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Abstract

:

Saturated hydrocarbons are widely used in the valuation of source rocks and oils, but the applicability of related parameters has received less attention. Based on the thermal simulation experiments on Mesozoic source rocks in the Yingen-Ejinaqi Basin, and the GC-MS analysis of the saturated hydrocarbon fractions of the expelled oils and extracts from solid residues, the applicability of the parameters related to lacustrine source rocks and oil were discussed. The results indicated that: Controlled by thermal degradation, both the relative abundance of the tricyclic terpenoids in terpenoids and the pregnane (including L pregnane) in steroids increased with the increase in maturity. Maturity had little effect on some environmental parameters of lacustrine source rocks and oils, such as Pr/Ph and gammacerane index, they were still effective even at the high-over maturity stage. But maturity had a significant influence on the method of using saturated hydrocarbons to identify the source of organic matter, because only at the thermal stage of Ro < 1.45%, might it effectively identify the source of organic matter by using the dominant peak of n-alkanes method and the relative abundance of C27–C29 steranes method. Most saturated hydrocarbon maturity parameters had their valid scope of application, such as C29 20S/(20S + 20R) steranes, C29αββ/(ααα + αββ) steranes and C31αβ22S/(22S + 22R) homohopanes were only effective when the Ro value was below 2.06%, for the parameter’s value would be “inverted” in the stage of over-maturity (Ro > 2.06%). However, the parameter Ts/(Ts + Tm) was effective in the whole thermal evolution process, reflecting good applicability. This study clarifies the validity of the application of commonly used saturated hydrocarbon parameters, and it can provide some reference for relevant studies.
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1. Introduction


Molecular markers refer to a kind of compound that exists in sediments and petroleum and carries information related to the biological, chemical, physical and geological processes it has experienced, by virtue of its molecular stereochemical structure, series combination patterns, isotopic composition characteristics, etc. [1]. Molecular markers are widely used in the study of organic geochemistry because they contain abundant information [2,3,4,5]. Saturated hydrocarbon biomarkers are the most widely used molecular markers, and its research degree is higher than others. Based on the exploration of the distribution law of the saturated hydrocarbons, many parameters have been established, and the parameters are widely used to indicate the characteristics of organic matter source, sedimentary paleoenvironment, maturity, etc. [6,7,8,9]. For example, the parameters commonly used in the study of organic matter sources are nC21−/nC22+, C27/C29 steranes, etc. [6,7,10]. The parameters commonly used to indicate the paleoenvironment of organic matter deposition are Pr/Ph, gammacerane index (gammacerane/C30 hopane), etc. [6,7,11]. The maturity parameters mainly include C2920S/(20S + 20R) steranes, C29αββ/(ααα + αββ) steranes, Ts/(Ts + Tm) trisnorhopanes, C31αβ22S/(22S + 22R) homohopane, etc. [7,12,13,14,15]. These parameters were widely used in the evaluation of source rocks and oils, but the applicability had not received enough attention. A few scholars have discussed the application effectiveness of some saturated hydrocarbon parameters, but their understanding of the scope of application varied greatly [1,16,17]. Taking the maturity parameter C2920S/(20S + 20R) steranes for example, Sun et al. [16] based on thermal simulation experiments and believed that the parameter was still effective in the high maturity stage. Zhao et al. [15] believed that this parameter would reach an equilibrium value when the vitrinite reflectance (Ro) is approximately equal to 0.8%, and it could not indicate the maturity of higher mature source rocks and oils.



Lacustrine source rocks are widely distributed, especially in the Mesozoic of northern China. Lacustrine deposits are a field of interest for petroleum exploration and exploitation in China, with several large oil fields having been discovered in these lacustrine basins such as the Ordos, Songliao, Bohaiwan, etc. [18,19,20,21,22]. Compared with the marine source rocks, the heterogeneity of lacustrine source rocks is stronger, the influencing factors on saturated hydrocarbon parameters are more complex, and the same is true for the oils generated by lacustrine source rocks [23,24,25]. The extensive application of saturated hydrocarbon parameters to lacustrine source rocks/oils makes it highly necessary to study their applicability, but the strong heterogeneity of lacustrine organic matter also brings great difficulties to the related study.



Thermal simulation experiments not only make it possible to study the characteristics of hydrocarbon generation and expulsion of source rocks but also provide an effective way to study the applicability of biomarker parameters [26,27,28,29]. We can establish an immature to over-mature thermal evolution sequence by analyzing the experimental residues and hydrocarbon generation products at different temperature points. Then, we can conduct research on the evolution characteristics of biomarkers and the applicability of some parameters to source rocks/oils [30,31,32,33,34]. What is more important, compared with the study using many source rock/oil samples in a certain area, thermal simulation experiments provide an effective way to study the pure same type source rocks and extreme homologous oils.



In this study, saturated hydrocarbon biomarker parameters were evaluated by closed-system pyrolysis experiments using a Mesozoic lacustrine source rock from the Yingen-Ejinaqi Basin, thereby assuring a uniform source. Pulverized rock aliquots (200 mg) were reacted with water at temperatures ranging from 250 to 550 °C at 5 °C/min and the saturated hydrocarbon fractions of expelled oils and extracts of the solid residue were analyzed by GC-MS. The research results will have a good guiding significance for the application of biomarker parameters to lacustrine source rocks/crude oil.




2. Samples and Methods


2.1. Samples


The Yingen-Ejinaqi Basin is located in the Inner Mongolia Autonomous Region of northwest China (Figure 1a), which is a Mesozoic rift basin developed on the Precambrian crystalline block and Paleozoic fold basement [35,36,37,38,39]. Suhongtu depression (longitude 102°05′–106°10′, latitude 40°50′–41°50′) is a secondary tectonic unit of Yingen-Ejinaqi Basin, which is located in the north part of the basin (Figure 1b) [40,41]. The sedimentary strata of the Suhongtu depression include the Lower Cretaceous Bayingobi formation (K1b), Suhongtu formation (K1s) and Yingen formation (K1y), the Upper Cretaceous Wulansuhai formation (K2w) and the Quaternary from bottom to top. The main exploration target Bayingobi formation can be divided into three sections, namely the first member of the Bayingobi formation (K1b1), the second member of the Bayingobi formation (K1b2) and the third member of the Bayingobi formation (K1b3) from bottom to top, respectively (Figure 1c) [36,40,41]. Among them, K1b2 was mainly formed in a deep-semi deep lake environment, dominated by fine sediment, and formed the main source rock within the basin [42,43,44,45]. The lithology of the source rocks in this formation was mainly dark gray-black limestone, which had a good hydrocarbon generation potential. The samples in this study were collected from well H2 in the Suhongtu depression, the lithology of the samples was dark grey limestone and developed in K1b2 (Figure 1c).



Based on the previous test and analysis data, the geochemical characteristics of the sample were known, as the data listed in Table 1. Total organic carbon content (TOC) of the sample was 6.05%, the Rock-Eval parameters S1 + S2 value (hydrocarbon generation potential) and Tmax value were 14.34 mg/g and 436 °C, respectively, the chloroform bitumen “A” contents were 0.3355%, the δ13CPDB of chloroform bitumen “A” content was −28.4‰, the hydrogen index (HI) was 222 mgCO2/gTOC, and the measured Ro value was 0.56%. According to the “Geochemical evaluation standard of terrestrial hydrocarbon source rock” [46], the sample was a type II2 kerogen (Figure 2a,b) and low-mature source rock with extremely high organic matter abundance.




2.2. Closed System Thermal Simulation Experiments


In order to obtain source rock and oil samples with different maturities, thermal simulation experiments (also called hydrocarbon generation and expulsion simulation experiments) were carried out on the collected samples in a closed system, and the device was the SPY-4 HTHP (high-temperature and high-pressure) simulator. Samples were crushed into particles with a size of fewer than 80 meshes, and the particles were mixed evenly, all these to ensure a complete hydrocarbon generation reaction of samples. The material selected for the reactors was KA4145 high-temperature and high-strength alloy steel, with an inner diameter of 25 mm, and a height of 90 mm. Each target temperature point used a high-temperature and high-pressure reactor filled with the crushed samples, and the weight of each sample was 200 mg. Each reactor was filled with a certain amount of distilled water, and the mass ratio of sample to water was 5:1. Then the reactor was sealed and put into a heating furnace for a thermal simulation experiment of hydrocarbon generation and expulsion. The 10 target temperature points were set, they were 250 °C, 300 °C, 350 °C, 375 °C, 400 °C, 425 °C, 450 °C, 475 °C, 500 °C and 550 °C, respectively. The reactors were heated from the room temperature to the target temperature and maintained for 24 h, the heating rate was 5 °C/min. At the end of the experiments, the valves were opened, the liquid hydrocarbon products expelled from the experiment were collected, and cooled in distilled water, and extracted the liquid hydrocarbons in distilled water with dichloromethane, these liquid hydrocarbons were recorded as expelled oil 1. After the reactor cooled down, we opened the reactor and collected the residual samples, the solid residues at different temperatures represent source rock samples with different maturities. At the same time, the pipeline, the inner wall of the reactor, and hydrocarbon discharge valves were cleaned using dichloromethane, the liquid hydrocarbon was collected in the same way, which was recorded as expelled oil 2. The total amount of the expelled oil was a sum amount of expelled oil 1 plus expelled oil 2.




2.3. Soxhlet Extraction and Hydrocarbon Separation


Ten collected solid residues were conducted Soxhlet extraction to obtain soluble organic matter (EOM, also named extract). The experiment was carried out in a Soxhlet extractor (CN61M/STSXT model, and made in China), the weight of each sample used was approximately 30–40 mg, the solvent used was a mixture of chloroform and methanol (93:7 v:v), and the extraction time was 72 h. The experimental process was based on a published method [7].



Hydrocarbon separation was carried out on 10 expelled oils and 10 extracts to obtain saturated hydrocarbon fractions. Specifically, the chromatographic column was filled with the adsorbent (silicagel and aluminum oxide), and the samples (oils and extracts) were injected into it. Then, we rinsed the chromatographic column with n-hexane, dichloromethane + n-hexane (2:1, v/v), and methanol in turn, to obtain saturated hydrocarbon, aromatic hydrocarbon, and non-hydrocarbon fractions, respectively.




2.4. Vitrinite Reflectance Measurement


First, kerogen was separated from 10 extracted solid residues using physical and chemical methods, and the kerogen samples were prepared. Secondly, took a small amount of kerogen to make optical films, the method was to mix the kerogen with the consolidation agent for curing and molding, grind it with sandpaper, and polish it with polishing liquid to complete the optical film production. After drying, the optical films were placed under the ZEISS Axio microscope to analyze the reflectance of vitrinite macerals of kerogen. The ZEISS Axio microscope was made in Germany, whit the manufacturer was Zeiss Axio. The measurement system adopted the TIDAS PMT IV photometer (TIDAS MSP 200 model, and made in Germany) and MSP200 test software. In order to ensure the accuracy of data, at least 30 measuring points should be carried out for each sample, and the average value was taken as the vitrinite reflectance of the samples.




2.5. Gas Chromatography-Mass Spectrometry (GC–MS) Analysis


The saturated hydrocarbon fractions of 10 oils and 10 extracts were analyzed by gas chromatography-mass spectrometry (GC-MS), for specific experimental methods, refer to [44]. The GC–MS analyses were performed on an Agilent 7890A gas chromatograph and an Agilent 5977A mass spectrometer, the chromatographic columns were Agilent HP-5, with the size was 30 m × 0.25 mm × 0.5 μm (All these equipments were produced in the United States by Agilen). The heating procedure was as follows: the initial temperature was 50 °C, kept this temperature for 2 min, then raised the temperature to 310 °C at a 3 °C/min heating rate, and maintained this temperature for about 18 min. The carrier gas was He, the constant flow mode was adopted, and the flow rate was 1 mL/min. The scanning mode of the mass spectrometer was set to full scan (Full Scan) and multi-ion detection (MID).





3. Results


3.1. Maturity


The results of the Ro measurement of 10 kerogen samples were shown in Table 2; the temperature increased from 250 °C to 550 °C, the Ro values increased from 0.62% to 2.39%. Therefore, a low mature-mature-high mature-over-mature thermal evolution sequence of source rocks was established. As for oils, it is still impossible to quantify the maturity, but under the same thermal simulation experiment, oil should have a similar thermal evolution degree with its source rock. In this study, Ro values of experimental solid residues were used to quantitatively characterize the maturity of the corresponding expelled oils.




3.2. Content of EOMs


As shown in Figure 3, with the Ro values increased from 0.62% to 2.39%, the chloroform bitumen “A” content of solid residues decreased from 0.2382% to 0.0290%. A gradual decrease in the content of EMOs was shown in source rocks with the increase om maturity, and the relationship between them presented a power function relationship. The decreases in the content of EMOs might be due to hydrocarbon expulsion from the source rocks. This speculation could be reflected in the hydrocarbon generation rate curve because the hydrocarbon generation rate of the source rocks continued to increase with the increase in maturities (Figure 3). The Ro values increased from 0.62% to 2.39%, the hydrocarbon generation rate increased from 0.07% to 1.59%. The increasing trend of the hydrocarbon generation rate and the decreasing trend of chloroform bitumen “A” content presented a “mirror image” relationship, indicating that there might be a certain internal relationship between them, the decrease in chloroform bitumen “A” content most likely due to the conversion of some soluble organic matter into hydrocarbons and expelled from the source rocks. At the same time, it was obvious that the increase in hydrocarbon generation rate was significantly greater than the decrease in chloroform bitumen “A” content, it was because that not only the soluble organic matter generated hydrocarbons but also the kerogen had a great contribution to hydrocarbon generation in the thermal evolution process of source rocks.




3.3. Relative Abundance of Saturated Hydrocarbons


As shown in Figure 4, with the increase in the maturities, the relative abundance of saturated hydrocarbons in group components of EMO in source rocks and the expelled oils showed different evolution characteristics. The relative abundance of saturated hydrocarbons in EOMs showed characteristics of “increased firstly, tended to be stable secondly”, namely increased rapidly with the increase in maturity at the early stage (Ro < 0.8%), changed little at the late stage (Ro > 0.8%, Figure 4a). However, the change in the relative abundance of saturated hydrocarbons in group components of expelled oil was relatively simple (Figure 4b); the relative abundance continuously decreased with the increase in maturities, while the relative abundance of non-hydrocarbon + asphaltene and the aromatic hydrocarbons continuously increased with the increase in maturities.




3.4. Bulk Composition of the Saturated Fraction


3.4.1. n-Alkanes


As shown in Figure 5 and Figure 6, the bulk composition of the n-alkanes in extracts and oils showed different variation characteristics in the first half stage of the thermal simulation experiments (Ro < 1.79%, Figure 7a). The bulk composition of the n-alkanes in extracts showed the characteristics of “main peak moved forward, the relative abundance of the light-molecular-weight n-alkanes gradually increased” with the increase in maturity, as the Ro increased from 0.60% to 1.79%, the relative abundance of light to heavy ratios (ΣnC21−/ΣnC22+) increased from 0.094 to 1.047 (Table 3), which might be due to thermal cracking of long-chain n-alkanes [47,48]. At this stage, the bulk composition of the n-alkanes in oils showed characteristics of “change slightly” with the increase in maturities, as the Ro increased from 0.60% to 1.79%, ΣnC21−/ΣnC22+ only floated between 1.089 and 1.182 (Table 3). However, the bulk composition of the n-alkanes in extracts and oils showed the same variation characteristics in the latter half stage of the thermal simulation experiments (Ro > 1.79%, Figure 7a). That was the relative abundance of light-molecular-weight n-alkanes decreased significantly with the increase in maturity. This phenomenon was also reported in the study of Li and Huang [31], who believed that the loss of light-molecular-weigh n-alkanes in the later stage of the thermal simulation was caused by high-temperature volatilization; the light-molecular-weight n-alkanes were easier to volatilize.




3.4.2. Terpenes


In the whole process of the thermal simulation experiments, with the Ro values increased from 0.60% to 2.39%, the tricyclic terpanes/hopanes ratios of extracts continuously increased from 0.13 to 0.58, and the tricyclic terpanes/hopanes ratios of oils continuously increased from 0.21 to 0.63 (Table 3). This indicated the bulk composition of terpenoids both in extracts and oils showed similar variation characteristics, it was the relative abundance of the more-carbon-cyclic terpanes decreased with the increase in maturity, while the relative abundance of tricyclic terpanes gradually increased with the increase in maturity (Figure 5, Figure 6 and Figure 7b). The higher relative abundance of tricyclic terpanes has been also found in high-mature or over-mature source rocks in other regions, such as Paleozoic marine source rocks in southern China [49]. It indicated that maturity had a strong influence on the distribution of terpenes, and it might be attributed to the thermal degradation that transforms the more-carbon-cyclic compounds into less-carbon-cyclic compounds of the terpanes.




3.4.3. Steroids


The most obvious variation in the bulk composition of steroids was that the relative abundance of pregnane (C21ααα pregnane) + L-pregnane (C22ααα methylpregnane) increased gradually with the increase in maturity, and both the extracts and the oils showed the same regularity. The only difference was that the relative abundance in extracts was lower than that in the oils of the same maturity (Figure 5, Figure 6 and Figure 7c). As with an increase in Ro from 0.60% to 2.39%, the values of the parameter (pregnane + L-pregnane)/regular steranes ratio ranged from 0.006 to 0.078 in extracts, and from 0.019 to 0.086 in oils (Table 3). Huang et al. [50] regarded that pregnanes (including pregnane and L-pregnane) were mainly derived from the biological hormones progesterol and progesterone; the side chain cleavage of regular steranes during thermal evolution, etc. They also believed that the pregnanes related to original sedimentary input accounted for only 10% to 20% of the total pregnanes, while pregnanes originating from thermal degradation accounted for 80% to 90%. Therefore, with the increase in the maturity, a large amount of pregnanes were formed by the cleavage of the side chain of regular steranes, and as a result, the relative abundance of pregnanes was higher and higher.






4. Discussion


4.1. Effects of Maturation on Paleosedimentary Environmental Parameters


On the study of the sedimentary paleoenvironment of oils/source rocks, the commonly used saturated hydrocarbon parameters are Pr/Ph (pristane/phytane), gammacerane index (gammacerane/C3017α(H), 21β(H) hopane) and so on. Pr/Ph ratio can be used to indicate redox conditions during deposition; Pr/Ph ratios lower than 0.5 imply strongly reducing and saline environments; Pr/Ph ratios ranging from 0.5 to 1.0 suggest anoxic or suboxic reducing conditions, and Pr/Ph ratios are greater than 1.0 represent suboxic to oxidizing environments [51,52,53,54]. Gammacerane mainly originates from tetrahymena and is formed under a reduction environment. A higher abundance of gammacerane is often an indicator of a strong reducing and hypersaline environment, and it is always related to the stratification of water [55,56,57,58]. As commonly used sedimentary environmental parameters, Pr/Ph and Gammacerane index were widely used, but the influence degree of the maturity on it was rarely concerned.



It could be seen from Table 3 and Figure 8, that with the increase in Ro values from 0.60% to 2.39%, the range of Pr/Ph ratios of the extracts was from 0.25 to 0.36, and the maximal changing amplitude was only ±0.06. Meanwhile, the Pr/Ph ratios of the oils were 0.42–0.54, and the maximal changing amplitude was also only ±0.06. It showed that the maturity had little effect on this parameter during the thermal evolution process for oils/source rocks. At the same time, in the whole process of thermal simulation experiments, the range of the gammacerane index of the extracts was from 0.27 to 0.33, the maximal changing amplitude was only ±0.03. And the gammacerane index of the oils was 0.21–0.27, the maximal changing amplitude was also only ±0.03. It also showed that the maturity had little influence on this parameter during the thermal evolution process. Conclusively, Pr/Ph and gammacerane index are little affected by the maturity, and they can be used as effective indicators not only for low maturity but also for over-mature source rocks/oils.




4.2. Effects of Maturity on Identification Methods of Organic Matter Source


4.2.1. n-Alkanes Distribution Pattern Method


The basic principle of using n-alkanes distribution pattern to indicate the biological source inputs of source rocks/oils is as follow: a higher relative abundance of low-molecular-weight n-alkanes (>nC23) with odd-even dominance reflects a higher contribution of land plants to biological source inputs, and an obvious advantage of medium-molecular-weight n-alkanes (nC15–nC21) with nC15 or nC17 as the main peaks carbon, and having no obvious odd-even dominance indicates the contribution of lower aquatic organisms and algae to biological source inputs [7,59,60,61,62,63]. However, maturity may have a great influence on the distribution of n-alkanes, which makes it not always effective to use this method to determine the parent source of organic materials. Qin et al. [47] believed that a high degree of thermal evolution would cause some n-alkanes to crack, consequently, long-chain n-alkanes become low-medium-chain n-alkanes due to the fracture of C-C bonds. Tang et al. [48] analyzed the distribution characteristics of n-alkanes in the process of petroleum cracking through pyrolysis simulation experiments; the results showed that before the cracking of the oils (the oil started producing a large amount of gaseous hydrocarbons), the high-molecular-weight n-alkanes in oils had already begun to pyrolyze; n-C15+ was cracked into nC6–nC14, and then nC6–nC14 was further cracked into nC1–nC5. Liu et al. [64] established a method to verify the validity of using n-alkanes to evaluate the biological source composition based on the kerogen micro-component data and made it clear that using the n-alkane distribution pattern to indicate the biological source inputs was only effective within a certain range of the maturity.



This study also confirmed that the method of using the n-alkane distribution pattern to indicate the biological source inputs was only effective for source rocks within a certain maturity range, but this method might not be applicable for oils. As the geochemistry data showed, the organic matter type of the original sample was typeⅡ2, and its biological source of organic matter should have the characteristics of “overall land plants and aquatic organisms mixed, land plants were slightly dominant”. Only in extract 1- extract 6 (Ro < 1.45%), did the distribution of n-alkanes have a “middle peak type” characteristic, and the main peak carbon was nC23–nC25, the conclusion of biological source inputs was consistent with the original rock. As for extract 7–10, due to the serious loss of the low-molecular-weight n-alkanes and incomplete peak type, it was difficult to use the n-alkane distribution pattern to identify the biological source inputs. The distribution of n-alkanes in 10 oils has a characteristic of “front peak type”, and the main peak was nC18–nC21, it was also difficult to identify the biological source inputs using the n-alkanes distribution pattern method (Figure 6).




4.2.2. Relative Abundances of C27–C29 Steranes Method


The relative abundances of C27–C29 steranes are an effective method to discriminate between different biological source inputs in specific cases [65]. For C27 steranes and C28 steranes mainly originate from lower aquatic algae, C29 steranes are probably associated with terrigenous plants or algae, so the distribution pattern of C27, C28 and C29ααα20R regular steranes is usually used to identify the biological source inputs [10,45,65,66,67]. However, the extent to which the maturity affects the relative abundances of C27, C28 and C29 steranes, is still unclear. As shown in this study, with the increase in maturity, the relative abundances of C27 steranes continued to increase both for extracts and oils (Table 3, Figure 9a,b), while the relative abundances of C29 steranes continued to decrease (Table 3 and Figure 9c). Only in extract 1–6 (Ro < 1.45%) and discharge oil 1–6, the distribution of C27, C28 and C29ααα20R regular steranes was characterized by an asymmetric “V” type in mass chromatograms, suggested that the relative abundances of C29 ααα20R regular steranes were higher than C27 ααα20R regular steranes, indicated that the biological source inputs of organic matter should have the characteristics of “overall mixed with land plants and aquatic organisms, but land plants were slightly dominant”, the conclusion was consistent with the original rock. However, if according to the data of extract 7–10 and discharge oil 7–10 (Ro > 1.45%), it indicated that the organic matter was mainly from aquatic organisms, the conclusion was an incorrect biogenesis conclusion because it was contradictory with the original rock. That was to say, only at a low-mature to high-mature thermal evolution stage (Ro < 1.45%), did the relative abundances of C27, C28 and C29 steranes effectively identify the biological source inputs of organic matter.





4.3. Validity of Maturity Parameters Related to Molecular Markers


C29 steranes maturity parameters are established according to the differences of the thermal stability caused by isomerization, the related parameters include C2920S/(20S + 20R) steranes, C29αββ/(ααα + αββ) steranes, etc. These parameters are considered to increase continuously with the increase in maturity, and their terminational values are 0.52–0.55 and 0.67–0.71, respectively [7,68,69]. The Ts/(Ts + Tm) ratio is a commonly used maturity parameter in terpenoid compounds, because Ts is a relatively stable compound, while Tm is more easily affected by thermal evolution, so the value of Ts/(Ts + Tm) increases gradually with the increase in the maturity, and the value will reach 0.51 at the late oil generation stage [7,69,70,71]. C31αβ 22S/(22S + 22R) homohopanes is also a commonly used maturity parameter; its indication principle to maturity is similar to C29 steranes-related parameters, and the value of this parameter increases with the increase in maturity due to isomerization [7].



According to the basic theory of these parameters, the values of the parameters should show a continuously increasing tendency with the increasing of maturity. However, it showed that these parameters may only be effective within a certain maturity range based on thermal simulation experiments. For example, the parameters C2920S/(20S + 20R) steranes, C29αββ/(ααα + αββ) steranes and C31αβ 22S/(22S + 22R) homohopanes were valid to evaluate the maturity at the stage of Ro < 2.06%, because these parameters had a negative correlation with Ro at the over-mature stage (Ro > 2.06%), making it invalid to evaluate the maturity (Figure 10). The possible causes of this phenomenon were the decomposition of the S-steranes and S-hopanes due to their poor thermal stability [1], making these parameters inapplicable to over-mature source rocks/oils. However, the parameter Ts/(Ts + Tm) had a continuous positive correlation with Ro during the whole thermal evolution process, indicating that this parameter had strong applicability to lacustrine source rocks/oils at any maturity (Figure 10d).





5. Conclusions


	(1)

	
The evolution characteristic of saturated hydrocarbons according to the thermal simulation experiments was as follows: Due to the thermal cracking, long-chain n-alkanes changed to medium-chain (or short-chain) n-alkanes with the breaking of the C-C bond, and it made the main peak of n-alkanes generally move forward in the thermal evolution stage of Ro < 1.80%. But at the stage of Ro > 1.80%, the loss of short-chain n-alkanes by thermal volatilization dominated the change of n-alkanes, making the relative abundance of long-chain n-alkanes continue to increase. Meanwhile, controlled by thermal degradation, the relative abundance of both the tricyclic terpenoids in terpenoids and the pregnane (including L pregnane) in steroids increased with the increase in maturity.




	(2)

	
Maturity had little effect on the environmental parameters of lacustrine source rocks and oils, such as Pr/Ph and gammacerane index, these parameters were still applicable even at the high over-maturity stage. However, the maturity had a significant influence on the method using saturated hydrocarbons to identify the source of organic matter, which made it only effective at the thermal stage of Ro < 1.45% to identify the source of organic matter by using the dominant peak of n-alkanes method and the relative abundance of C27–C29 steranes method.




	(3)

	
Most saturated hydrocarbon maturity parameters had their valid scope of application, such as C2920S/(20S + 20R) steranes, C29αββ/(ααα + αββ) steranes and C31αβ22S/(22S + 22R) homohopanes were only effective in the thermal stage of Ro < 2.06%, and the parameter values would be “inverted” in the stage of over-maturity (Ro > 2.06%). However, the parameter Ts/(Ts + Tm) was effective in the whole thermal evolution process, reflecting good applicability.
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Figure 1. Generalized map showing location (a), structural unit division (b), and stratigraphic column (c) of Yingen-Ejinaqi Basin, Sample locations are also plotted in the map, fm. = formation, thk = thickness, s.l. = sampling locations(the sampling locations was pointed by ‘←’). 
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Figure 2. HI versus OI cross plot (a) and HI versus Tmax cross plot (b), showing the type of organic matter of the sample, red dot represents the data projection point of the sample. 
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Figure 3. Chloroform bitumen “A” content and hydrocarbon generation rate versus Ro plot showing the variation of the content of EOMs and hydrocarbon-generation amount during the thermal evolution. 
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Figure 4. Group-components content versus Ro plot showing the changes in content of the group-components of the extracts and expelled oils. (a) extracts. (b) oils. 
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Figure 5. The m/z 85, m/z 191 and m/z 217 mass chromatograms showing the distribution of the saturated hydrocarbons (n-alkanes, terpanes and steranes, respectively) from the extracts of solid residues. Note: Pr = Pristane, Ph = Phytane, TTs = tricyclic terpanes; Ts = C2718α (H)-22,29,30-trisnorneohopane, Tm = C2717α (H)-22,29,30-trisnorhopane, 30H = C3017α (H), 21β (H) hopane, G = Gammacerane, 21P = C21ααα pregnane, 22P = C22ααα methylpregnane, 27αααR = C27ααα 20R stigmastane, 28αααR = C28ααα 20R stigmastane, 29αααR = C29ααα 20R stigmastane. 
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Figure 6. The m/z 85, m/z 191 and m/z 217 mass chromatograms showing the distribution of the saturated hydrocarbons (n-alkanes, terpanes and steranes, respectively) from the oils. Note: Meaning of the codes are as same as Figure 5. 
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Figure 7. ΣnC21−/ΣnC22+, tricyclic terpanes/hopanes and (pregnane + L pregnane)/regular steranes ratios versus Ro plots showing the variation of bulk compositions of the saturated fraction of the extracts and oils during the thermal evolution. Note: 21P = C21ααα pregnane, 22P = C22ααα methylpregnane. (a) ΣnC21−/ΣnC22+ ratios versus Ro plots. (b) tricyclic terpanes/hopanes ratios versus Ro plots. (c) (pregnane + L pregnane)/regular steranes ratios versus Ro plots. 
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Figure 8. Pr/Ph and G/30H ratios versus Ro plots showing the effects of maturation on paleosedimentary environmental parameters related to saturated hydrocarbons. (a) Pr/Ph ratios versus Ro plots. (b) G/30H ratios versus Ro plots. 
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Figure 9. C27/(C27 + C28) regular steranes, C27/C29 regular steranes and C29/(C27 + C29) regular steranes versus Ro plots showing the effects of maturity on the distribution of the regular steranes. (a) C27/(C27 + C28) regular steranes ratios versus Ro plots. (b) C27/C29 regular steranes ratios versus Ro plots. (c) C29/(C27 + C29) regular steranes ratios versus Ro plots. 
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Figure 10. C29αββ/(ααα + αββ), C2920S/20(S + R), C31αβ 22S/(22S + 22R) and Ts/(Ts + Tm) versus Ro plots showing the validity of the saturated hydrocarbons maturity parameters. (a) C29αββ/(ααα + αββ) ratios versus Ro plots. (b) C2920S/20(S + R) ratios versus Ro plots. (c) C31αβ 22S/(22S + 22R) ratios versus Ro plots. (d) Ts/(Ts + Tm) ratios versus Ro plots. 
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Table 1. Organic geochemical characteristics of the source rock sample in this study.
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	TOC (wt%)
	(S1 + S2) (mg/g)
	Chloroform Bitumen “A” (%)
	Ro (%)
	Tmax/°C
	δ13CPDBEOM (‰)





	6.05
	14.34
	0.3355
	0.56
	436
	−28.4
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Table 2. Ro data of residual samples.
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No.

	
Temperature (°C)

	
Ro/%

	
Measuring Number




	
Maximum

	
Minimum

	
Average






	
1

	
250

	
0.659

	
0.501

	
0.60

	
31




	
2

	
300

	
0.664

	
0.514

	
0.61

	
31




	
3

	
350

	
0.895

	
0.562

	
0.75

	
36




	
4

	
375

	
1.086

	
0.732

	
0.84

	
39




	
5

	
400

	
1.321

	
1.022

	
1.12

	
39




	
6

	
425

	
1.627

	
1.262

	
1.45

	
35




	
7

	
450

	
1.941

	
1.624

	
1.79

	
30




	
8

	
475

	
2.095

	
1.629

	
1.83

	
39




	
9

	
500

	
2.362

	
1.767

	
2.06

	
30




	
10

	
550

	
2.661

	
2.193

	
2.39

	
35
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Table 3. Saturated hydrocarbon parameters of the extracts and expelled oils during the thermal evolution.
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No.

	
Ro (%)

	
Bulk Compositions Parameters

	
Parent Source Parameters

	
Paleosedimentary Environmental Parameters

	
Maturity Parameters




	
A

	
B

	
C

	
D

	
E

	
F

	
G

	
H

	
I

	
J

	
K

	
L

	
M






	
extract 1

	
0.60

	
0.13

	
0.006

	
nC25

	
0.094

	
0.41

	
0.46

	
0.31

	
0.30

	
0.24

	
0.19

	
0.10

	
0.18

	
0.47




	
extract 2

	
0.61

	
0.13

	
0.007

	
nC25

	
0.116

	
0.42

	
0.44

	
0.31

	
0.30

	
0.25

	
0.2

	
0.12

	
0.19

	
0.47




	
extract 3

	
0.75

	
0.14

	
0.013

	
nC23

	
0.182

	
0.44

	
0.43

	
0.33

	
0.25

	
0.25

	
0.2

	
0.13

	
0.2

	
0.48




	
extract 4

	
0.84

	
0.18

	
0.017

	
nC23

	
0.236

	
0.47

	
0.43

	
0.33

	
0.28

	
0.25

	
0.21

	
0.14

	
0.23

	
0.48




	
extract 5

	
1.12

	
0.21

	
0.028

	
nC23

	
0.297

	
0.55

	
0.48

	
0.32

	
0.33

	
0.27

	
0.23

	
0.15

	
0.3

	
0.50




	
extract 6

	
1.45

	
0.23

	
0.036

	
nC23

	
0.502

	
0.7

	
0.55

	
0.31

	
0.26

	
0.3

	
0.25

	
0.19

	
0.4

	
0.52




	
extract 7

	
1.79

	
0.36

	
0.053

	
nC20

	
1.047

	
1.12

	
0.67

	
0.27

	
0.34

	
0.36

	
0.31

	
0.35

	
0.54

	
0.55




	
extract 8

	
1.83

	
0.39

	
0.055

	
nC20

	
0.506

	
1.16

	
0.69

	
0.27

	
0.36

	
0.37

	
0.32

	
0.35

	
0.55

	
0.56




	
extract 9

	
2.06

	
0.48

	
0.067

	
nC20

	
0.211

	
1.27

	
0.73

	
0.28

	
0.30

	
0.41

	
0.35

	
0.44

	
0.7

	
0.57




	
extract 10

	
2.39

	
0.58

	
0.078

	
nC20

	
0.194

	
1.35

	
0.78

	
0.30

	
0.33

	
0.38

	
0.33

	
0.44

	
0.8

	
0.53




	
oil 1

	
0.60

	
0.21

	
0.019

	
nC19

	
1.152

	
0.37

	
0.49

	
0.21

	
0.42

	
0.24

	
0.17

	
0.09

	
0.1

	
0.46




	
oil 2

	
0.61

	
0.22

	
0.02

	
nC19

	
1.142

	
0.38

	
0.50

	
0.21

	
0.45

	
0.24

	
0.17

	
0.10

	
0.1

	
0.46




	
oil 3

	
0.75

	
0.25

	
0.024

	
nC18

	
1.089

	
0.4

	
0.48

	
0.21

	
0.51

	
0.24

	
0.18

	
0.12

	
0.13

	
0.47




	
oil 4

	
0.84

	
0.27

	
0.029

	
nC20

	
1.152

	
0.48

	
0.47

	
0.25

	
0.52

	
0.24

	
0.18

	
0.12

	
0.13

	
0.48




	
oil 5

	
1.12

	
0.32

	
0.042

	
nC18

	
1.182

	
0.57

	
0.5

	
0.25

	
0.46

	
0.25

	
0.19

	
0.12

	
0.13

	
0.49




	
oil 6

	
1.45

	
0.36

	
0.048

	
nC18

	
1.144

	
0.6

	
0.49

	
0.24

	
0.53

	
0.26

	
0.20

	
0.15

	
0.16

	
0.50




	
oil 7

	
1.79

	
0.48

	
0.059

	
nC18

	
1.147

	
0.77

	
0.62

	
0.25

	
0.43

	
0.29

	
0.24

	
0.2

	
0.24

	
0.51




	
oil 8

	
1.83

	
0.50

	
0.062

	
nC21

	
0.903

	
0.8

	
0.65

	
0.24

	
0.45

	
0.30

	
0.25

	
0.21

	
0.26

	
0.51




	
oil 9

	
2.06

	
0.54

	
0.077

	
nC21

	
0.698

	
1.03

	
0.68

	
0.26

	
0.48

	
0.33

	
0.30

	
0.27

	
0.35

	
0.53




	
oil 10

	
2.39

	
0.63

	
0.086

	
nC21

	
0.337

	
1.13

	
0.72

	
0.27

	
0.54

	
0.30

	
0.28

	
0.28

	
0.38

	
0.50








Note: A = tricyclic terpanes/hopanes, B = (C21ααα pregnane + C22ααα methylpregnane)/regular steranes, C = Main peak of n-alkanes, D = ΣnC21−/Σ nC22+, E = C27 regular steranes/C29 regular steranes, F = C28 regular steranes/C29 regular steranes, G = Gammacerane/C3017α(H), 21β(H) hopane, H = pristane/phytane, I = C29 αββ/(ααα + αββ) steranes, J = C2920S/20(S + R) steranes, K = Ts/(Ts + Tm), Ts = C2718α(H)-22,29,30-trisnorneohopane, Tm = C2717α (H)-22,29,30-trisnorhopane, L = Ts/Tm, M = C31αβ 22S/(22S + 22R) homohopanes.
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