOM
	tSOM
	tSOM
	tSOM
	tSOM
	tSOM
	tSOM
	tSOM





	
	heating target temperature (°C)
	\
	250
	275
	300
	320
	340
	350
	360
	375



	
	Ro (%)
	0.49
	0.71
	0.73
	0.9
	1.19
	1.43
	1.5
	1.74
	1.91



	3
	Ts
	0
	24
	10
	1
	0
	3
	4
	1
	1



	4
	Tm
	46
	254
	309
	349
	341
	73
	30
	24
	6



	5
	C27 17β-hopane
	82
	311
	320
	278
	161
	24
	9
	16
	4



	6
	C29 neohop13(18)ene
	13
	56
	25
	0
	0
	0
	0
	0
	0



	7
	C29 αβ-hopane
	25
	237
	510
	474
	424
	86
	40
	34
	9



	8
	C29Ts
	5
	3
	0
	0
	0
	0
	0
	0
	0



	9
	C29 βα-moretane
	34
	270
	561
	574
	515
	104
	47
	40
	8



	10
	C30 αβ-hopane
	61
	401
	503
	378
	325
	61
	28
	27
	9



	11
	C30 neohop13(18)ene
	4
	21
	0
	0
	0
	0
	0
	0
	0



	12
	C29 ββ-hopane
	25
	82
	73
	6
	0
	0
	0
	0
	0



	13
	C30 βα-moretane
	88
	483
	571
	543
	465
	89
	38
	36
	8



	14
	C31 αβ-hopane 22S
	10
	75
	96
	119
	99
	21
	9
	6
	2



	15
	C31 αβ-hopane 22R
	41
	177
	211
	194
	121
	18
	8
	11
	3



	16
	C30 ββ-hopane
	76
	415
	302
	222
	179
	30
	13
	14
	3



	19
	C31 ββ-hopane
	16
	67
	64
	87
	63
	10
	4
	5
	1



	22
	C29 αα-20S-sterane
	2
	13
	15
	6
	7
	4
	1
	1
	1



	23
	C29 ββ-20R-sterane
	8
	32
	38
	20
	10
	6
	3
	4
	2



	24
	C29 ββ-20S-sterane
	4
	15
	13
	3
	1
	3
	1
	0
	1



	25
	C29 αα-20R-sterane
	8
	58
	76
	55
	29
	17
	11
	9
	5



	
	C29 βα-moretane/C29 αβ-hopane
	1.36
	1.14
	1.10
	1.21
	1.21
	1.21
	1.18
	1.18
	0.89



	
	C30 βα-moretane/C30 αβ-hopane
	1.44
	1.20
	1.14
	1.44
	1.43
	1.46
	1.36
	1.33
	0.89



	
	Ts/(Ts + Tm)
	0
	0.09
	0.03
	0
	0
	0.04
	0.12
	0.04
	0.14



	
	C29Ts/(C29Ts + C29 αβ-hopane)
	0.17
	0.01
	0
	0
	0
	0
	0
	0
	0



	
	22S/(22S + 22R)
	0.20
	0.30
	0.31
	0.38
	0.45
	0.54
	0.53
	0.35
	0.40



	
	20S/(20R + 20S)
	0.27
	0.24
	0.20
	0.11
	0.17
	0.23
	0.13
	0.07
	0.22



	
	ββ/(αα + ββ)
	0.55
	0.40
	0.36
	0.27
	0.23
	0.30
	0.25
	0.29
	0.33



	
	n-alkanes
	1504
	20,341
	20,003
	26,630
	39,717
	24,922
	27,895
	18,111
	6085



	
	Pr + Ph
	338
	1855
	2716
	3365
	2765
	1030
	704
	721
	149



	
	alkyl-cyclohexanes
	77
	1442
	1580
	729
	1072
	705
	738
	456
	164



	
	bicyclic sesquiterpanes
	9
	77
	105
	319
	422
	83
	150
	33
	3



	
	tricyclic terpanes
	21
	251
	239
	114
	115
	35
	31
	16
	8



	
	pentacyclic terpanes
	380
	2562
	3154
	2500
	2200
	425
	193
	175
	46



	
	steranes
	42
	313
	343
	134
	80
	14
	9
	12
	6







Note: 20S/(20R + 20S) = (C29 ββ-20S-, + C29 αα-20S-steranes)/(C29 ββ-20S-, + C29 αα-20S-, + C29 ββ-20R-, + C29 αα-20R-steranes); ββ/(ββ + αα) = (C29 ββ-20S-, + C29 ββ-20R-steranes)/(C29 ββ-20S-, + C29 αα-20S-, + C29 ββ-20R-, + C29 αα-20R-steranes); 22S/(22S + 22R) = C31 αβ-hopane 22S/(22S + 22R); n-alkanes were calculated from n-C11–n-C35; alkyl-cyclohexanes were calculated from C8–C27 homologues; bicyclic sesquiterpanes were calculated from C14–C16 homologues; tricyclic terpanes were calculated from C19–C26 tricyclic terpanes; pentacyclic terpanes were calculated from C27–C35 hopanes; steranes were calculated from C27–C29 5α-steranes (ααS, ββR, ββS, ααR). See Figure 4 for peak identification and explanation for compound abbreviations.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg
A Ratio value B Rasio value
204 . = .
E 50
g
20
10
0
00 w0
o oBTunTw)
eSO To(Ts + Ta) * Oneymap r———
4 OBCuCat <oty 4 OBGupmat oM Gt
O CaTeCal - €1y
e Raovaue 5 Ratovaue
ap on 0w 0 0% 0w o 02 o4 o6
. 20 . H

i temperature
8 EEEEEEEBELE

& 0B 208308+ 308)
e isON Gt 208205+ 208)
A 0B Cast B35 00)

= 1SOM CaSt BBAPP+ 0)

08 C fbhopane 25
0N . g






media/file4.png
A Pyrolysis bulk product content B Pyrolysis bulk product content
(ng/g coal) (ng/g coal)
0 500 1000 1500 2000 2500 3000 3500 0 2000 4000 6000 8000 10,000 12,000 14,000
220 —bB——86 B 220 ' ' ' X ~ -
240 240
2%0 Early diagenesis
|
o s SN G A o 4 i 0.73%Rm  -====--- L
o2 -
P
£ 300 Oil window
S 320
- o
% 340 - 143%Rm -
360 Gas window
380
400 400 L 1 1
0 20 40 60 80 100
? 0
—8—{SOM Sat. ——{SOM Aro.  —@—{SOMRes.  —&—tSOM Asp/10 Gas volume percentage ()
O OB Sa ¢ OBAr O OBR 0O OB /10 - S
k. o e ASP. X OB = === C1-C6 hydrocarbon gas
«++=23+++ non-hydrocarbon gas
o4 D.
§ 70
=
=
‘otocoao oil Wim o.ooo-o.’ 60

Hydrocarbon yield (mg/g TOC)

200 400 600 800

1000

4____—————””’ Cf(;Sﬂﬁs

&

~

&

Hydrocarbon yield (mg/g TOC)

0

260 270 280 290 300 310 320 330 340
Heating temperature (°C)

30
h\\h
L —
20
350 360 370 C,+ hydrocarbons C+C,, hydrocarbons

375 400 425 450 475 500 525 550 575 600
Heating temperature (°C)





nav.xhtml


  energies-15-02595


  
    		
      energies-15-02595
    


  




  





media/file8.jpg
Abundance






media/file2.png
L 50 km

pe—— —
= — o—

L ~
& Cangji Hui Autonomous Prefecture

— ———,

Railway

N

N~ ~"/ Beishan Coalfield *

*
(44°31'47.7"N90°21'5

Legends

National ProvincialMunicipal Sampling
highway highway highway site

7.3"E)





media/file5.jpg





media/file3.jpg





media/file9.png
Abundance

A. m/z 191

5
4
OB . 9
B B JA__J_M_A i e
|
250 °C tSOM
A L N S B W DO MJW\_J(L\\JJ}HJLLMLL
275 °C tSOM 1
s e e N B U WU YN TR O JJJJW
300 °C tSOM
VRV ll ) A JLMUUM
320 °C tSOM
. l . . 11 ) A . JLMUJM
340 °C tSOM
_._._J p ‘ NP \ A “ ) A . LJu\LA—mLJ
375 °C tSOM
DTONE Y l o o WLWLA

Retention time (min)





media/file1.jpg
N~ Beishan Conttiels

/ C

| @1977NS0 2 Y E)

Raitvay  National Provincial\nicpal Sampling
iy highvay highvay  site






media/file7.jpg
Abundance

A miz 191

o8

250°C1s0M
U VY I 3
275°C1s0M

e )

300°C 1SOM

e e e gk

=

Sen—
i - L o
[rm—
N R 1Y DY AN——
M
Y I S

[N EE SR U

‘Resention time (min)





media/file10.png
Abundance

B. m/z217

OB 24

22

250 °C tSOM

N N T 1 YUY

275 °C tSOM

300 °C tSOM

320 °C tSOM

R U N oY 11 B 1

340 °C tSOM

375 °C tSOM

Retention time (min)





media/file15.png





media/file12.png
A. Compound concentration (pg/g tSOM)

0 100 200 300 400
200 ;
220 A .
¢ Early dﬁagenesns
240
o 260
S Y S _. o.7b %Rm
= 280
g
-0 Oil window
o0 320
S 340 gproe—"c-------------- 1.4#5 %Rm
360 :
034 window
380
400
¢ OB C27 17B-hopane —&—tSOM C:- 17B-hopane
A OBTm —#*—tSOM Tm
X OBTs ~8—tSOM Ts
C Compound concentration (pg/g tSOM)
0 50 100 150 200 250
200 1 ' . ‘
220 e o
240 . .
Early diagenesis
:O 260
TN raaats. e Tea 0.73 %Rm
'
<
2 300
| Oil window
o0 320
P TR T ——— 1.43 %Rm
360 Gas window
380
400

¢ OB Cs: uf-hopane 22S

—&—tSOM Cs: aff-hopane 22S

® OB Cs of-hopane 22R —%—tSOM Cs: af-hopane 22R
A OB Cs: BB-hopane ~=tSOM Cs: Bp-hopane

+ > 0 @

B. Compound concentration (pug/g tSOM)
0 200 400 600
200 v r
220 >
240
O 260
1 Y
= 280
<
?,l 300
5
o0 320
= 340-+
360
380
400
¢ OB Cs afj-hopane
—&—tSOM Cso uf-hopane
® OB Csx PBo-moretane
—#—=tSOM Cso Ba-moretane
A OB Cso BB-hopane
~»—tSOM Cso BB-hopane
D. Compound concentration (jg/g tSOM)
0 20 40 60 80
200 T T T
220 oA @
240
:G 260
< J—
- D
= 280
<
2 300
3
o0 320
£ o]

360

380

400

OB C:zs aa-20S-sterane
OB C2s p-20R-sterane
OB C»s B-20S-sterane
OB C:2s aa-20R-sterane

~—tSOM C2s a0-20S-sterane
—#¥—tSOM C:2s BB-20R-sterane
~3—tSOM C2s BB-20S-sterane
e tSOM C2s 00-20R-sterane





media/file14.png
Heating temperature(°C)

heating temperature(°C)

A. Ratio value B. Ratio value
0.00 0.05 0.10 0.15 0.20 0.80 1.00 1.20 1.40 1.60
200 T Y | 200
220 ¢ A 220 ® A
240 Early diagenesis 240
260 | 3)
0.73%Rm --&
280 =
| &
300 | 2
Oil window 3
320 \ %
b
340 143 %Rm "
360 |
380 Gas wmdow 380
400 ’ 400
¢ OBTs/(Ts + Tm)
-~ tSOM TS/(TS 3 Tlll) ¢ OBCy B(‘L”IQB ~—— tSOM C, BQ/(I[.))
A OB Ca2Ts/(CasH + C2sT5s) A OB CsBo/ap —¥%— tSOM C3, oo
—#=—tSOM C2Ts/(C2sH + C25Ts)
C. Ratio value D. Ratio value
0.10 0.20 0.30 0.40 0.50 0.60 0 0.2 0.4 0.6
200 1 | 200 w
220 A 220 - A
240 ) )
Early diagenesis
260 &
D
280 0.73 % . -é
3]
300 ;5‘3'
320 Oil wincow é’ .
340 - 1.43%Rm -2
360 _
Gas window
380 F
400 400
¢ OB C2St 20S/(20S + 20R)
—4— OB Cs: af-hopane 22S/(22R+225) —8—(SOM (=St 205/(20S + 20R)
—8—tSOM Cs: aB-hopane 22S/(22R+22S) A OB CxSt Bp/(Pp + aa)

—%—tSOM C2sSt BB/(BB+ a0)





media/file11.jpg
A Componnd conceraion (' SON)

© OBCh o ~a=iSOM € e Iaﬁ.c;:m
an e Lo
PR e———— R ————
0
o

8

OB 5 R = 5O . P Rt
i oic b

o OBCudpopec 225 —a-SOM Cu o35
* OBCw abopec 2R —aSON o e IR
4 OBCaflopme  —mtSOMACa ey






media/file6.png
200
220
240
260
280
300
320
340

Heating temperature (°C)

360
380
400

n-Alkanes concentration (ug/g tSOM)
0 10,000 20,000 30,000 40,000 50,000

Early diagenesis

0.73 %Rm

Oil window

He}ning temperatufe (°C)

1.43 %Rm

Gas window

¢ OB —&—tSOM

¢ OB —&—t1SOM

B.

Pr+Ph concentration (ug/g tSOM)
1000

0 2000 3000 4000

¢ OB —&—tSOM

Alkyl-cyclohexanes concentration (jig/g tSOM) D. [Iricyclic terpanes concentration (ug/g tSOM)
0 500 1000 1500 2000 0 100 200 300
200 200
220 Early diagenesis ==V =~ ¢
240 240 |
O 260 s
| S TS ———— . o
Z 280 0.73 %Rm T‘E"
£ <
= 300 o -
3 Oil window 3
on 320 | oh
§ ) ==mmmmme - - 1.43 %Rm = _g_
o> o
360 Gas window
380
400 400
¢ OB —&—-tSOM ¢ OB —&—tSOM
Pentacyclic terpanes concentration (ug/g E. _
tSOM) Steranes concentration (ng/g tSOM)
0 1000 2000 3000 4000 0 100 200 300 400
200 . | 200 . ,
220 - & Early diagenesis 220 - &
240 240
) &)
8 260 < 260
© Jocecccccccmccccaaad " ° I~
‘ D
2 300 | S 300
5 320 Oil wme\Iav o 320
R e 1.43%Rm """ §340-
- o
360 | 360
380 Gas window 380
400 | 400

¢ OB —&—t1SOM





