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Abstract

:

The Tonghua Basin in Northeast China potentially contains shale oil and gas resources, but the exploration and development of these resources has been limited. The Sankeyushu depression represents the sedimentary center of the Tonghua Basin, and a large thickness of shale, the Hengtongshan Formation, was deposited in this depression. Exploratory engineering discoveries in recent years have confirmed that the Hengtongshan Formation has the potential to produce oil and gas. A series of methods, including inorganic and organic geochemistry and organic petrology, have been used to study the source material, organic matter maturity, depositional environment and oil-generating potential of the Hengtongshan Formation. Investigation of drill core samples has revealed that the Hengtongshan Formation in the Sankeyushu depression is mainly composed of black shale, with a small amount of plant fossils and thin volcanic rocks, and the content of brittle minerals (quartz + carbonate minerals) is high. The provenance of organic matter in the source rocks in the Hengtongshan Formation is a mixture of aquatic organisms (algae and bacteria) and higher plants, and there may be some marine organic components present in some strata.The organic matter was deposited and preserved in a saline reducing environment. Volcanism may have promoted the formation of a reducing environment by stratification of the lake bottom water, and the lake may have experienced a short-term marine ingression with the increase in the salinity. The maturity of the organic matter in all the source rocks in the Hengtongshan Formation is relatively high, and hydrocarbons have been generated. Some source rocks may have been affected by volcanism, and the organic matter in these rocks is overmature. In terms of the shale oil resource potential, the second member of the Hengtongshan Formation is obviously superior to the other members, with an average total organic carbon (TOC) of 1.37% and an average hydrogen index (HI) of 560.93 mg HC/g TOC. Most of the samples can be classified as good to very good source rocks with good resource potential. The second member can be regarded as a potential production stratum. According to the results of geochemical analysis and observations of shale oil and natural gas during drilling, it is predicted that the shale oil is present in the form of a self-sourced reservoir, but the migration range of natural gas is likely relatively large.
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1. Introduction


The Tonghua Basin, located in Northeastern China and bordering North Korea, has an area of approximately 1417.5 km2 and is an important oil and gas basin. The study area is located in the Sankeyushu depression within the Tonghua Basin (Figure 1). There are three sets of potential source rocks in the Tonghua Basin, namely the Yuyingzuilazi Formation, the Xiahuapidianzi Formation and the Hengtongshan Formation.



The Sankeyushu depression is the sedimentary center of the basin and is considered to be the area with the greatest potential for oil and gas development in the Tonghua Basin. The Hengtongshan Formation in the Sankeyushu depression features a large section of mud shale [1]. In 2016, the China Geological Survey and Jilin University carried out geological surveys and drilling research in the Sankeyushu depression, during which shale oil and natural gas were found.



At present, organic geochemistry has been widely used in the study of organic matter sources, source rock types and hydrocarbon generation processes [2], but data on the organic geochemistry and petroleum geological characteristics of the Tonghua Basin are limited. Previous studies include Wang Yubo’s geophysical exploration of natural resources in the Tonghua Basin in 2011 and Han Xinpeng’s petroleum geology research published in 2013 [3,4]. Dandan et al. [1] and Shan et al. [5] studied hydrocarbon accumulation in the basin [1,5]. These studies do not provide detailed descriptions or comprehensive oil and gas resource evaluations of the source rock characteristics of the Hengtongshan Formation in the Tonghua Basin. At present, the Tonghua Basin is in the primary stage of exploration and development, and there is a lack of systematic research on the main hydrocarbon source rocks and the oil and gas resources in the Tonghua Basin. Detailed research is needed to guide follow-up exploration and development work to reduce the risk of economic investment. As an important petroliferous basin in Northeast China, the number of studies on the petroleum geology in the Tonghua Basin is limited, which limits the study of the entire East Asian basin and the evaluation of oil and gas resources. In this study, a highly detailed organic geochemistry study of the Hengtongshan Formation is carried out on the basis of samples obtained through drilling in the Sankeyushu depression of the Tonghua Basin, and the characteristics of the source rock, the maturity, the sedimentary environment and the shale oil resource potential in the Hengtongshan Formation are studied in detail. In addition, through the study of the source material, the sedimentary environment and the potential of shale oil and gas resources of the Hengtongshan Formation in the Late Cretaceous of the Tonghua Basin, this study provides a reference for the study of the petroleum geological characteristics of the eastern basin group around the Songliao Basin.




2. Geological Background


The basement of the Tonghua Basin includes two sets of Archean to Proterozoic metamorphic rock series, and the sedimentary cover strata mainly include the Middle Jurassic Houjiatun Formation and the Lower Cretaceous Guosong, Yingzuilazi, Linzitou, Xiahuapidianzi, Hengtongshan and Heiweizi Formations [6] (Figure 1 and Figure 2). The target layer studied in this paper is the Lower Cretaceous Hengtongshan Formation, which was mainly formed under humid and warm climate conditions after volcanic activity [7,8]. The basin experienced a late Middle Jurassic rifting stage (deposition of the Houjiatun Formation), an early Early Cretaceous volcanic filling stage (Changliucun Formation and Guosong Formation), a late Early Cretaceous posteruption depositional stage (Yingzuilazi Formation, Xiahuapidianzi Formation and Hengtongshan Formation) and a late Cretaceous volcanic filling stage (Sankeyushu Formation) [9,10].



The fault structures in the basin are mainly developed in the NE and NW directions. The NE faults control the distribution of Mesozoic strata and the development of the basin, while NW faults extend to the surface and produce visible faults on the surface (Figure 1). According to the basement structure and the sedimentary characteristics of the caprock, the basin can be divided into three parts: the Sankeyushu depression, the Sanyuanpu depression and the Yingebu uplift [4].



The Hengtongshan Formation is widely developed in the Tonghua Basin, and its sedimentary center is in the Sankeyushu depression, where its thickness is more than 600 m. According to the characteristics of surface outcrops and previously obtained drill cores, the Hengtongshan Formation is mainly composed of continental deposits that formed in a deep to semi-deep lake. The outer edges of the strata feature delta plain facies, delta-front facies and lake bottom fan facies, and the unit is underlain and overlain by volcanic units (Figure 2 and Figure 3). The source rocks in the Hengtongshan Formation are mainly black shale, followed by grey black shale, mud shale and silty shale, and contain a small amount of thin-layer volcanic rocks.




3. Samples and Test Methods


3.1. Samples


In this study, a geological survey well was drilled in the Sankeyushu depression in the thickest section of the Hengtongshan Formation, and all the strata were cored. In the process of drilling, gas logging was carried out to obtain data on the organic gas composition of the natural gas in the formation. After the geological study of all the cores, the next step involved sampling the cores.



In total, 13 representative samples were selected to observe the lithology, kerogen organic matter and vitrinite reflectance (RO), and the whole rock minerals were analyzed. Moreover, 102 source rock samples were selected for organic element analysis and rock pyrolysis experiments. In total, 32 source rock samples were extracted. The 32 organic extracts and six shale oil samples were quantitatively separated by organic family components, and 38 samples were analyzed by GC-MS and saturated hydrocarbon biomarker compounds.




3.2. Experimental Methods


An organic petrographic study was conducted in the Key Laboratory of Oil Shale and Coexistent Energy Minerals of Jilin Province. For the production of light sheets for the organic petrography study, a small rock sample (20 × 20 × 10 mm) was first installed in a hardening agent mixture, and the polyester resin was allowed to slowly set. After preliminary treatment, the samples were polished with a diamond grinding plate, silicon carbide paper and alumina powder. The petrographic examination used a high-power optical microscope (China) equipped with a photometry system with a fluorescent lamp. Mean random vitrinite reflectance measurements (%, Ro) and organic maceral observations were conducted on 24 samples following ASTM Standard D7708-14 (2014).



Using a Philip-PW 1830/40-CuKα radiation device (Philips, Japan) (1.54 Å, 35 kV and 35 mA), the collected mineral data were qualitatively and quantitatively processed by X-ray diffraction (XRD) analysis at the Center for Scientific Test of Jilin University (China).



The rock samples were crushed into 200 mesh powder, the carbonate in the sample was removed with excessive dilute hydrochloric acid and the carbonate content was calculated. The total organic carbon (TOC), total nitrogen (TN) and total sulfur (TS) contents of all samples were determined by a vario PYRO cube element analyzer (Elementar, UK) and calculated according to the carbonate content at the Key Laboratory of Oil Shale and Coexistent Energy Minerals of Jilin Province following standard GBT-19145-2003.



The instrument used in the rock pyrolysis experiment analysis was a Rock Eval-6 analyzer (French Petroleum Research Institute) at the Center for Scientific Test of Jilin University (China). The parameters S1, S2, S3 and Tmax were measured, and the hydrogen index (HI), oxygen index (OI) and production index (PI) were calculated accordingly. In these methods, the amount of pyrolyzate released from kerogen was normalized to TOC to give the HI. The temperature of maximum hydrocarbon generation (Tmax) is defined at the maximum value of the S2 peak and serves as a maturity indicator.



For the organic geochemical analysis, thirty-eight selected samples were extracted using a Soxhlet apparatus (China) with a mixture of dichloromethane and methanol (93:7). Elemental sulfur was removed by the addition of activated copper turnings. Asphaltenes were precipitated from a hexane-dichloromethane solution (80:1) and separated by centrifugation. The extracted organic matter was separated into saturated hydrocarbons, aromatic hydrocarbons and nitrogen, sulfur or oxygen (NSO) compounds by liquid chromatography. At the Key Laboratory of Oil Shale and Coexistent Energy Minerals of Jilin Province, the saturated components were dissolved in petroleum ether and analyzed by Agilent gas chromatography–mass spectrometry (Agilent Technologies Inc. USA) with an HP-5 MS elastic quartz capillary (60 m × 0.25 mm × 0.25 mm) GC column. The temperature ranged from 40 to 300 °C at a rate of 4 °C/min and was then held for 30 min at 300 °C. The hydrocarbon fractions were subsequently analyzed by an Agilent 5975B inert MSD mass spectrometer (Agilent Technologies Inc. USA) with a gas chromatograph attached directly to the ion source (70 eV ionization voltage, 100 mA filament emission current, 230 °C interface temperature). Compound separation was performed on a column similar to the GC column. The saturated hydrocarbon ratios and the relative abundance of steranes and triterpanes were calculated from the integrated peak areas of the relevant ion chromatograms m/z 191 and m/z 217. The aromatic hydrocarbon ratios were also calculated from the integrated peak areas of the relevant ion chromatograms following standard GBT-30431-2013.



In the process of drilling, the abnormal presence of natural gas was detected by gas logging. The gas returned to the surface from the bit at the bottom of the well was separated from the mud by a degasser. The separated gases then entered a SK-3Q04 hydrogen flame chromatograph (Shanghai Shenkai Petroleum and Chemical Equipment, China). The total amount of natural gas and C1-C5 components were analyzed with a chromatographic analyzer every 90 s following standard SY/T5191-93 (technical standard of gas chromatographic logging tool).





4. Results and Interpretation


4.1. Lithology


Through the observation of the drill cores of the Hengtongshan Formation in the Tonghua Basin, it is known that the lithology of the source rock in the Hengtongshan Formation is mainly black shale, grey shale and grey silty shale. The maximum thickness of a single shale is 27.36 m, the cumulative thickness of shale is 191 m, and a small amount of plant fossils and thin tuff can be seen in the shale (Figure 4).




4.2. Minerals


The mineral and carbonate content data of the Hengtongshan Formation can be seen in Table 1. The carbonate content is between 1.91 and 65.17 wt%, with an average of 11.65 wt%. The average carbonate contents of the first member, second member and third member of the Hengtongshan Formation are 18.58, 12.27 and 8.96 wt%, respectively. The overall trend is decreasing, but the differences are small. However, through targeted core observations, some samples with more than 50% carbonate content were found to be associated with carbonate dikes, resulting in high measured carbonate values. According to the XRD test, the mineral composition of the Hengtongshan Formation is primarily clay (average 38.62%), followed by quartz (average 35.54%, Table 1). The content of plagioclase is higher than that of K-feldspar, which is probably due to the loss of K-feldspar in the process of terrigenous clastic migration and diagenesis, and some samples feature values of less than 1% [11]. The calcite content is relatively high as a whole, with an average of 13.92%, which is highly consistent with the carbonate content observed in the previous test (Table 1 and Table 2).




4.3. Bulk Geochemical Parameters


The abundance and quality of organic matter in the source rock determine the hydrocarbon generation capacity. For the quantitative characterization of the organic matter abundance, many parameters have been proposed, such as TOC, extractable organic matter (EOM) and the HI, while TOC refers to the mass percentage of organic carbon in a unit mass of rock [12,13]. According to the test, the TOC content of the first member is 0.49~1.25 wt% (average 1.06 wt%), the TOC content of the second member is 0.63~3.49 wt% (average 1.38 wt%), and the TOC content of the third member is 0.14~1.47 wt% (average 0.79 wt%). The TOC value measured in this study is the residual organic matter abundance of the source rock after massive hydrocarbon expulsion. Tissot [12] stated that the organic matter abundance index of a source rock cannot be applied to a source rock with a high maturity because the initial TOC value may be much higher than the TOC measured at present [12].



TN is an important index in the study of the characteristics of organic matter in sedimentary rocks [14]. The TN content of the first member is 0.26–0.59 wt% (average 0.43 wt%), that of the second member is 0.08–0.6 wt% (average 0.27 wt%), and that of the third member is 0.05–0.26 wt% (average 0.12 wt%). The average TS values of the first, second and third members of the Hengtongshan Formation are 0.12, 0.12 and 0.06 wt%, respectively (Table 2).



The rock pyrolysis data for the Hengtongshan Formation are shown in Table 2. The analysis shows that the HI values of the three members of the Hengtongshan Formation are quite different; among them, the HI values of the second member are very high as a whole, with values of 238.07–1276.47 mg HC/g TOC and an average of 560.93 mg HC/g TOC. In contrast, the average HI values of the first and third members are 247.01 mg HC. The Tmax values of all samples are between 445 and 460 °C, indicating a high maturity, but the samples with sampling depths between 233 and 238 m and between 287 and 294 m are all approximately 480 °C. Combined with the geological conditions of the Tonghua Basin and the core observation results, this may be due to the short-term volcanism that enhanced the thermal maturity of the source rock [9,10], resulting in over maturity of the source rocks in the two sections.




4.4. Bitumen Bulk Geochemical Parameters


Through the organic matter extraction experiment on the 32 source rock samples of the Hengtongshan Formation, it was found that the EOM content was relatively high, at 512.15–3589.26 mg HC/g TOC, with an average of 1490.80 mg HC/g TOC, indicating good organic abundance. The results of the EOM component separation experiment on the source rock samples and six shale oil samples are shown in Table 3 and Figure 5. The EOM from the shale samples has the same characteristics as that from the shale oil samples. In these samples, the content of saturated hydrocarbons is the highest. The content of saturated hydrocarbons extracted from the shale samples is 40.01–72.3%, with an average of 55.34%, and the content of saturated hydrocarbons in the shale oil samples is 54.71–82.84%, with an average of 69.8%. The average content of aromatic hydrocarbons in the EOM from the shale samples is almost equal to the average content of NSO, with values of 21.91% and 22.75%, respectively. The average content of aromatic hydrocarbons in the shale oil samples is higher than the average content of NSO, with values of 20.99% and 9.21%, respectively. These indexes are widely used in hydrocarbon potential evaluations of source rocks [15]. Therefore, most of the samples from the Tonghua Basin appear to be a rich source of oil and have the potential to produce a wealth of naphthenic oil.




4.5. Organic Geochemistry


Biomarker compounds are widely used in organic geochemistry research and are mainly used to study the source of organic matter in sediments, organic matter maturity and paleo-depositional environments [16]. This study investigated the organic matter composition and biomarker compound characteristics of organic extracts and shale oil, such as n-alkane, isoprenoid, sterane and triterpane, from the Hengtongshan Formation shale (Figure 6 and Figure 7; Table 4). By comparing the components of the shale extract and shale oil samples with the GC-MS test results, it was found that the organic matter composition and relative content characteristics of the two were similar. The core and drilling data reveal that the layers of shale oil production coincide with the source rock layer, so it is possible that the hydrocarbon material generated by kerogen has not undergone migration or has migrated only a short distance and remains stored directly in the source rock.



4.5.1. n-Alkanes and Isoprenoids


The distribution of n-alkanes in the Hengtongshan Formation samples shows that low to medium molecular weight compounds (n-C13–n-C23) are dominant, and there are significant waxy alkanes (+n-C23), mainly with odd carbon numbers, thus yielding a medium carbon preference index (CPI) (Figure 6; Table 4). The distribution of alkanes in the samples is similar to that of a large number of long-chain alkanes present in algae or plants [17,18] The same conclusion was reached based on kerogen microscopy observations of the source rock in the Hengtongshan Formation because a large amount of alginite and amorphous organic matter can be seen under the microscope (Figure 4).



In the study of biomarkers, pristine (Pr) and phytane (Ph) are often detected, and their concentrations are very important for environmental research [19,20]. The acyclic isoprenoids Pr and Ph were found in all samples from the Hengtongshan Formation (Figure 6a–d). The ratio of Pr to Ph has been widely used as a redox condition parameter in sedimentary environment research [21]. Previous studies have shown that Pr/Ph ratios below 0.6 indicate anoxic conditions, ratios between 0.6 and 3.0 indicate sub-oxic conditions, and ratios above 3.0 indicate oxic conditions [22]. By testing 38 samples from the source rocks of the Hengtongshan Formation, the Pr/Ph ratios are 0.54 to 0.92 (average 0.76), which indicates that the sedimentary environment of the organic matter featured sub-oxic conditions, which are conducive to the preservation of organic matter.



The relationship between Pr/n-C17 and Ph/n-C18 is often used to study the source of organic matter and the sedimentary paleoenvironment of source rocks [23,24,25,26]. In this study, it was found that the Pr/n-C17 and Ph/n-C18 values are 0.23–0.64 (average 0.50) and 0.16–0.93 (average 0.54), respectively. The overall numerical fluctuation is relatively small, and the data indicate that the source rock of the Hengtongshan Formation was deposited under reducing conditions and that the material was from a mixed source [27,28] (Figure 7; Table 3); however, additional analysis is needed to determine the specific components.




4.5.2. Hopanoids and Steroids


In this study, the m/Z 191 mass chromatogram features are basically similar. The relative abundance of hopanes is higher than that of tricyclic terpanes (Figure 8a–d). The C29/C30 17a (H) hopane ratios of the samples are between 0.38 and 0.54 (average 0.46; Table 3). Previous studies have suggested that this is a typical feature of clastic source sedimentary rocks [29,30].



As the molecular energy of Ts 18a(H)-trisnorhopane is higher than that of Tm 17a(H)-trisnorhopane, the stability of Ts is higher than that of Tm. With the increase in maturity, the value of Ts/(Ts + Tm) increases gradually [31]. The Ts/(Ts + Tm) values of the samples are between 0.46 and 0.89 (average 0.70), reflecting the high thermal maturity of the source rock (Table 4). Previous studies have also shown that with the increase in the organic matter maturity, the ratio of C30 moretane/C30 hopane (C30M/C30H, moretane/hopane) decreases from 0.8 to below 0.1 [16]. The C30M/C30H values of these samples are between 0.11 and 0.19 (average 0.14), reflecting a high thermal maturity (Table 4).



The C31R/C30H hopane ratio is used to distinguish marine and lake environments. The C31R/C30H hopane ratios of organic matter in marine environments are generally higher than 0.25, but the ratio of organic matter in lake environments is generally lower [16]. The C31R/C30H hopane ratios of the extracts from the Hengtongshan Formation range from 0.15 to 0.33 (average 0.22). According to the lithofacies results of the Hengtongshan Formation samples, the strata feature the characteristics of continental lakes, so the lake environment may have been invaded by sea water. The cross plot of the C31R/C30H hopane ratio parameter and Pr/Ph ratio (Figure 9) supports this conclusion.



Gammacerane was initially considered to be a high-salinity indicator [32]. It is also thought to be related to increases in salinity in marine and lacustrine environments [21]. The gammacerane index (GI=gammacerane/αβC30 hopane) of the extracted samples of the Hengtongshan Formation reflects a high-salinity, reducing environment [16] (Figure 8a–d and Figure 10).



In this study, the m/Z 217 mass chromatogram of saturated hydrocarbons in 38 samples from the Hengtongshan Formation shows a series of distributions of diastereanes and steroids. Among these compounds are conventional steroids C27, C28 and C29, which are related to the source of the parent materials of organic matter (Figure 8e–h and Figure 11; Table 4).



Previous studies have found that the conventional steroids C27, C28 and C29 are all specific to different sources of organic matter, and the relative proportions among them can be used to study the contribution of various types of organic matter in shale oil [33]. The relative proportions of the steroids C27, C28 and C29 (C29: 33.70–60.9%, average 46.08%; C28: 8.5–26.4%, average 21.07%; and C27: 25.04–41.59%, average 32.67%; Table 4; Figure 11) were calculated in the Hengtongshan Formation. Previous studies on the sources of the steroids C27, C28 and C29 have found that C27 steroids are from zooplankton and red algae; C28 steroids are believed to be from diatoms, green algae and higher plants; and C29 steroids are from higher plants, some brown algae and green algae [18,33,34,35]. According to the relative contents of C27, C28 and C29 steroids, it is speculated that the samples in this study are dominated by plankton and higher plants and may be mixed with some marine organic matter.



The ratio of 22S/(22R + 22S) for C32 17a (H), 21b (H)-hopanes varies from 0.51 to 0.67 (average 0.57), showing that it is close to equilibrium. The 20S/(20S + 20R) and ββ/(αα + ββ) C29 sterane ratios range from 0.3 to 0.51 (average 0.38) and from 0.35 to 0.63 (average 0.49), indicating that the organic matter has matured [16] (Table 4).





4.6. Natural Gas Geochemical Characteristics


The natural gas in the Tonghua Basin and the Hengtongshan Formation in the Sankeyushu depression is dominated by hydrocarbons, with a low non-hydrocarbon content (Table 5). The non-hydrocarbon gas is present at proportions of between 0.04% and 7.29% (average 2.95%). The hydrocarbon gas is mainly methane, and the content of gases above ethane is low. The methane content is 90.06–98.53% (average 94.36%), the ethane content is 0.75–5.52% (average 2.47%), and the propane content is 0.02–1.08% (average 0.16%).





5. Discussion


5.1. Oil Source Input


The TOC/TN ratio in sedimentary rocks is an effective indicator for analyzing the source of organic matter [14]. The original protein content of microalgae in lakes is higher than that of terrestrial higher plants, so the TOC/TN ratio of aquatic phytoplankton is relatively low, usually from 4 to 10, whereas the TOC/TN ratio of terrestrial plants is often greater than 10 [36]. Therefore, in the study of lake environments, the TOC/TN ratio is often used to determine whether the organic matter in the sediment originates from microorganisms or higher plants [36].



In this study, through systematic testing and calculation of the TOC/TN value of the source rock in the Hengtongshan Formation, it was found that the TOC/TN value of samples between 107.84 and 184.3 m and between 264.2 and 292.16 m is greater than 10, with a maximum of 21.00. In contrast, the values in the other sections are less than 10 (Table 2). Therefore, higher plants may have made a greater contribution to the organic matter in the sediments of the first two sections. However, in terrestrial formations, organic nitrogen is easily mineralized or oxidized, and the presence of large amounts of exchangeable fixed ammonium in organic deposits in terrestrial sediments accounts for 10% of organic ammonia [37], which can result in a low TOC/TN ratio. Therefore, using this value to determine the source of organic matter is very uncertain, so in this study, biomarker compounds were used to further comprehensively determine the source of the organic matter.



Previous studies have shown that lower aquatic organisms are rich in lipid compounds, and n-alkanes are mainly composed of low carbon number components, while higher plants are often rich in wax and mainly composed of high carbon number components [16]. Therefore, the n-alkane distribution characteristics of saturated hydrocarbons can reflect the type of organic matter in source rocks. It is generally believed that the main peak carbon number is generally less than that of n-alkane C23 and is unimodal. Additionally, the main carbon peak of higher plants is usually greater than that of n-alkane C25, and the main carbon peak of mixed organic matter is between the peaks of n-alkane C23 and n-alkane C25 [16]. In this study, it was found that the main carbon peaks of the n-alkanes in both the extracts and the shale oil in the m/Z 85 diagram are less than the peak of n-alkane C23, which indicates that the contribution of lower aquatic organisms in organic matter is larger than that of higher plants. Steroids and hopanoids represent eukaryotic and prokaryotic contributions to the source material of sediments, respectively [27], and the average values of the steroid/hopanoid ratio in this study are 0.12–0.51 (average 0.26). Low steroid/hopanoid ratios are characteristic of lacustrine or special bacterial-influenced facies [18,38], indicating strong microbial activity [16].



According to the results of Pr/n-C17 and Ph/n-C18, the source of the organic matter in the sediments of the Hengtongshan Formation may have been a mixed source (Figure 7). This is further confirmed by the relative ratio of C27C28C29 sterane to C27/C29, which indicates that the source of the organic matter in the source rock in the Hengtongshan Formation was a mixed source and that plankton and higher plants were the main contributors in many samples. Combined with the trend between the sample depth and the TOC/TN value, the relative proportions of C29 sterane in the 107.84~184.3 m and 235.69~292.16 m depth ranges are greater than 50%, indicating that plankton and higher plants are dominant in the oil-related organic matter, which is consistent with the conclusion based on the TOC/TN value. As a whole, the source material of the source rock of the Hengtongshan Formation is a mixture of aquatic organisms (algae and bacteria) and higher plants and may have marine biological components.




5.2. Maturity


In this study, a variety of methods were used to evaluate the thermal maturity of the source rock, and a detailed maturity evaluation was carried out on the Hengtongshan Formation. According to the reflectance (% Ro) test data of 21 samples obtained from each source rock horizon, the maturity of the samples is between 0.97 and 1.53 (average 1.10, Table 2), which indicates that the samples have entered the oil generation window and kerogen has begun to produce hydrocarbon compounds [18,39]. Based on the Tmax values from a large number of samples, it was found that the Tmax values, which are indicative of thermal maturity, are highly correlated with Ro (Figure 12). The sections between 233 and 238 m and between 287 and 294 m are of high maturity, which indicates that, compared with other sections, these sections may have suffered more intense thermal action because the kerogen has a high maturity. Combined with the geological background of the Tonghua Basin, volcanic activity may have caused these sections to have especially high thermal maturities; however, in the depositional stage of the Hengtongshan Formation, there was no large-scale and long-term strong volcanic activity [7,8]. Thus, local volcanic activity only caused a higher thermal effect on some strata.



The biomarkers that can reflect the maturity of the organic matter in source rock extracts and shale oil, such as CPI, Ts/(Ts + Tm), C30M/C30H, C32 17α(H)21(H)-hopanes, etc., were studied. These biomarker parameters all show that the source rocks in the Hengtongshan Formation have a high thermal maturity. The correlation parameters of biomarkers in the shale oil and shale extracts are similar, and the vertical variation throughout the entire formation is not significant, indicating that hydrocarbons have been discharged from the source rock. Figure 13 and Figure 14 also confirm that the organic matter has reached the mature and highly mature levels and the source rock has crossed the hydrocarbon generation threshold.



Kerogen can generate hydrocarbons as the thermal maturity increases, and the generated hydrocarbon gas and liquid hydrocarbons can have different molecular weights. Furthermore, hydrocarbon macromolecules can be heated further in the process of pyrolysis to produce solid asphalt and a large amount of pyrolysis gas [18]. The natural gas in the Hengtongshan Formation is mainly composed of methane and a small amount of ethane and propane. The methane content accounts for 90.06–98.53%, with an average of 94.36%. The gas is not dry gas. According to the interaction diagram of InC1/C2 and InC2/C3, the gas may be a mixture of kerogen degradation gas and oil cracking gas, and most of the gas was produced when the Ro exceeded 1.5% (Figure 15).




5.3. Depositional Environment


The Hengtongshan Formation was deposited in the warm and moist Early Cretaceous, and there was no large-scale tectonic activity in the basin during this period [1,5,9,10]. According to previous studies, during the depositional period of the Hengtongshan Formation, only occasional small-scale volcanic activity occurred near the faults in the Tonghua Basin, resulting in a basin-wide, relatively quiescent stage, and sediments were deposited under a humid and warm climate [7,37]. The volcanic activity released a large amount of gas at the bottom of the lake basin, causing stratification of water masses. Reducing environments provide good conditions for preserving organic matter in the sediment, and volcanic activity can release some nutrients, stimulating the growth of microorganisms at the bottom of the lake and, therefore, increasing the accumulation of organic matter. Through maps of Pr/Ph and Pr/n-C17 vs. Ph/n-C18, it can be shown that the organic matter was deposited under anoxic conditions, and the change in the TOC value in the vertical direction demonstrates that the organic matter has been enriched and preserved (Figure 1). Figure 9 and Figure 10 also show that the aquatic environment of the Hengtongshan Formation during the depositional period was a kind of saltwater environment, and some strata show the characteristics of marine strata. In the discussion of organic matter, it is also suspected that the source rocks of the Hengtongshan Formation include marine organic matter.



Previous researchers have also used the TS content in sedimentary strata to determine whether the formation environment was a marine environment or a freshwater lake environment. A high TS content often indicates that the sediments formed in a marine environment, while a low sulfur content often indicates that the sediments formed in a continental lake environment [41,42]. The TS values of the samples in this study show that most of the samples formed in a continental lake sedimentary environment and that a small number of samples formed in a marine sedimentary environment (Figure 16). Combined with the observations of the sedimentary facies, these findings also indicate a continental origin, and the inclusion of marine organic matter components may be the result of a short-term transgression.




5.4. Resource Potential of the Shale Oil


A large number of TOC and pyrolysis evaluation tests on the source rocks in the Hengtongshan Formation show that the TOC contents of the three members of the formation are quite different. The hydrocarbon-generating ability of the source rocks in the Hengtongshan Formation was studied using pyrolysis data. Previous studies have shown that sample HI values higher than 300 mg HC/g TOC and high TOC contents (>1 wt%) will produce oil [2]. The second member is obviously better than the first and third members, with an average TOC of 1.37% and an S2 of 7.34. Most of the samples are classified as good and very good source rocks [43] (Table 2, Figure 17). The relationship among the TOC content, EOM and hydrocarbon production (Table 3 and Figure 18) shows that the sediments in the second member are classified as good to very good source rocks with a good oil production potential [43]. This paper discusses the maturity of the source rocks in the Hengtongshan Formation and concludes that the source rocks have crossed the threshold of hydrocarbon generation. Table 1 shows that the content of brittle minerals (quartz + carbonate) in the formation is relatively high, with an average of 50.61%, which is also favorable for oil exploitation. The comprehensive analysis shows that the Hengtongshan Formation may be rich in shale oil and natural gas, while the second member can be regarded as a potential production stratum.





6. Conclusions


The Hengtongshan Formation in the Tonghua Basin in Northeastern China is an important shale oil- and gas-bearing horizon. In this paper, through systematic sampling of the Hengtongshan Formation in the Sankeyushu depression of the Tonghua Basin, observations of the petrology and organic petrology and a study of the geochemical characteristics, we found that the Hengtongshan Formation has the following characteristics.



The Hengtongshan Formation is mainly composed of black shale and contains a small amount of plant fossils and thin-layered volcanic rocks. The content of brittle minerals (quartz + carbonate) is high, with an average of 50.61%, and the content of clay is 38.62%. The organic matter of the Hengtongshan Formation has the characteristics of lacustrine or special bacteria-influenced facies. On the whole, the source material of the source rock of the Hengtongshan Formation is a kind of mixture of aquatic organisms (algal and bacteria) and higher plants, and some geochemical parameters also indicate that the organic matter in the formation may include some marine organic matter.



The organic matter in the Hengtongshan Formation was deposited in a saline, reducing environment, which was conducive to the enrichment and preservation of the organic matter. Volcanism may have promoted the formation of this reducing environment in different water layers at the bottom of the lake, while a short-term transgression may have led to the saltiness of the lake water.



The maturity of the organic matter in all the source rocks in the Hengtongshan Formation is relatively high and has entered the oil generation window, resulting in the generation of a large amount of hydrocarbons. During the drilling process, shale oil and natural gas were also encountered. The source rocks at 233–238 m and 287–294 m are overmature, which may be due to the volcanic process leading to enhanced thermal processes in some strata.



Through a large number of TOC and pyrolysis evaluation tests, we found that the second member of the formation is obviously superior to the first and third members, with an average TOC of 1.37% and an average HI of 560.93 mg HC/g TOC. Most of the samples can be categorized as good to very good source rocks with a good resource potential. Based on the shale oil and natural gas encountered in the process of drilling, it is predicted that the shale oil is present in the form of a self-sourced reservoir, but the migration range of natural gas may have been relatively large. The comprehensive analysis shows that the Hengtongshan Formation may be rich in shale oil and natural gas, and the second member can be regarded as a potential production horizon.
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Figure 1. (A) Paleogeographic map of the Early Cretaceous. (B) Geological map of the Southeast Jilin locations. (C) Stratigraphy map of the Tonghua Basin [1]. 
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Figure 2. Stratum thickness map and sedimentary facies distribution map of the Hengtongshan Formation. 
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Figure 3. Map of the bulk geochemical parameters of the Hengtongshan Formation from drill cores. 






Figure 3. Map of the bulk geochemical parameters of the Hengtongshan Formation from drill cores.



[image: Applsci 11 00023 g003]







[image: Applsci 11 00023 g004 550] 





Figure 4. Photomicrographs of sediments from the Hengtongshan Formation; (a,b) are core photos; (c,d) are oil traces in rock cores under fluorescence. Oil traces are marked with red frame and show pale yellow under fluorescence; (e–h) are photos from the microscope. 
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Figure 5. Ternary diagram of the extracted samples of the Hengtongshan Formation in the Tonghua Basin showing the relative proportions of saturated, aromatic and NSO components. 
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Figure 6. Gas chromatograms–mass spectrometry (TIC) (a–d) and m/z 85 mass chromatograms (e–h) of saturated hydrocarbons of the Hengtongshan Formation samples in the Tonghua Basin. 
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Figure 7. Cross-correlation of Pr/n-C17 and Ph/n-C18 ratios. 
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Figure 8. The m/z 191 (a–d) and m/z 217 (e–h) mass chromatogram of saturated hydrocarbons of the Hengtongshan Formation samples in the Tonghua Basin. 
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Figure 9. Hopane and isoprenoid ratios of the extracted oil samples, adapted from [16]. 
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Figure 10. Plot of the Gammacerane index and Pristane/Phytane of the extracted oil samples, adapted from [16]. 
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Figure 11. Ternary diagram of the relative proportions of steroids C27, C28 and C29 (the relationship between the organic matter input and the depositional environment [33]. 
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Figure 12. Plot of Ro versus pyrolysis Tmax. 
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Figure 13. A cross plot of C29 sterane 20S/(20S + 20R) and C29 Sterane ββ/(αα+ββ), adapted from [21]. 
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Figure 14. A cross plot of C29 sterane 20S/(20S + 20R) and C32 homohopane 22S/(22S + 22R), adapted from [21]. 
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Figure 15. Recognition plate of natural gas in the Tonghua Basin, adapted from [40]. 
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Figure 16. Total sulfur content versus TOC, adapted [42]. 
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Figure 17. S2 and TOC diagrams showing the source rock potential, adapted from [43]. 
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Figure 18. (a) Plots of TOC versus bitumen extract showing source potential rating and (b) plots of TOC versus hydrocarbon yield, adapted from [44]. 
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Table 1. Parameters of the XRD results of the samples from the Hengtongshan Formation.
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Sample ID

	
Depth (m)

	
Total Clay (wt%)

	
Quartz (wt%)

	
K-Feldspar (wt%

	
Plagioclase (wt%)

	
Calcite (wt%)

	
Dolomite (wt%)

	
Pyrite (wt%)






	
TD1-163

	
288

	
46

	
32

	
1

	
7

	
14

	

	




	
TD1-171

	
278

	
43

	
37

	
2

	
7

	
11

	

	




	
TD1-172

	
287

	
35

	
31

	
2

	
8

	
24

	

	




	
TH-9

	
152.8

	
28

	
34

	
12

	
9

	
15

	
0

	
2




	
TH-34

	
224.54

	
45

	
29

	
1

	
8

	
16

	
0

	
1




	
TH-46

	
284.26

	
43

	
26

	
1

	
8

	
15

	
5

	
2




	
TH-49

	
289.06

	
41

	
35

	
12

	
2

	
7

	
2

	
1




	
TH-51

	
291.8

	
28

	
37

	
5

	
6

	
17

	
7

	
0




	
TH-76

	
331.05

	
37

	
39

	
3

	
5

	
15

	
0

	
1




	
TH-83

	
345.46

	
41

	
35

	
4

	
4

	
16

	
0

	
0




	
TH-93

	
394.33

	
43

	
42

	
4

	
2

	
9

	
0

	
0




	
TH-101

	
426.1

	
38

	
42

	
2

	
7

	
7

	
1

	
3




	
TH-102

	
426.8

	
34

	
43

	
1

	
6

	
15

	
0

	
1




	
average

	
38.62

	
35.54

	
3.85

	
6.08

	
13.92

	
1.50

	
1.10
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Table 2. Bulk geochemical parameters of the samples from the Hengtongshan Formation.
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Sample ID

	
Depth

(m)

	
TIC

(wt.%)

	
TOC

(wt.%)

	
TN

(wt.%)

	
TS

(wt.%)

	
Pyrolysis Data

	
Ro (%)

	
TOC/TN

	
TOC/TS




	
S1 (mg/g)

	
S2 (mg/g)

	
S3 (mg/g)

	
S2/S3 (mg/g)

	
HI

	
OI

	
PI (mg/g)

	
Tmax






	
TH-1

	
59.26

	
30.11

	
1.06

	
0.18

	
0.02

	
0.10

	
1.16

	
0.08

	
14.50

	
109.54

	
7.55

	
0.08

	
443.00

	

	
5.88

	
59.57




	
TH-2

	
68.51

	
9.64

	
0.56

	
0.26

	
0.01

	
0.02

	
1.15

	
0.09

	
12.78

	
205.36

	
16.07

	
0.02

	
445.00

	

	
2.15

	
75.60




	
TH-3

	
107.84

	
7.92

	
0.64

	
0.05

	
0.01

	
0.02

	
1.06

	
0.09

	
11.78

	
165.63

	
14.06

	
0.02

	
468.00

	

	
12.80

	
86.40




	
TH-4

	
120.04

	
8.50

	
0.84

	
0.04

	
0.01

	
0.02

	
1.05

	
0.07

	
15.00

	
125.00

	
8.33

	
0.02

	
449.00

	

	
21.00

	
113.40




	
TH-5

	
121.04

	
9.20

	
0.45

	
0.04

	
0.01

	
0.04

	
1.25

	
0.58

	
2.16

	
277.78

	
128.89

	
0.03

	
450.00

	

	
11.25

	
60.75




	
TH-6

	
122.54

	
7.13

	
0.56

	
0.05

	
0.01

	
0.06

	
1.36

	
0.08

	
17.00

	
242.86

	
14.29

	
0.04

	
452.00

	

	
11.20

	
86.80




	
TH-7

	
124.04

	
7.60

	
0.95

	
0.07

	
0.01

	
0.12

	
5.25

	
0.08

	
65.63

	
552.63

	
8.42

	
0.02

	
447.00

	

	
13.57

	
147.25




	
TH-8

	
152.00

	
9.58

	
1.47

	
0.07

	
0.06

	
0.17

	
4.36

	
0.08

	
54.50

	
296.60

	
5.44

	
0.04

	
445.00

	

	
21.00

	
36.75




	
TH-9

	
152.80

	
15.48

	
0.88

	
0.05

	
0.07

	
0.24

	
2.25

	
0.57

	
3.95

	
255.39

	
64.70

	
0.10

	
462.00

	
1.24

	
17.62

	
19.15




	
TH-10

	
166.60

	
6.10

	
1.12

	
0.10

	
0.01

	
0.18

	
1.85

	
0.26

	
7.12

	
165.18

	
23.21

	
0.09

	
460.00

	

	
11.20

	
173.60




	
TH-11

	
182.47

	
4.28

	
1.05

	
0.07

	
0.01

	
0.16

	
1.55

	
0.36

	
4.31

	
147.62

	
34.29

	
0.09

	
455.00

	

	
15.00

	
162.75




	
TH-12

	
184.28

	
6.18

	
0.86

	
0.06

	
0.01

	
0.13

	
1.40

	
0.45

	
3.11

	
162.41

	
52.20

	
0.08

	
460.00

	

	
14.37

	
133.61




	
TH-13

	
184.30

	
7.80

	
0.98

	
0.08

	
0.03

	
0.11

	
1.33

	
0.57

	
2.33

	
135.85

	
58.22

	
0.08

	
452.00

	

	
12.24

	
45.57




	
TH-14

	
186.68

	
5.16

	
0.43

	
0.10

	
0.01

	
0.09

	
1.23

	
0.09

	
13.67

	
286.05

	
20.93

	
0.07

	
447.00

	

	
4.30

	
58.05




	
TH-15

	
198.12

	
6.44

	
0.34

	
0.04

	
0.01

	
0.08

	
1.50

	
0.45

	
3.33

	
441.18

	
132.35

	
0.05

	
450.00

	

	
8.50

	
45.90




	
TH-16

	
199.92

	
36.49

	
0.29

	
0.08

	
0.01

	
0.08

	
1.35

	
0.35

	
3.86

	
465.52

	
120.69

	
0.06

	
452.00

	

	
3.63

	
39.15




	
TH-17

	
200.62

	
7.86

	
0.70

	
0.08

	
0.52

	
0.07

	
1.46

	
0.07

	
20.86

	
208.57

	
10.00

	
0.05

	
442.00

	

	
8.75

	
1.83




	
TH-18

	
202.12

	
7.30

	
0.65

	
0.15

	
0.01

	
0.06

	
1.25

	
0.40

	
3.13

	
192.31

	
61.54

	
0.05

	
450.00

	

	
4.33

	
87.75




	
TH-19

	
202.70

	
5.85

	
0.76

	
0.15

	
0.04

	
0.04

	
1.03

	
0.57

	
1.81

	
135.88

	
75.20

	
0.04

	
451.00

	

	
5.05

	
26.93




	
TH-20

	
203.45

	
7.16

	
0.75

	
0.13

	
0.01

	
0.07

	
1.60

	
0.09

	
17.78

	
213.33

	
12.00

	
0.04

	
449.00

	

	
5.77

	
101.25




	
TH-21

	
204.50

	
6.86

	
0.68

	
0.16

	
0.01

	
0.09

	
1.80

	
0.23

	
7.83

	
264.71

	
33.82

	
0.05

	
447.00

	

	
4.25

	
91.80




	
TH-22

	
206.48

	
13.86

	
0.85

	
0.16

	
0.01

	
0.12

	
2.34

	
0.10

	
23.40

	
275.29

	
11.76

	
0.05

	
446.00

	

	
5.31

	
114.75




	
TH-23

	
207.20

	
7.11

	
0.68

	
0.15

	
0.04

	
0.06

	
1.17

	
0.61

	
1.92

	
171.30

	
89.31

	
0.05

	
458.00

	

	
4.55

	
21.95




	
TH-24

	
207.45

	
6.29

	
0.37

	
0.14

	
0.13

	
0.05

	
1.15

	
0.45

	
2.56

	
310.81

	
121.62

	
0.04

	
445.00

	

	
2.64

	
3.96




	
TH-25

	
209.10

	
8.49

	
0.14

	
0.13

	
0.01

	
0.04

	
1.12

	
0.45

	
2.49

	
800.00

	
321.43

	
0.03

	
440.00

	

	
1.08

	
18.90




	
TH-26

	
211.76

	
6.52

	
1.08

	
0.15

	
0.36

	
0.09

	
3.05

	
0.36

	
8.47

	
282.41

	
33.33

	
0.03

	
445.00

	

	
7.20

	
4.02




	
TH-27

	
213.39

	
7.85

	
1.34

	
0.17

	
0.20

	
0.13

	
3.13

	
0.13

	
24.08

	
233.58

	
9.70

	
0.04

	
448.00

	

	
7.88

	
9.28




	
TH-28

	
215.30

	
6.19

	
0.56

	
0.14

	
0.04

	
0.05

	
1.07

	
0.55

	
1.95

	
190.39

	
97.86

	
0.04

	
441.00

	
1.04

	
4.01

	
20.34




	
TH-29

	
215.48

	
5.96

	
0.65

	
0.16

	
0.21

	
0.01

	
1.52

	
0.34

	
4.47

	
234.93

	
52.55

	
0.01

	
450.00

	

	
4.04

	
4.16




	
TH-30

	
219.77

	
6.59

	
0.75

	
0.15

	
0.35

	
0.12

	
1.52

	
0.35

	
4.34

	
202.13

	
46.54

	
0.07

	
452.00

	

	
5.01

	
2.90




	
TH-31

	
220.80

	
11.78

	
0.70

	
0.16

	
0.04

	
0.18

	
1.93

	
0.54

	
3.57

	
275.32

	
77.03

	
0.09

	
455.00

	
1.08

	
4.38

	
25.86




	
TH-32

	
223.50

	
6.86

	
0.84

	
0.15

	
0.04

	
0.18

	
2.23

	
0.46

	
4.85

	
266.43

	
54.96

	
0.07

	
458.00

	

	
5.58

	
29.20




	
TH-33

	
223.59

	
7.66

	
1.25

	
0.15

	
0.01

	
0.12

	
2.05

	
0.25

	
8.20

	
164.00

	
20.00

	
0.06

	
460.00

	

	
8.33

	
168.75




	
TH-34

	
224.54

	
12.32

	
1.18

	
0.16

	
0.01

	
0.11

	
1.29

	
0.16

	
8.06

	
109.32

	
13.56

	
0.08

	
467.00

	

	
7.38

	
159.30




	
TH-35

	
227.75

	
5.02

	
1.08

	
0.17

	
0.01

	
0.07

	
1.24

	
0.11

	
11.27

	
114.81

	
10.19

	
0.05

	
457.00

	

	
6.35

	
145.80




	
TH-36

	
228.85

	
6.85

	
0.94

	
0.18

	
0.01

	
0.13

	
1.62

	
0.25

	
6.48

	
172.34

	
26.60

	
0.07

	
455.00

	

	
5.22

	
126.90




	
TH-37

	
231.00

	
5.53

	
0.68

	
0.18

	
0.07

	
0.24

	
1.75

	
0.59

	
2.97

	
259.26

	
87.41

	
0.12

	
454.00

	
0.97

	
3.75

	
12.18




	
TH-38

	
233.10

	
5.82

	
0.62

	
0.18

	
0.08

	
0.21

	
1.68

	
0.71

	
2.37

	
272.29

	
115.07

	
0.11

	
451.00

	

	
3.43

	
10.23




	
TH-39

	
233.96

	
8.62

	
0.84

	
0.17

	
0.01

	
0.05

	
1.14

	
0.13

	
8.77

	
135.71

	
15.48

	
0.04

	
480.00

	
1.53

	
4.94

	
147.00




	
TH-40

	
235.69

	
5.44

	
0.79

	
0.12

	
0.01

	
0.05

	
1.14

	
0.11

	
10.36

	
144.30

	
13.92

	
0.04

	
490.00

	

	
6.58

	
138.25




	
TH-41

	
237.75

	
13.39

	
0.95

	
0.14

	
0.01

	
0.04

	
1.12

	
0.12

	
9.33

	
117.89

	
12.63

	
0.03

	
485.00

	
1.32

	
6.79

	
166.25




	
TH-42

	
238.85

	
5.32

	
0.69

	
0.18

	
0.01

	
0.73

	
4.09

	
0.12

	
34.08

	
592.75

	
17.39

	
0.15

	
496.00

	

	
3.83

	
120.75




	
TH-43

	
264.20

	
14.61

	
1.71

	
0.21

	
0.23

	
1.15

	
8.07

	
0.65

	
12.42

	
470.83

	
37.92

	
0.12

	
455.00

	

	
8.16

	
13.10




	
TH-44

	
264.95

	
12.37

	
1.92

	
0.20

	
0.25

	
1.23

	
8.51

	
0.60

	
14.18

	
444.39

	
31.33

	
0.13

	
462.00

	

	
9.58

	
10.34




	
TH-45

	
277.70

	
9.30

	
2.27

	
0.18

	
0.04

	
3.50

	
17.12

	
0.59

	
29.02

	
754.19

	
25.99

	
0.17

	
451.00

	

	
12.61

	
79.19




	
TH-46

	
284.26

	
20.91

	
2.09

	
0.23

	
0.25

	
1.53

	
10.13

	
0.50

	
20.26

	
483.76

	
23.88

	
0.13

	
450.00

	

	
9.10

	
11.49




	
TH-47

	
286.40

	
7.12

	
2.19

	
0.26

	
0.72

	
1.87

	
13.81

	
0.58

	
23.81

	
630.59

	
26.48

	
0.12

	
451.00

	

	
8.42

	
4.11




	
TH-48

	
287.00

	
4.17

	
1.76

	
0.20

	
0.33

	
3.43

	
13.13

	
0.32

	
41.03

	
748.15

	
18.23

	
0.21

	
470.00

	

	
8.78

	
7.14




	
TH-49

	
289.06

	
7.89

	
1.60

	
0.20

	
0.01

	
1.74

	
9.03

	
0.21

	
43.00

	
564.38

	
13.13

	
0.16

	
494.00

	

	
8.00

	
216.00




	
TH-50

	
290.23

	
5.94

	
1.68

	
0.28

	
0.01

	
1.80

	
9.10

	
0.30

	
30.33

	
541.67

	
17.86

	
0.17

	
483.00

	

	
6.00

	
226.80




	
TH-51

	
291.80

	
12.40

	
2.26

	
0.23

	
0.54

	
1.62

	
8.72

	
0.50

	
17.44

	
385.84

	
22.12

	
0.16

	
479.00

	

	
9.83

	
5.61




	
TH-52

	
292.16

	
10.55

	
2.35

	
0.25

	
0.01

	
4.13

	
18.44

	
0.20

	
92.20

	
784.68

	
8.51

	
0.18

	
480.00

	

	
9.40

	
317.25




	
TH-53

	
294.20

	
8.71

	
1.53

	
0.26

	
0.01

	
1.52

	
8.01

	
0.14

	
57.21

	
523.53

	
9.15

	
0.16

	
488.00

	

	
5.88

	
206.55




	
TH-54

	
294.80

	
9.43

	
2.02

	
0.27

	
0.92

	
1.69

	
7.52

	
0.44

	
17.09

	
372.28

	
21.78

	
0.18

	
454.00

	
1.08

	
7.48

	
2.98




	
TH-55

	
296.00

	
6.51

	
1.27

	
0.26

	
0.01

	
0.92

	
7.13

	
0.32

	
22.28

	
561.42

	
25.20

	
0.11

	
454.00

	

	
4.88

	
171.45




	
TH-56

	
297.46

	
6.44

	
0.75

	
0.22

	
0.01

	
0.62

	
3.54

	
0.09

	
39.33

	
472.00

	
12.00

	
0.15

	
454.00

	

	
3.41

	
101.25




	
TH-57

	
299.13

	
12.16

	
0.63

	
0.29

	
0.01

	
0.66

	
3.58

	
0.08

	
44.75

	
568.25

	
12.70

	
0.16

	
454.00

	

	
2.17

	
85.05




	
TH-58

	
301.06

	
6.73

	
1.13

	
0.35

	
0.01

	
0.62

	
3.59

	
0.14

	
25.64

	
317.70

	
12.39

	
0.15

	
454.00

	

	
3.23

	
152.55




	
TH-59

	
302.20

	
7.46

	
1.40

	
0.21

	
0.29

	
1.12

	
5.03

	
0.42

	
11.98

	
359.29

	
30.00

	
0.18

	
452.00

	

	
6.67

	
6.56




	
TH-60

	
306.11

	
6.70

	
0.65

	
0.29

	
0.01

	
1.23

	
5.73

	
0.43

	
13.33

	
881.54

	
66.15

	
0.18

	
453.00

	

	
2.24

	
87.75




	
TH-61

	
307.60

	
6.94

	
0.91

	
0.25

	
0.06

	
1.41

	
5.90

	
0.44

	
13.41

	
649.06

	
48.40

	
0.19

	
453.00

	
1.01

	
3.64

	
21.99




	
TH-62

	
308.46

	
4.09

	
0.66

	
0.17

	
0.01

	
0.64

	
3.72

	
0.11

	
33.82

	
563.64

	
16.67

	
0.15

	
449.00

	

	
3.88

	
89.10




	
TH-63

	
310.21

	
5.76

	
0.80

	
0.28

	
0.01

	
1.23

	
5.91

	
0.21

	
28.14

	
738.75

	
26.25

	
0.17

	
450.00

	

	
2.86

	
108.00




	
TH-64

	
312.30

	
8.58

	
0.88

	
0.35

	
0.04

	
1.42

	
5.89

	
0.58

	
10.16

	
667.80

	
65.76

	
0.19

	
450.00

	
1.04

	
2.52

	
30.30




	
TH-65

	
313.24

	
11.75

	
0.54

	
0.34

	
0.01

	
0.62

	
3.58

	
0.11

	
32.55

	
662.96

	
20.37

	
0.15

	
452.00

	

	
1.59

	
72.90




	
TH-66

	
314.00

	
7.11

	
0.65

	
0.35

	
0.01

	
0.63

	
6.06

	
0.08

	
75.75

	
932.31

	
12.31

	
0.09

	
450.00

	

	
1.86

	
87.75




	
TH-67

	
315.90

	
10.90

	
1.25

	
0.21

	
0.73

	
0.59

	
9.18

	
1.12

	
8.20

	
734.40

	
89.60

	
0.06

	
449.00

	

	
5.95

	
2.33




	
TH-68

	
320.22

	
6.35

	
0.86

	
0.16

	
0.06

	
0.65

	
9.50

	
0.11

	
86.36

	
1104.65

	
12.79

	
0.06

	
452.00

	

	
5.38

	
19.35




	
TH-69

	
322.42

	
10.20

	
0.51

	
0.23

	
0.01

	
1.20

	
6.51

	
0.23

	
28.30

	
1276.47

	
45.10

	
0.16

	
460.00

	

	
2.22

	
68.85




	
TH-70

	
324.70

	
4.61

	
1.05

	
0.17

	
0.49

	
1.08

	
5.37

	
0.49

	
10.96

	
511.43

	
46.67

	
0.17

	
459.00

	
1.13

	
6.18

	
2.92




	
TH-71

	
324.77

	
5.08

	
1.13

	
0.24

	
0.06

	
0.69

	
4.97

	
0.13

	
38.23

	
439.82

	
11.50

	
0.12

	
446.00

	

	
4.71

	
25.43




	
TH-72

	
327.40

	
9.42

	
1.52

	
0.23

	
0.83

	
1.09

	
7.07

	
0.47

	
15.04

	
465.13

	
30.92

	
0.13

	
453.00

	
1.08

	
6.61

	
2.47




	
TH-73

	
327.50

	
1.91

	
1.77

	
0.24

	
0.61

	
1.02

	
7.86

	
0.49

	
16.04

	
444.07

	
27.68

	
0.11

	
455.00

	
1.06

	
7.38

	
3.90




	
TH-74

	
327.60

	
7.61

	
1.24

	
0.36

	
0.25

	
1.18

	
7.63

	
0.58

	
13.16

	
615.32

	
46.77

	
0.13

	
453.00

	

	
3.44

	
6.70




	
TH-75

	
330.30

	
9.06

	
0.70

	
0.22

	
0.40

	
1.41

	
4.81

	
0.77

	
6.25

	
692.09

	
110.79

	
0.23

	
458.00

	

	
3.16

	
2.38




	
TH-76

	
331.05

	
23.13

	
2.18

	
0.25

	
0.25

	
1.23

	
5.19

	
0.58

	
8.95

	
238.07

	
26.61

	
0.19

	
448.00

	

	
8.72

	
11.77




	
TH-77

	
331.90

	
9.69

	
3.49

	
0.28

	
0.04

	
0.63

	
21.14

	
5.37

	
3.94

	
605.73

	
153.87

	
0.03

	
448.00

	
1.00

	
12.46

	
123.34




	
TH-78

	
332.50

	
8.47

	
1.60

	
0.33

	
0.20

	
0.71

	
6.64

	
0.09

	
73.78

	
415.00

	
5.63

	
0.10

	
447.00

	

	
4.85

	
10.85




	
TH-79

	
334.20

	
13.43

	
0.93

	
0.38

	
0.07

	
1.17

	
4.71

	
0.80

	
5.89

	
506.45

	
86.02

	
0.20

	
454.00

	
1.06

	
2.45

	
18.82




	
TH-80

	
334.30

	
4.72

	
1.52

	
0.41

	
0.25

	
1.03

	
7.12

	
0.56

	
12.71

	
468.42

	
36.84

	
0.13

	
452.00

	

	
3.71

	
8.21




	
TH-81

	
337.15

	
4.92

	
1.15

	
0.31

	
0.36

	
0.83

	
4.55

	
0.11

	
41.36

	
395.65

	
9.57

	
0.15

	
444.00

	

	
3.71

	
4.31




	
TH-82

	
345.40

	
5.64

	
1.57

	
0.37

	
0.55

	
0.91

	
6.32

	
0.46

	
13.74

	
402.55

	
29.30

	
0.13

	
445.00

	

	
4.24

	
3.88




	
TH-83

	
345.46

	
13.15

	
1.85

	
0.37

	
0.35

	
0.91

	
7.75

	
0.32

	
24.22

	
419.83

	
17.33

	
0.11

	
443.00

	

	
4.99

	
7.12




	
TH-84

	
346.31

	
65.17

	
1.41

	
0.32

	
0.11

	
0.90

	
6.08

	
0.16

	
38.00

	
431.21

	
11.35

	
0.13

	
441.00

	

	
4.41

	
17.30




	
TH-85

	
348.12

	
19.21

	
1.85

	
0.37

	
0.06

	
0.90

	
6.78

	
0.31

	
21.87

	
367.48

	
16.80

	
0.12

	
450.00

	

	
4.99

	
41.51




	
TH-86

	
353.50

	
64.06

	
1.12

	
0.56

	
0.28

	
0.87

	
5.21

	
0.41

	
12.71

	
465.18

	
36.61

	
0.14

	
456.00

	
1.07

	
2.00

	
5.36




	
TH-87

	
353.57

	
36.84

	
1.22

	
0.39

	
0.06

	
0.79

	
4.59

	
0.09

	
51.00

	
376.23

	
7.38

	
0.15

	
446.00

	

	
3.13

	
27.00




	
TH-88

	
358.80

	
21.18

	
0.79

	
0.60

	
0.27

	
1.46

	
3.69

	
0.61

	
6.05

	
468.27

	
77.41

	
0.28

	
460.00

	
1.13

	
1.31

	
4.01




	
TH-89

	
359.50

	
3.47

	
0.66

	
0.11

	
0.08

	
0.41

	
2.83

	
0.43

	
6.58

	
428.79

	
65.15

	
0.13

	
463.00

	

	
6.00

	
10.97




	
TH-90

	
360.82

	
17.11

	
1.02

	
0.08

	
0.03

	
0.42

	
5.85

	
0.35

	
16.71

	
573.53

	
34.31

	
0.07

	
460.00

	

	
12.75

	
45.90




	
TH-91

	
390.43

	
7.45

	
1.25

	
0.26

	
0.25

	
0.40

	
0.75

	
0.43

	
1.74

	
60.00

	
34.40

	
0.35

	
463.00

	

	
4.81

	
6.75




	
TH-92

	
394.20

	
34.48

	
0.60

	
0.37

	
0.11

	
0.38

	
0.82

	
0.51

	
1.61

	
137.82

	
85.71

	
0.32

	
458.00

	
1.06

	
1.61

	
7.44




	
TH-93

	
394.33

	
12.71

	
0.87

	
0.54

	
0.13

	
0.35

	
1.26

	
0.34

	
3.71

	
144.83

	
39.08

	
0.22

	
450.00

	

	
1.61

	
8.76




	
TH-94

	
397.23

	
14.90

	
0.96

	
0.33

	
0.29

	
0.20

	
1.85

	
0.08

	
23.13

	
192.71

	
8.33

	
0.10

	
447.00

	

	
2.91

	
4.53




	
TH-95

	
402.73

	
16.07

	
1.15

	
0.46

	
0.01

	
0.65

	
1.75

	
0.50

	
3.50

	
152.17

	
43.48

	
0.27

	
448.00

	

	
2.50

	
155.25




	
TH-96

	
406.64

	
53.45

	
1.25

	
0.56

	
0.19

	
0.65

	
2.32

	
0.62

	
3.74

	
185.60

	
49.60

	
0.22

	
450.00

	

	
2.23

	
9.02




	
TH-97

	
407.10

	
24.57

	
1.28

	
0.46

	
0.08

	
0.86

	
1.89

	
0.87

	
2.17

	
147.66

	
67.97

	
0.31

	
450.00

	
0.98

	
2.78

	
20.84




	
TH-98

	
418.00

	
6.44

	
1.24

	
0.59

	
0.07

	
0.53

	
1.44

	
0.74

	
1.95

	
116.13

	
59.68

	
0.27

	
460.00

	

	
2.10

	
22.62




	
TH-99

	
418.10

	
10.97

	
0.49

	
0.44

	
0.11

	
0.39

	
0.71

	
0.58

	
1.22

	
144.90

	
118.37

	
0.35

	
461.00

	
1.06

	
1.11

	
6.01




	
TH-100

	
423.80

	
8.79

	
1.15

	
0.43

	
0.01

	
0.35

	
2.51

	
0.46

	
5.46

	
218.83

	
40.10

	
0.12

	
460.00

	

	
2.67

	
154.85




	
TH-101

	
426.00

	
11.53

	
1.24

	
0.29

	
0.01

	
0.16

	
2.13

	
0.22

	
9.68

	
171.77

	
17.74

	
0.07

	
446.00

	

	
4.28

	
167.40




	
TH-102

	
426.80

	
21.65

	
1.21

	
0.40

	
0.18

	
0.46

	
1.38

	
0.60

	
2.30

	
114.05

	
49.59

	
0.25

	
462.00

	
1.09

	
3.03

	
9.33








TIC: total inorganic carbon; TOC: total organic carbon; TN: total nitrogen; TS: total sulfur; S1: free hydrocarbons; S2: hydrocarbons generated during Rock Eval pyrolysis; S3: carbon dioxide content in rock pyrolysis; S1 + S2: generative potential; PI: production index; Tmax: temperature with maximum hydrocarbon generation; HI: hydrogen index; OI: Oxygen index; Ro: Vitrinite reflectance.
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Table 3. Results of extractable organic matter (EOM) yields and the relative proportions of the saturated hydrocarbon fractions, aromatic hydrocarbon fractions and NSO compounds (EOM: extractable organic matter; Sat.: saturated hydrocabons; Aro.: aromatic hydrocarbons; NSO: heterocompounds; HCs.: saturated hydrocarbons + aromatic hydrocarbons).
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Sample ID

	
Depth (m)

	
Bitumen Extraction and Chromatographic Fractions (ppm of Whole Rocks)

	
HCs/EOM

	
Chromatographic Fractions of Bitumen Extraction (EOM wt.%)

	
TOC (wt.%)




	
EOM

	
Sat.

	
Aro.

	
NSO

	
HCs

	
Sat./EOM

	
Aro./EOM

	
NSO/EOM

	
HCs






	
TS-1

	
152

	
623.11

	
285.24

	
166.73

	
171.14

	
451.97

	
0.73

	
45.78%

	
26.76%

	
27.47%

	
72.53%

	
1.47




	
TS-2

	
166.6

	
2354.70

	
1384.70

	
801.26

	
168.74

	
2185.96

	
0.93

	
58.81%

	
34.03%

	
7.17%

	
92.83%

	
1.12




	
TS-3

	
182.47

	
2215.95

	
1359.00

	
681.26

	
175.69

	
2040.26

	
0.92

	
61.33%

	
30.74%

	
7.93%

	
92.07%

	
1.05




	
TS-4

	
184.28

	
2050.95

	
1284.56

	
432.65

	
333.74

	
1717.21

	
0.84

	
62.63%

	
21.10%

	
16.27%

	
83.73%

	
0.862




	
TS-5

	
199.92

	
1642.18

	
826.32

	
201.13

	
614.73

	
1027.45

	
0.63

	
50.32%

	
12.25%

	
37.43%

	
62.57%

	
0.29




	
TS-6

	
200.62

	
1315.13

	
684.29

	
341.53

	
289.31

	
1025.82

	
0.78

	
52.03%

	
25.97%

	
22.00%

	
78.00%

	
0.7




	
TS-7

	
202.12

	
1412.64

	
570.71

	
250.95

	
590.98

	
821.66

	
0.58

	
40.40%

	
17.76%

	
41.84%

	
58.16%

	
0.758




	
TS-8

	
206.48

	
1355.67

	
729.62

	
343.53

	
282.52

	
1073.15

	
0.79

	
53.82%

	
25.34%

	
20.84%

	
79.16%

	
0.85




	
TS-9

	
207.45

	
1282.74

	
513.26

	
315.35

	
454.13

	
828.61

	
0.65

	
40.01%

	
24.58%

	
35.40%

	
64.60%

	
0.37




	
TS-10

	
209.1

	
1085.16

	
784.62

	
152.03

	
148.51

	
936.65

	
0.86

	
72.30%

	
14.01%

	
13.69%

	
86.31%

	
0.14




	
TS-11

	
215.48

	
1379.15

	
717.39

	
255.36

	
406.40

	
972.75

	
0.71

	
52.02%

	
18.52%

	
29.47%

	
70.53%

	
0.562




	
TS-12

	
219.77

	
1248.24

	
742.27

	
199.41

	
306.56

	
941.68

	
0.75

	
59.47%

	
15.98%

	
24.56%

	
75.44%

	
0.752




	
TS-13

	
223.59

	
1643.01

	
975.56

	
350.95

	
316.50

	
1326.51

	
0.81

	
59.38%

	
21.36%

	
19.26%

	
80.74%

	
1.25




	
TS-14

	
228.85

	
1422.85

	
813.73

	
458.60

	
150.52

	
1272.33

	
0.89

	
57.19%

	
32.23%

	
10.58%

	
89.42%

	
0.94




	
TS-15

	
235.69

	
1664.29

	
831.76

	
335.23

	
497.30

	
1166.99

	
0.70

	
49.98%

	
20.14%

	
29.88%

	
70.12%

	
0.79




	
TS-16

	
264.95

	
1165.22

	
645.22

	
317.43

	
202.57

	
962.65

	
0.83

	
55.37%

	
27.24%

	
17.38%

	
82.62%

	
1.915




	
TS-17

	
287

	
1389.45

	
701.75

	
268.13

	
419.57

	
969.88

	
0.70

	
50.51%

	
19.30%

	
30.20%

	
69.80%

	
1.755




	
TS-18

	
290.23

	
1675.00

	
918.30

	
486.07

	
270.63

	
1404.37

	
0.84

	
54.82%

	
29.02%

	
16.16%

	
83.84%

	
1.68




	
TS-19

	
292.16

	
2350.98

	
1286.23

	
651.25

	
413.50

	
1937.48

	
0.82

	
54.71%

	
27.70%

	
17.59%

	
82.41%

	
2.35




	
TS-20

	
297.46

	
1339.35

	
865.32

	
333.65

	
140.38

	
1198.97

	
0.90

	
64.61%

	
24.91%

	
10.48%

	
89.52%

	
0.75




	
TS-21

	
299.13

	
1744.25

	
926.22

	
93.28

	
724.75

	
1019.50

	
0.58

	
53.10%

	
5.35%

	
41.55%

	
58.45%

	
0.63




	
TS-22

	
301.06

	
1479.29

	
920.70

	
217.29

	
341.30

	
1137.99

	
0.77

	
62.24%

	
14.69%

	
23.07%

	
76.93%

	
1.13




	
TS-23

	
320.15

	
3589.26

	
1918.64

	
563.96

	
1106.66

	
2482.60

	
0.69

	
53.46%

	
15.71%

	
30.83%

	
69.17%

	
0.86




	
TS-24

	
345.46

	
744.25

	
326.22

	
93.28

	
324.75

	
419.50

	
0.56

	
43.83%

	
12.53%

	
43.63%

	
56.37%

	
1.846




	
TS-25

	
346.31

	
1070.15

	
656.51

	
145.65

	
267.99

	
802.16

	
0.75

	
61.35%

	
13.61%

	
25.04%

	
74.96%

	
1.41




	
TS-26

	
348.12

	
1016.11

	
617.38

	
293.71

	
105.02

	
911.09

	
0.90

	
60.76%

	
28.91%

	
10.34%

	
89.66%

	
1.845




	
TS-27

	
353.57

	
512.15

	
329.13

	
112.18

	
70.84

	
441.31

	
0.86

	
64.26%

	
21.90%

	
13.83%

	
86.17%

	
1.22




	
TS-28

	
360.82

	
984.11

	
517.36

	
368.69

	
98.06

	
886.05

	
0.90

	
52.57%

	
37.46%

	
9.96%

	
90.04%

	
1.02




	
TS-29

	
402.73

	
1011.84

	
598.40

	
258.28

	
155.16

	
856.68

	
0.85

	
59.14%

	
25.53%

	
15.33%

	
84.67%

	
1.15




	
TS-30

	
406.64

	
1554.28

	
742.27

	
264.21

	
547.80

	
1006.48

	
0.65

	
47.76%

	
17.00%

	
35.24%

	
64.76%

	
1.25




	
TS-31

	
418

	
1662.22

	
992.23

	
254.14

	
415.85

	
1246.37

	
0.75

	
59.69%

	
15.29%

	
25.02%

	
74.98%

	
0.49




	
TS-32

	
426.1

	
1721.88

	
985.75

	
418.28

	
317.85

	
1404.03

	
0.82

	
57.25%

	
24.29%

	
18.46%

	
81.54%

	
1.24




	
average

	
1490.80

	
826.58

	
325.80

	
338.42

	
1152.38

	
0.77

	
0.55

	
0.22

	
0.23

	
0.77

	
1.08




	
TO-1

	
289.45

	
1339.35

	
865.32

	
333.65

	
140.38

	
1198.97

	
0.90

	
64.61%

	
24.91%

	
10.48%

	
89.52%

	




	
TO-2

	
327.5

	
2350.98

	
1286.23

	
651.25

	
413.50

	
1937.48

	
0.82

	
54.71%

	
27.70%

	
17.59%

	
82.41%

	




	
TO-3

	
367.7

	
1984.11

	
1517.36

	
368.69

	
98.06

	
1886.05

	
0.95

	
76.48%

	
18.58%

	
4.94%

	
95.06%

	




	
TO-4

	
387.8

	
2744.25

	
1726.22

	
593.28

	
424.75

	
2319.50

	
0.85

	
62.90%

	
21.62%

	
15.48%

	
84.52%

	




	
TO-5

	
418.3

	
1756.59

	
1455.18

	
208.58

	
92.83

	
1663.76

	
0.95

	
82.84%

	
11.87%

	
5.28%

	
94.72%

	




	
TO-6

	
423.2

	
2158.62

	
1668.04

	
458.22

	
32.36

	
2126.26

	
0.99

	
77.27%

	
21.23%

	
1.50%

	
98.50%

	




	
average

	
2055.65

	
1419.73

	
435.61

	
200.31

	
1855.34

	
0.91

	
0.70

	
0.21

	
0.09

	
0.91

	
2055.65
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Table 4. n-alkane and isoprenoid biomarker ratios.
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Samples ID

	
Depth (m)

	
n-Alkane and Isoprenoids

	
Triterpanes and Terpanes (m/z191)

	
Steranes and Diasteranes (m/z217)

	
Di-asterane/Sterane

	
Sterane/Hopane




	
Pr/Ph

	
Pr/C17

	
Ph/C18

	
CPI

	
C32 22S/(22S + 22R)

	
C29/C30

	
C31R/C30H

	
C30M/C30H

	
Ga/C30H

	
Ts/(Ts+Tm)

	
C29 20S/(20S + 20R)

	
C29ββ/(αα+ββ)

	
C27/C29

	
Regular Steranes (%)




	
C27

	
C28

	
C29






	
TS-1

	
152.00

	
0.78

	
0.51

	
0.76

	
1.06

	
0.61

	
0.45

	
0.18

	
0.16

	
0.42

	
0.85

	
0.35

	
0.45

	
0.50

	
0.28

	
0.15

	
0.56

	
0.56

	
0.32




	
TS-2

	
166.60

	
0.85

	
0.43

	
0.56

	
1.04

	
0.53

	
0.51

	
0.18

	
0.14

	
0.51

	
0.86

	
0.31

	
0.53

	
0.90

	
0.35

	
0.26

	
0.39

	
0.71

	
0.33




	
TS-3

	
182.47

	
0.76

	
0.56

	
0.69

	
1.10

	
0.59

	
0.42

	
0.18

	
0.13

	
0.40

	
0.62

	
0.32

	
0.53

	
0.50

	
0.27

	
0.20

	
0.53

	
0.66

	
0.21




	
TS-4

	
184.28

	
0.77

	
0.52

	
0.85

	
1.11

	
0.63

	
0.46

	
0.16

	
0.14

	
0.53

	
0.73

	
0.38

	
0.56

	
0.43

	
0.26

	
0.13

	
0.61

	
0.65

	
0.46




	
TS-5

	
199.92

	
0.92

	
0.55

	
0.71

	
1.12

	
0.52

	
0.48

	
0.19

	
0.14

	
0.41

	
0.77

	
0.36

	
0.52

	
0.47

	
0.25

	
0.22

	
0.53

	
0.82

	
0.30




	
TS-6

	
200.62

	
0.76

	
0.41

	
0.67

	
1.03

	
0.60

	
0.50

	
0.15

	
0.14

	
0.40

	
0.73

	
0.46

	
0.53

	
0.50

	
0.26

	
0.21

	
0.52

	
0.65

	
0.35




	
TS-7

	
202.12

	
0.70

	
0.52

	
0.93

	
1.06

	
0.58

	
0.49

	
0.15

	
0.14

	
0.32

	
0.55

	
0.32

	
0.46

	
0.72

	
0.33

	
0.22

	
0.46

	
0.96

	
0.32




	
TS-8

	
206.48

	
0.75

	
0.24

	
0.74

	
1.06

	
0.54

	
0.45

	
0.17

	
0.13

	
0.35

	
0.83

	
0.42

	
0.48

	
0.83

	
0.37

	
0.19

	
0.44

	
0.92

	
0.51




	
TS-9

	
207.45

	
0.65

	
0.60

	
0.53

	
1.10

	
0.60

	
0.44

	
0.18

	
0.13

	
0.37

	
0.45

	
0.46

	
0.55

	
0.48

	
0.26

	
0.20

	
0.54

	
1.03

	
0.31




	
TS-10

	
209.10

	
0.80

	
0.52

	
0.86

	
1.08

	
0.53

	
0.45

	
0.20

	
0.13

	
0.43

	
0.73

	
0.32

	
0.42

	
0.54

	
0.27

	
0.22

	
0.51

	
1.21

	
0.24




	
TS-11

	
215.48

	
0.89

	
0.58

	
0.35

	
1.09

	
0.57

	
0.51

	
0.17

	
0.15

	
0.75

	
0.89

	
0.30

	
0.47

	
0.72

	
0.33

	
0.21

	
0.46

	
1.25

	
0.38




	
TS-12

	
219.77

	
0.54

	
0.53

	
0.65

	
1.08

	
0.51

	
0.54

	
0.20

	
0.13

	
0.64

	
0.84

	
0.35

	
0.46

	
0.85

	
0.36

	
0.22

	
0.42

	
0.86

	
0.23




	
TS-13

	
223.59

	
0.74

	
0.63

	
0.82

	
1.09

	
0.53

	
0.52

	
0.21

	
0.13

	
0.48

	
0.72

	
0.30

	
0.48

	
0.79

	
0.35

	
0.21

	
0.44

	
0.80

	
0.24




	
TS-14

	
228.85

	
0.79

	
0.51

	
0.97

	
1.01

	
0.55

	
0.53

	
0.24

	
0.13

	
0.33

	
0.80

	
0.38

	
0.53

	
0.51

	
0.26

	
0.22

	
0.52

	
0.88

	
0.34




	
TS-15

	
235.69

	
0.75

	
0.64

	
0.70

	
1.02

	
0.58

	
0.51

	
0.19

	
0.14

	
0.25

	
0.47

	
0.38

	
0.43

	
0.73

	
0.34

	
0.20

	
0.46

	
0.75

	
0.27




	
TS-16

	
264.95

	
0.69

	
0.60

	
0.72

	
1.15

	
0.57

	
0.52

	
0.19

	
0.14

	
0.26

	
0.53

	
0.33

	
0.43

	
0.39

	
0.23

	
0.19

	
0.58

	
0.75

	
0.31




	
TS-17

	
287.00

	
0.72

	
0.52

	
0.73

	
1.06

	
0.52

	
0.49

	
0.18

	
0.14

	
0.22

	
0.61

	
0.38

	
0.46

	
0.46

	
0.24

	
0.24

	
0.52

	
0.97

	
0.38




	
TS-18

	
290.23

	
0.55

	
0.65

	
0.81

	
1.06

	
0.59

	
0.50

	
0.18

	
0.14

	
0.24

	
0.55

	
0.30

	
0.44

	
0.51

	
0.27

	
0.20

	
0.53

	
0.75

	
0.26




	
TS-19

	
292.16

	
0.66

	
0.51

	
0.30

	
1.13

	
0.53

	
0.42

	
0.20

	
0.12

	
0.33

	
0.56

	
0.43

	
0.53

	
0.47

	
0.25

	
0.21

	
0.54

	
1.16

	
0.17




	
TS-20

	
297.46

	
0.63

	
0.56

	
0.49

	
1.08

	
0.59

	
0.48

	
0.20

	
0.15

	
0.22

	
0.46

	
0.45

	
0.43

	
0.66

	
0.31

	
0.23

	
0.47

	
0.95

	
0.13




	
TS-21

	
299.13

	
0.78

	
0.54

	
0.34

	
1.10

	
0.63

	
0.39

	
0.21

	
0.11

	
0.34

	
0.77

	
0.41

	
0.54

	
0.64

	
0.31

	
0.21

	
0.49

	
1.29

	
0.17




	
TS-22

	
301.06

	
0.80

	
0.56

	
0.42

	
1.18

	
0.54

	
0.49

	
0.21

	
0.12

	
0.33

	
0.84

	
0.48

	
0.57

	
0.78

	
0.33

	
0.25

	
0.42

	
0.95

	
0.26




	
TS-23

	
320.15

	
0.90

	
0.43

	
0.32

	
1.19

	
0.63

	
0.46

	
0.31

	
0.13

	
0.38

	
0.61

	
0.44

	
0.55

	
0.85

	
0.36

	
0.23

	
0.42

	
0.92

	
0.23




	
TS-24

	
345.46

	
0.72

	
0.43

	
0.31

	
1.09

	
0.57

	
0.42

	
0.22

	
0.12

	
0.33

	
0.73

	
0.37

	
0.48

	
0.79

	
0.35

	
0.20

	
0.45

	
1.27

	
0.25




	
TS-25

	
346.31

	
0.76

	
0.56

	
0.38

	
1.11

	
0.57

	
0.41

	
0.25

	
0.16

	
0.58

	
0.75

	
0.44

	
0.48

	
0.79

	
0.33

	
0.24

	
0.43

	
1.19

	
0.11




	
TS-26

	
348.12

	
0.91

	
0.49

	
0.32

	
1.17

	
0.58

	
0.44

	
0.26

	
0.14

	
0.57

	
0.79

	
0.35

	
0.53

	
0.70

	
0.32

	
0.21

	
0.46

	
1.21

	
0.32




	
TS-27

	
353.57

	
0.68

	
0.42

	
0.43

	
1.08

	
0.58

	
0.41

	
0.30

	
0.13

	
0.60

	
0.85

	
0.33

	
0.52

	
0.72

	
0.33

	
0.20

	
0.46

	
1.42

	
0.19




	
TS-28

	
360.82

	
0.89

	
0.62

	
0.22

	
1.09

	
0.58

	
0.44

	
0.29

	
0.13

	
0.63

	
0.58

	
0.38

	
0.58

	
0.88

	
0.36

	
0.23

	
0.41

	
1.61

	
0.12




	
TS-29

	
402.73

	
0.91

	
0.43

	
0.32

	
1.07

	
0.60

	
0.42

	
0.29

	
0.13

	
0.46

	
0.63

	
0.34

	
0.52

	
1.07

	
0.38

	
0.27

	
0.35

	
1.25

	
0.23




	
TS-30

	
406.64

	
0.76

	
0.53

	
0.25

	
1.08

	
0.59

	
0.41

	
0.33

	
0.12

	
0.39

	
0.79

	
0.33

	
0.55

	
0.70

	
0.34

	
0.18

	
0.48

	
1.86

	
0.31




	
TS-31

	
418.00

	
0.76

	
0.64

	
0.22

	
1.08

	
0.56

	
0.46

	
0.32

	
0.16

	
0.33

	
0.84

	
0.38

	
0.63

	
1.15

	
0.39

	
0.28

	
0.34

	
1.29

	
0.21




	
TS-32

	
426.10

	
0.75

	
0.63

	
0.32

	
1.06

	
0.52

	
0.43

	
0.32

	
0.15

	
0.32

	
0.75

	
0.35

	
0.42

	
0.83

	
0.34

	
0.24

	
0.42

	
1.61

	
0.32




	
TO-1

	
289.45

	
0.61

	
0.34

	
0.85

	
1.17

	
0.55

	
0.46

	
0.22

	
0.11

	
0.23

	
0.70

	
0.39

	
0.35

	
0.58

	
0.30

	
0.18

	
0.52

	
1.16

	
0.18




	
TO-2

	
327.50

	
0.84

	
0.36

	
0.56

	
1.07

	
0.58

	
0.45

	
0.17

	
0.18

	
0.28

	
0.55

	
0.46

	
0.44

	
0.73

	
0.32

	
0.25

	
0.43

	
1.25

	
0.22




	
TO-3

	
367.70

	
0.72

	
0.23

	
0.56

	
1.12

	
0.59

	
0.38

	
0.25

	
0.19

	
0.32

	
0.76

	
0.45

	
0.43

	
0.83

	
0.42

	
0.09

	
0.50

	
1.54

	
0.25




	
TO-4

	
387.80

	
0.66

	
0.35

	
0.42

	
1.18

	
0.52

	
0.45

	
0.22

	
0.14

	
0.26

	
0.68

	
0.51

	
0.48

	
0.61

	
0.29

	
0.22

	
0.48

	
1.25

	
0.17




	
TO-5

	
418.30

	
0.81

	
0.54

	
0.38

	
1.15

	
0.64

	
0.45

	
0.30

	
0.13

	
0.56

	
0.83

	
0.43

	
0.49

	
0.74

	
0.36

	
0.16

	
0.48

	
1.68

	
0.16




	
TO-6

	
423.20

	
0.73

	
0.25

	
0.16

	
1.17

	
0.67

	
0.44

	
0.33

	
0.19

	
0.25

	
0.64

	
0.45

	
0.46

	
0.73

	
0.38

	
0.10

	
0.52

	
1.64

	
0.32
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Table 5. Natural gas composition results from the Hengtongshan Formation.
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	Depth (m)
	TG (%)
	C1 (%)
	C2 (%)
	C3 (%)
	In(c1/c2)
	In(c2/c3)
	Non-Hydrocarbon (%)





	222
	1.29
	1.27
	0.01
	0.00
	4.57
	2.39
	0.01



	224
	1.20
	1.17
	0.01
	0.00
	4.66
	2.22
	0.01



	237
	1.02
	0.93
	0.02
	0.00
	3.90
	4.12
	0.07



	249
	1.56
	1.43
	0.02
	0.00
	4.31
	2.17
	0.07



	250
	1.74
	1.64
	0.04
	0.00
	3.63
	2.32
	0.03



	253
	1.59
	1.45
	0.07
	0.01
	2.99
	2.22
	0.03



	257
	1.35
	1.29
	0.04
	0.00
	3.45
	2.43
	0.01



	258
	2.81
	2.70
	0.08
	0.00
	3.50
	2.85
	0.01



	259
	0.56
	0.52
	0.02
	0.00
	3.05
	2.94
	0.01



	260
	1.20
	1.15
	0.04
	0.00
	3.35
	2.87
	0.01



	264
	0.83
	0.76
	0.04
	0.00
	2.92
	3.45
	0.03



	265
	2.10
	2.07
	0.02
	0.00
	4.46
	2.01
	0.00



	268
	2.28
	2.18
	0.07
	0.01
	3.40
	2.42
	0.01



	271
	1.22
	1.13
	0.06
	0.00
	3.02
	2.82
	0.03



	272
	1.38
	1.31
	0.06
	0.00
	3.04
	3.30
	0.00



	273
	0.41
	0.37
	0.01
	0.00
	3.56
	2.36
	0.06



	274
	2.89
	2.75
	0.11
	0.00
	3.26
	3.08
	0.01



	275
	3.22
	3.17
	0.04
	0.00
	4.35
	3.71
	0.00



	277
	2.32
	2.14
	0.08
	0.00
	3.25
	3.35
	0.04



	278
	3.86
	3.77
	0.07
	0.00
	3.95
	3.64
	0.01



	284
	1.98
	1.87
	0.06
	0.00
	3.41
	3.43
	0.03



	285
	0.96
	0.87
	0.01
	0.00
	4.10
	1.68
	0.07



	287
	1.06
	1.01
	0.02
	0.00
	3.95
	1.80
	0.02



	288
	1.37
	1.32
	0.02
	0.00
	4.48
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