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This study focused on the typical lithofacies of well QY12-1-1 in Qikou Sag, carried out geochemical experiments, multi-temperature pyrolysis experiments and stepwise solvent extraction of soluble organic matter analysis, and established quantitative evaluation techniques for different occurrence states of medium mature shale. Shale oil with different lithologic facies and different occurrence states in the core section of the Shahejie Formation in the Qikou Sag was quantitatively evaluated. An improved four-step pyrolysis scheme of 300°C, 375°C, 400°C, and 600°C was developed to experimentally analyze shale oil core samples. The results indicated that the free oil content of the Es3 shale in the Qikou Sag was 1.1–8.06 mg/g (average of 4.19 mg/g); the mobile oil content accounted for 54.72%. The adsorbed oil content was 2.2–3.73 mg/g, with an average of 2.05 mg/g. The mobile, heavy free, and adsorbed oil contents were high in the thin, medium, and thick-lamellar mixed shale, as well as in the thin and medium-laminated calcareous shale. The mobile, heavy free, and adsorbed oil contents in the thin-layered mixed shale exceeded that in the medium-laminated felsic shale, with the thin-laminated felsic and thick-layered mixed shales exhibiting the content values. The newly established characterization method of hydrocarbons with different occurrence states exhibited good correlation with the conventional pyrolysis methods and the distributed solvent extraction results. Therefore, the proposed method can be used to study the occurrence mechanism of shale oil and a rapid evaluation of shale oil content.
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INTRODUCTION
The successful exploitation of marine shale formations in North America has reshaped the global energy landscape (EIA U.S., 2022; Breyer, 2012; Wood, 2011; Camp et al., 2013). In China, significant discoveries have been made while exploring continental shale oil in large basins, such as the Ordos, Songliao, and Bohai Bay. These discoveries have revealed the broad prospect for increasing oil storage and production and sustainable development in continental basins (Zou et al., 2022; Jiao et al., 2020; Gao et al., 2023; Guo et al., 2023; Xu et al., 2025). Shale oil exploration practices indicate that the shale formations having commercial mining potential are characterized by high oil content. The occurrence forms of shale oil primarily include the free and adsorbed states (Zhang et al., 2012; Zou, 2013). It is generally believed that free oil is crucial to shale oil production under the current technical conditions. Moreover, its content is a key factor affecting the commercial exploitation of shale oil (Jiang et al., 2016a; Tinnin et al., 2014; Liu et al., 2019). Therefore, the accurate characterization of the oil content of shale formations and the analysis of the quantities of shale oil in different states are of great significance for investigating the occurrence and enrichment laws of shale oil and optimizing favorable target areas for shale oil exploration (Li et al., 2017; Song et al., 2013).
Continental shale formations have strong heterogeneity, manifested in rapid lithology and lithofacies changes, as well as significant differences in the storage space and pore structure of shale (He et al., 2023; Fu et al., 2022; Zhao et al., 2023). These factors result in diverse occurrence forms of shale oil. However, the primary controlling factors for the enrichment of sweet spots remain unclear. Based on the characteristics of shale oil in different occurrence states, scholars have extensively explored several quantitative characterization methods (Jiang et al., 2016b; Pan and Liu, 2009; Yu et al., 2017; Chen and Zhang, 2017; Li et al., 2017; Li et al., 2018; Abrams et al., 2017; Romero-Sarmiento et al., 2016; Zhang et al., 2020). The current methods are stepwise solvent extraction and multi-temperature pyrolysis. In the stepwise solvent extraction method, multiple extractions of shale oil samples using solvents of varying polarities and conditions are involved. Owing to the different occurrence spaces and molecular polarities of the hydrocarbons, the free oil occurring in large pores and fractures is preferentially extracted. However, e the adsorbed oil in smaller pores or near pore walls, with stronger molecular polarity, requires more polar solvents and longer extraction times. Consequently, the shale oil quantity in different states can be quantitatively studied by employing reasonable extraction solvents and methods (Pan and Liu, 2009; Yu et al., 2017; Chen and Zhang, 2017). However, the operation is complex, requires high experimental acumen, and is plagued by challenges in terms of controlling the particle size. Moreover, the pore structure of the shale may cause the simultaneous extraction of free and adsorbed oil. The multi-temperature pyrolysis method involves characterization by setting temperature nodes to cause the shale oil in different occurrence states to release in segments. This method exploits the different thermal release temperatures of light hydrocarbons, heavy hydrocarbons, adsorbed hydrocarbons, and kerogen. Compared with the conventional two-stage pyrolysis, it can distinguish between adsorbed hydrocarbons and hydrocarbons pyrolyzed from kerogen. Moreover, it can more accurately characterize the occurrence state of shale oil. Although the multi-temperature stage pyrolysis method addresses several issues such as incomplete separation of conventional pyrolysis components and heavy hydrocarbon loss in conventional pyrolysis, there exists no unitive method suitable for every region (Jiang et al., 2016b; Li et al., 2017; Li et al., 2018; Abrams et al., 2017; Romero-Sarmiento et al., 2016; Zhang et al., 2020).
This study investigated the oil content and hydrocarbon occurrence states in typical lithological-facies types of organic-rich shale formations. Consequently, the free, adsorbed, and movable oil contents in the typical lithology-lithofacies types of the shale formation of the Shahejie Formation in the Qikou Sag were obtained. The results of this study provide reliable technical parameters for the selection of sweet spot intervals and calculation of shale oil resources.
GEOLOGICAL BACKGROUND
The Qikou Sag is located in the central–northern part of the Huanghua Depression. It is a sedimentary sag that has been developing since the Oligocene (Figure 1). Its structural pattern, characterized by more sags and fewer bulges and multiple sedimentation centers, has shaped the Paleogene features in the Qikou Sag, including various slope types. In the planar direction, the sag is centered around the Qikou main sag, with five broad and gentle slope structural areas extending from north to south, namely the Beitang Slope, Banqiao Slope, Qibei Slope, Qinan Slope, and Chenghai Slope (Zhao et al., 2016; Zhao et al., 2017). Thick mud shales have developed in the middle and lower parts of the slope zones. These not only serve as abundant sources of oil and gas for conventional oil and gas reservoirs, but the content of retained hydrocarbons provides favorable conditions shale oil accumulation (Zhou et al., 2020; Zhou et al., 2021).
[image: Map and diagrams illustrating geological features. (a) Map of China showing basin distribution. (b) Detailed map highlighting the Qianbei Sub-sag and surrounding areas. (c) Geological map of the Qikou Depression with slopes, depressions, and sample wells marked. (d) Stratigraphic column showing lithology profiles with layers like shale, sandstone, and limestone.]FIGURE 1 | (a) Simplified view of the outline of China. (b) Simplified distribution map of the tectonic units in the Bohai Bay Basin. (c) Enlarged view of the Qikou Sag of the Huanghua Depression of the Bohai Bay Basin. (d) Composite stratigraphic columnar section of the Bohai Bay Basin.The Paleogene of the Qikou Sag developed several sets of source rocks of the Es3 member, Es2 member, Es1 member, and Dongying Formation (Figure 1d). The Es3 member is one of the main hydrocarbon generating strata. Influenced by the source supply of the Cangxian, Gangxi, and Kongdian–Yangsanmu uplifts, the clastic material supply was sufficient. The near-provenance area, lake bay area, semi-deep lake area, and semi-deep lake-deep lake are dominated by the felsic shale, calcareous shale, mixed shale, and shale oil and gas (Pu et al., 2023), respectively. According to Zhou et al. (2024), most shale samples are characterized by high organic matter content (TOC content range of 0.6–1.3 wt%), and kerogen primarily are types II1 and II2. The distribution of Ro ranges across 0.8%–1.2%, with an average value of 0.92%, and the Tmax ranges across 435°C–450°C. The source rocks in this area are in the stage of medium maturity. This study focused on the Es3 member of the Shahejie Formation in the Qibei sub-sag, which has a high conventional oil and gas exploration degree and abundant data.
SAMPLES AND METHODS
Conventional pyrolysis method
Tis study performed a rock pyrolysis analysis using the Rock-Eval VI pyrolyzer equipped with a flame ionization detector. The pyrolysis steps and instrument parameters were adopted from the studies by Lafargue et al. (1990) and Behar et al. (2001). In our study, we measured 68 mudstone core samples of Es3 intervals from the QY12-1-1 well within the Qikou Sag of the Bohai Bay Basin.
Mineral composition
The total mineral composition of the specimens was obtained using X-ray diffraction modes with randomly oriented powders. The mineral composition was tested using a Bruker D33 PHASER X-ray diffractometer. Specimen preparation, experimental device, and analysis were described in detail using the Profex software (Gasparik et al., 2012).
Multi-temperature pyrolysis
In this study, the range of 150°C–600°C was divided into nine temperature segments (150°C–225°C, 225°C–250°C, 250°C–300°C, 300°C–325°C, 325°C–350°C, 350°C–375°C, 375°C–400°C, 400°C–425°C, and 425°C–450°C). Pyrolytic chromatography (PY–GC) was performed to explore the characteristics of the pyrolytic components. The commonly used heating rate of 25°C/min was used as the heating rate, and the residence time of 3 min was set for each temperature level. The specific heating program and related parameters were as follows. Heating was done starting from room temperature (20°C) to 300°C at a heating rate of 25°C/min and the temperature was set as constant for 3 min to obtain the S1-1 peak. Subsequently, heating was done up to 375°C and the temperature was kept constant for 3 min to obtain the S1-2 peak. Thereafter, heating was undertaken till 400°C and the temperature was constant for 3 min to obtain S2-1. Finally, heating was done till 650°C and the temperature was kept constant for 3 min to obtain the S2-2 peak. Here, the S1-1 peak represents the light oil components, the S1-2 peak represents the light and medium oil components, the S2-1 peak is primarily composed of heavy and polar compounds (resins + asphaltenes), and the S2-2 peak primarily comprises the hydrocarbons produced by the thermal decomposition of kerogen in the rock. The sum of S1-1 and S1-2 represents the amount of free oil in the shale. In addition, in terms of mobility speculation, as S1-1 characterizes light oil and it reflects the amount of actually movable oil, the sum of S1-1 and S1-2 reflects the maximum amount of movable oil. Further, the S2-1 peak represents the amount of adsorbed oil (heavy hydrocarbons and the hydrocarbons mutually soluble with kerogen) in the shale, and the S2-2 peak represents the remaining hydrocarbon generation potential of kerogen in the shale (Jiang et al., 2016a).
Stepwise solvent extraction of soluble organic matter
We employed the successive extraction method with different solvent combinations, including two solvent systems with different polarities: the weakly polar solvent was n-hexane and the strongly polar solvent combination was dichloromethane/methanol (volume ratio 93:7). To avoid the loss of light hydrocarbons owing to high temperatures, all extractions were performed at room temperature using ultrasonic-assisted cold extraction. This study followed the experimental methods of previous researchers (Qian et al., 2017; Zhang et al., 2019). It also should be noted that this stepwise extraction could not achieve a complete separation of different occurrence states of oil, but it has reflected the geological laws as much as possible (Qian et al., 2017; Zhang et al., 2019). The detailed steps are as follows.
Step1: The massive samples were weighed and placed separately in clean beakers. A certain amount of the weakly polar solvent n-hexane was added according to the solvent usage ratio, and the mixture was placed into an ultrasonic cleaner for ultrasonic treatment at 4,000 Hz for 10 min. Once completed the mixture was allowed to stand for 60 min. Thereafter, the extraction liquid was filtered and transferred to a new clean sample bottle and was numbered. The massive rock samples were washed three times with clean water and air dried for future use.
Step2: The air-dried massive samples were crushed into 200-mesh powder using a sample crusher. A certain amount of the sample was weighed and extracted with the weakly polar solvent n-hexane. The sample was put into an ultrasonic cleaner for ultrasonic treatment at 4,000 Hz for 10 min. Once completed, the sample was centrifuged at 4,000 r/min for 10 min. After solid–liquid separation, the extraction liquid was filtered and transferred to a new clean sample bottle and was numbered. The powdered sample was washed three times with clean water and air dried for future use.
Step3: A certain amount of the air-dried powdered sample in Step 2 was weighed and placed in a beaker. The strongly polar solvent dichloromethane was added according to the ratio of 1:5, and mixture was put into an ultrasonic cleaner for ultrasonic treatment at 4,000 Hz for 10 min. After completion, the sample was centrifuged at 4,000 r/min for 10 min. Following solid–liquid separation, the extraction liquid was filtered and transferred to a new clean sample bottle and was numbered. The collected extraction liquid was volatilized with the solvent at a low temperature, and then the extract was quantitatively determined by constant weight. Consequently, the extraction yield of each time was calculated.
The n-hexane extraction of the bulk sample in Step 1 reflects the small-molecule free oil, which is the movable oil. The n-hexane extraction of the powdered samples in Step 2 reflects the medium-to-large-molecule free oil. Finally, the cold extraction of dichloromethane:methanol (93:7) from the powdered sample in Step 3 reflects the bound oil.
RESULTS
Mineral composition and rock facies types
The shale mineral composition of the Es3 member of Shahejie Formation is complex, primarily comprising quartz, plagioclase, calcite, iron dolomite, clay minerals, and a small amount of siderite and pyrite. The quartz content ranges as 12.21%–51.38%, with an average content of 30.74%. The content of plagioclase ranges as 2.2%–24.6%, with an average content of 7.7%. The content of ferridolomite in the carbonate minerals ranges as 0%–49.25%, with an average content of 8.29%. Further, the calcite content is 5.1%–43.2%, with an average of 18.09%. Finally, the average clay mineral content is 28.98%, which is primarily composed of illite, illite/monzite, chlorite, and a small amount of kaolinite. With clay, felsic (quartz and feldspar), and carbonate (calcite and dolomite) minerals as the three end-elements and 50% of each mineral content as the dividing line, the shale in the study area is divided into four rock types (Figure 2). According to the distribution of shale points in the three-terminal element diagram, the shale of the Es3 member of the Shahejie Formation is primarily mixed shale, followed by felsic shale. According to the sedimentary structure and the thickness of the sedimentary layer, the fine-grained sedimentary rocks can be divided into thin laminar (<1 mm), medium laminar (1–5 mm), thick laminar (5–1 cm), thin laminar (1–10 cm) and thick laminar (>10 cm). In this study, 12 lithofacies were classified through core observation and thin section identification (Table 1). The shales of the Es3 member in the Qikou Sag mainly develop four lithofacies (i.e., thin-lamellar mixed shale (Figure 3a), meso-lamellar mixed shale (Figure 3b), thin-layered mixed shale (Figure 3c), and thick-layered mixed shales (Figure 3d)). Calcareous shale occurs in the form of interlayers and can be divided into thin-lamellar calcareous shale (Figures 3e,h,i), meso-lamellar calcareous shale (Figure 3F), and thick-lamellar calcareous shale (Figure 3g). Felsic shales are sporadically developed and occur in the form of intercalations (Figures 3k–m).
[image: Ternary diagram showing the composition of shales. The vertices represent weight percentages of carbonate, clay, and quartz plus feldspar. Regions labeled as Calcareous Shale, Clay Shale, Mixed Shale, and Felsic Shale contain data points.]FIGURE 2 | Mineral composition of the Es3 member of the Shahejie Formation.TABLE 1 | Rock facies types of the Es3 member of Shahejie Formation.	Rock type	Lithofacies	Ratio (%)
	Mixd shale	Thin-lamellar mixed shale	19.10
	Meso-lamellar mixed shale	26.39
	Thick-lamellar mixed shale	8.33
	Thin-layered mixed shale	31.25
	Thick-layered mixed shale	2.78
	Calcareous shale	Thin-lamellar calcareous shale	2.78
	Meso-lamellar calcareous shale	1.39
	Thick-lamellar calcareous shale	1.39
	Thin-layered calcareous shale	2.08
	Felsic shale	Meso-lamellar felsic shale	1.39
	Thick-lamellar felsic shale	1.04
	Meso-layered felsic shale	2.08


[image: A collection of twelve panels (a to m) showing images of sediment samples and their microscopic textures. Each panel highlights variations in sediment layering and composition, with some panels displaying close-up views of sediment particles, textures, and stratification. The scale bar indicates measurements in millimeters, providing a reference for size and detail.]FIGURE 3 | The microscopic photos of samples from the third section of the Qikou Sag. (a)-The thin-lamellar and meso-lamellar mixed shale interbedding, Well QY 12-1-1, 4,018.37 m; (b)-The thick-lamellar mixed shale (under single polarized light), Well QY 12-1-1, 4,016.03 m; (c)-The thin-layered mixed shale with low clay content (under single polarized light), Well QY 12-1-1, 4,043.73 m; (d)-The thick-layered mixed shale with high clay content (under single polarized light), Well QY 12-1-1, 4,066.73 m; (e)-The thin-lamellar calcareous shale, Well QY 12-1-1, 3,997.24 m; (f)-The meso-lamellar calcareous shale and thin-lamellar calcareous shale interbedding thin sections, Well QY12-1-1, 4,000.02 m; (g)-The thick-lamellar and thin-lamellarcalcareous shale interbedding thin sections, Well QY 12-1-1, 4,014.04 m; (h)-The thin-lamellar calcareous shale thin section (under single polarized light), Well F39X1, 4,382.30 m; (i)-The thin-lamellar calcareous shale thin section (under crossed polarized light), Well F39X1, 4,382.30 m; (j)-The meso-lamellar mixed shale and thin-lamellar felsic shale interbedding thin sections, Well F39X1, 4,372.90 m; (k)-The meso-lamellar felsic shale thin sections (under single polarized light), Well QY 12-1-1, 4,064.56 m; (l)-The meso-lamellar felsic shale thin section (under single polarized light), Well QY 12-1-1, 4,064.56 m; (m)-The meso-lamellar felsic shale thin section (under single polarized light), Well QY 12-1-1, 4,064.56 m.Organic geochemical characterization
Based on the measured TOC, S1, and S2 of 68 samples from the Es3 member of the QY12-1-1 well, the TOC content of the Es3 member ranges as 0.43%–2.46%, with an average value of 1.23%. Approximately 75% of the samples had TOC content less than 2%, and the remaining 25% had TOC content greater than 2.0% and less than 4.0%. The content of S1 ranged as 0.36–5.89 mg/g, with an average value of 2.14 mg/g. The content of S2 ranged as 0.13–6.06 mg/g, with an average of 2.12 mg/g. The content of S1+S2 ranged as 0.72–11.64 mg/g, with an average value of 4.26 mg/g, and most of the samples ranged as 2–6 mg/g, which is a good source rock. According to the relative relationship between the S1 + S2 content, the hydrogen index (HI) content and the TOC content, the source rocks of the Es3 member in the study area are good source rocks. The Tmax-HI diagram was used to systematically evaluate the source rock types of the Es3 member. The HI of the Es3 member ranged as 71.40–361.83, with an average value of 232.20. The organic matter types of the Es3 member were primarily types Ⅱ1 and Ⅱ2, and a small amount of organic matter was of type Ⅲ (Figure 4).
[image: Three graphs display geochemical data. (a) Plot of S1 + S2 against TOC, graded from poor to excellent. (b) Plot of HI against TOC, also graded from poor to excellent with lines marking Type II and III kerogen. (c) Plot of HI against Tmax, showing regions for different thermal maturity levels with Ro values indicated by curves. Each graph contains clustered data points.]FIGURE 4 | (a) Correlations between total organic carbon (TOC) and the amount of S1 + S2 in the Es3 member. (b) TOC versus the hydrogen index (HI) of the Es3 member. (c) Plot of the temperature of maximum hydrocarbon generation (Tmax) versus the HI of the Es3 member.Multiple isothermal stages pyrolysis results
The results of the multiple isothermal stages of pyrolysis show that the pyrolysis products below 300°C are primarily normal alkanes. At 200°C, the main peak is C15. In addition, the signal value decreases sharply after C19 and gradually disappears after C25. From 200°C to 225°C, the main peak carbon number is C17. Compared with 200°C, high-carbon n-alkanes with more C19 are obtained, and the signal value extending to C25. Moreover, 225°C–250°C and 250°C–275°C have similar characteristics, wherein the main peak carbon number is C19 and C21, respectively, and an increasing heavy hydrocarbon component. At 300°C–375°C, a very small amount of olefins and light hydrocarbons (from the cracking of a small amount of colloidal asphaltenes) was observed, but more heavy n-alkanes were contained. After 375°C, light hydrocarbons and olefin were identified, showing the characteristics of cracked hydrocarbons. After 400°C, methane appeared, and the unsaturated hydrocarbon content greatly increased, indicating that kerogen began to crack (Figure 5). Therefore, a multi-temperature pyrolysis scheme suitable for the characterization of the occurrence state of shale oil in the Es3 member of the Qikou Sag was established: the amount of mobile oil was measured at 300°C for 3 min, that of medium and heavy free oil was measured at 375°C for 3 min, that of adsorbed oil was measured at 400°C for 3 min, and that of cracked hydrocarbon of kerogen was measured at 650°C (Figure 6).
[image: Eleven chromatograms depict temperature ranges from 200 to 450 degrees Celsius. Each panel shows peaks at different times, highlighting n-alkanes labeled in red, such as nC15, nC17, nC19, and nC22. Temperature intervals differ for each graph, illustrating chemical analysis over time with varying intensities.]FIGURE 5 | Pyrolysis gas chromatography characteristics with different temperatures of shale from the third member of the Shahejie Formation.[image: Graph showing FID signal against time, with temperature on a secondary axis. Initial peaks represent free hydrocarbon at T1 equals 300°C and adsorption hydrocarbon at T2 equals 375°C. Kerogen cracking hydrocarbon peaks at T4 equals 650°C. The heating rate is 25°C per minute. Dashed blue lines separate the phases.]FIGURE 6 | Newly established multi-temperature pyrolysis scheme.In terms of absolute content, the free oil content of the Es3 shale in the Qikou Sag ranged as 1.1–8.06 mg/g, with an average value of 4.19 mg/g. The mobile oil content accounted for 54.72%. The adsorbed oil content ranged as 2.2–3.73 mg/g, with an average value of 2.05 mg/g. A comparison of the established hydrocarbon characterization methods with conventional pyrolysis methods revealed a strong correlation between the total free oil from pyrolyzed hydrocarbon and the pyrolysis free oil in the Es3 member of the Shahejie Formation of well QY 12-1-1. The correlation coefficient reached 0.92 (Figure 7).
[image: Scatter plot displaying data points and a trend line. The x-axis is labeled \(S_1(\text{mg/g})\) and the y-axis is labeled \(S_{1-1} + S_{1-2}(\text{mg/g})\). The equation of the trend line is \(y = 0.99x + 0.24\) with an \(R^2\) value of 0.92.]FIGURE 7 | Relationship between S1 and (S1-1+S1-2) from the third member of Shahejie Formation Distribution of solvent extraction results.This study selected mixed shale and calcareous shale samples with good oil content across different lithofacies to perform a comparative analysis of shale oil occurrence states and verify the reliability of the established multi-temperature pyrolysis scheme. According to the proportion of extracts per unit mass of the sample and the proportion of extracts across different steps, the pyrolysis results after the second step of extraction showed that almost no residual hydrocarbon remained below 300°C. Further, the hydrocarbon content detected at 300°C–375°C was only approximately 0.09 mg/g, and the extraction rate of free oil at this stage exceeded 97%. Further, the multi-temperature pyrolysis experiment of the samples after solvent extraction confirmed the rationality of the characterization of shale-free oil by pyrolysis of hydrocarbons before reaching 375°C (Table 2; Figure 8).
TABLE 2 | Multi-temperature pyrolysis results from stepwise extraction.	Sample	S1 (mg/g)	S2 (mg/g)	TOC (%)	Step1	Step2	Step3	Extraction rate
%
	S1-1 (mg/g)	S1-2 (mg/g)	S2-1 (mg/g)	S2-2 (mg/g)	S1-1 (mg/g)	S1-2 (mg/g)	S2-1 (mg/g)	S2-2 (mg/g)	S1-1 (mg/g)	S1-2 (mg/g)	S2-1 (mg/g)	S2-2 (mg/g)	S1 (mg/g)	S2 (mg/g)
	QY1-1	6.02	7.55	2.9	0.35	1.69	1.82	2.32	0.02	0.09	0.76	1.79	0	0.03	0.46	1.4	99.50	75.36
	QY1-2	3.29	3.51	1.67	0.35	1.6	1.79	2.47	0.02	0.08	0.78	1.87	0	0.03	0.54	1.55	99.09	40.46


[image: Two line graphs labeled (a) and (b) show data for compounds QY1-19 and QY1-29 across four steps. Graph (a) depicts a sharp decrease for QY1-19 from 6.5 to near zero and a less steep decline for QY1-29 from 3.0. Graph (b) shows QY1-19 decreasing from 9.0 to near zero, while QY1-29 remains steady around 4.0, then declines to zero. QY1-19 is marked with orange squares, and QY1-29 with green circles.]FIGURE 8 | Quantitative variation of S1-1+S1-2 and S2-1+S2-2 values among each pyrolysis steps of the Stepwise Solvent Extraction.DISCUSSION
Oil bearing characteristics of different lithofacies
The multi-temperature pyrolysis data showed that the contents of mobile, heavy free, and adsorbed oil were high in the thin, medium, and thick-lamellar mixed shale, as well as in thin- and medium-lamellar calcareous shale. Among these, the thin-lamellar mixed shale exhibited higher contents of all three oil types than that in the medium- and thin-lamellar felsic shale. The content of the three types of thick-layered mixed shale was the lowest. In terms of relative content, the movable, heavy free, and adsorbed oil accounted for 55%, 33%, and 12% in the Es3 member of the Shahejie Formation. The proportion of free oil in each lithofacies exceeded 80%, of which the mobile, heavy free, and adsorbed oil accounted for 48%–72%, 25%–37%, and 3%–15%, respectively (Figure 9).
[image: Nine pie charts display oil distribution in different shale types. Each chart represents varying proportions of mobile oil (orange), heavy free oil (yellow), free oil (red), and adsorbed oil (gray). The categories are thin-lamellar mixed shale, meso-lamellar mixed shale, thick-lamellar mixed shale, thin-layered mixed shale, thick-layered mixed shale, thin-lamellar calcareous shale, meso-lamellar calcareous shale, meso-lamellar felsic shale, and thin-layered felsic shale. Percentages vary, indicating differing oil content across shale types.]FIGURE 9 | Occurrence states of shale oil in different facies of the third member of the Shahejie Formation.Based on the pyrolysis total oil content and asphalt “A” data, the oil content follows this order: Thin-lamellar mixed shale ≈ meso-lamellar mixed shale ≈ thick-lamellar mixed shale > thin-lamellar calcareous shale > meso-lamellar calcareous shale > thin-lamellar mixed shale > thin-lamellar felsic shale > mexo-lamellar felsic shale > thick-lamellar mixed shale (Figure 10).
[image: Bar chart comparing \(S_1\) values and chloroform asphalt "A" across different shale types. Orange bars represent chloroform asphalt "A" with higher values in all categories, peaking at 5.06 for thin-lamellar mixed shale. Red bars represent \(S_1\) with the highest value of 3.02 in thin-lamellar mixed shale. Measurements are in milligrams per gram.]FIGURE 10 | Pyrolysis oil content and chloroform asphalt “A” content of different rock types in the shale of the third member of the Shahejie Formation.In order to explore the paleo-depositional environment during the formation of different lithofacies in the Shahejie Formation, this study collected 68 major trace element samples of the shale in the Shahejie Formation (The element analysis data is derived from Jiang (2025)). Among them, the elements Sr, Ni, and V have good indicators for changes in salinity (Berner and Raiswell, 1984). When the Sr content is greater than 500 μg/g, the Ni content is greater than 40 μg/g, and the V content is less than 86 μg/g, it indicates a brine (marine) sedimentary environment; when the Sr content is less than 200 μg/g, the Ni content is between 20 and 25 μg/g, and the V content is between 110 and 113 μg/g, it indicates a freshwater (continental) sedimentary environment (Nelson, 1967; Wen et al., 2008; Bai et al., 2020). The Sr content of the third member of the Shahejie Formation is 158.32–670.16 μg/g, with an average content of 408.58 μg/g; the Ni content is 23.4–77.4 μg/g, with an average content of 42.8 μg/g; the V content is 56.6–113 μg/g, with an average content of 82.53 μg/g. It is determined that the salinity of the Shahejie Formation shale in the third section first increases and then decreases from bottom to top. The overall salinity can be divided into two segments. The upper segment belongs to a semi-salty to salty depositional environment, and the lower segment is in a freshwater to semi-salty depositional environment. The paleoclimate is considered to be the main factor affecting the source and development of organic matter. It directly controls the organic matter source of the sedimentary lake basin, the preservation of organic matter after deposition, and the input of external clastic materials, thereby affecting the development of organic-rich mudstone, the abundance of organic matter, the type of organic matter, and the oil generation potential (Tribovillard et al., 2006; Wang et al., 2021; Liu et al., 2022). This study selected the Sr/Cu, Al2O3/MgO, Mg/Ca, and Si/Al ratios to comprehensively characterize the changes in paleoclimate of the Shahejie Formation. Combined with the longitudinal changes of Al2O3/MgO, Mg/Ca, Si/Al, and Sr/Cu climate indicators, the climate change of the third member of Shahejie Formation is further divided into different geochemical layers of different climates. The humidity from bottom to top decreases first and then increases. The organic matter content of the upper section of the Shahejie Formation is relatively dry and cold, with a relatively quiet water body, and a high paleosalinity level. The paleo-productivity is relatively high, the water body is in anoxic conditions, and the reduction degree is relatively high, which is conducive to the preservation of organic matter. The carbonate content of this section is relatively high, mainly developing laminated mixed shale, laminated calcareous shale, and layered calcareous shale, mainly with the high organic matter content. The lower section has a relatively warm and humid climate, and the water depth increases. At this time, the water body is relatively turbulent, with gravity flow events. The main development is thin-layered mixed shale, thick-layered mixed shale, and felsic shale. The salinity decreases, the nutrients are diluted, and the productivity level is relatively low. The lake is still in an anoxic state, and the organic matter content is relatively low (Figure 11).
[image: Graphical representation of sedimentary environments, showing depth versus various geochemical indicators, lithology, lithofacies, and total organic carbon (TOC). Indicators like sulfur, nitrogen, vanadium, and others are plotted to illustrate water conditions (fresh, brackish, salt) and environment humidity. Graphs indicate trends in increased salinity or decreased humidity. Key at the bottom classifies shale types by color. Sedimentary environments are labeled as "Semi-saline to saline" under semiarid conditions and "Fresh-saline" under semi-humid conditions.]FIGURE 11 | Comparison of shale paleoenvironmental parameters in different lithofacies of Well QY12-1-1 in the third member of the Shahejie Formation (The element analysis data is derived from Jiang (2025)) Quantitative evaluation of shale oil occurrence state.Overall, the oil content of different rock facies is mainly controlled by the sedimentary environment. The lamellar mixture and calcareous shale develop when aquatic organisms (such as plankton and algae) flourish, the organic matter content is high, the types are poor, and during calm water conditions. The diameter of the pore throat is large, and the reservoir performance is superior, resulting in the highest oil content. The content, type and reservoir properties of the organic matter in the lamellar mixed shale are inferior to those in the lamellar shale, so the oil content is inferior. The deposition rate of the thick-bedded mixed shale is fast, and the organic matter is difficult to preserve. It also exhibits poor sorting, undeveloped pores, and the lowest oil content. When felsic shale is deposited, the terrigenous input is high, the water is turbulent, the organic matter content is low, and the type is poor. Most of the pores are cemented, and the reservoir performance is poor. However, owing to its originally favorable physical properties, certain large pores remain preserved. This allows shale oil to migrate from the lamellar and lamellar shale into them; thus, the oil content exceeds that of the thick-lamellar mixed shale.
The source rock of the Es3 member of well QY 12-1-1 is a pressure-maintained coring section with a core range of 3,991.80–4,037.75 m. The lithology is primarily dark gray and gray-black mudstone. Oil content was analyzed using closed frozen fragment pyrolysis of typical samples from the core section of well Qiye 12-1-1, as shown in Figure 9. Based on the TOC content, pyrolytic free hydrocarbon S1 and OSI, the four shale oil enrichment layers of A (3,992.5–4,001.8 m), B (4,004.7–4,006.1 m), C (4,012.2–4,020.5 m), and D (4,022.1–4,024.3 m) were determined (Figure 12).
[image: Chart displaying lithofacies analysis by depth, detailing quartz plus feldspar, carbonate, total clay, and various organic and hydrocarbon measures. Depths range from 3,990 to 4,040 meters. Color-coded lithology includes different shale types, with data bars for each parameter. Sections A-D are highlighted for specific lithofacies variations.]FIGURE 12 | Prediction of sweet point development segments in Well QY12-1-1based on TOC content, S1, OSI and multiple isothermal stages pyrolysis.At the depth of 3,992.5–4,001.8 m, the TOC ranged as 0.8%–3.1%, with an average of 2.1%. The pyrolytic free hydrocarbon S1 was relatively high, primarily ranging as 1.0–6.8 mg/g, with an average of 3.79 mg/g. The OSI ranged from 100 to 242 mgHC/gTOC, with an average of 177 mgHC/gTOC. The content of free oil S1-1 was between 0.5 and 3.8 mg/g, with an average of 2.1 mg/g. The content of free oil S1-2 was primarily 0.4 and 3.5 mg/g, with an average of 1.99 mg/g. The content of bound oil S2-1 ranged as 0.22–3.73 mg/g, with an average of 2.03 mg/g. The percentage of free oil/total oil was within 57%–83%, with an average of 68%.
The TOC content at a relatively high depth (4,004.7–4,006.1 m) was within 2.94%–3.24%, with an average of 3.06%. The pyrolytic free hydrocarbon S1 was relatively high, ranging as 3.01–8.93 mg/g, with an average of 5.96 mg/g. The OSI ranged from 100 to 275 mgHC/gTOC, with an average of 192 mgHC/gTOC. The content of free oil S1-1 ranged as 1.67–4.86 mg/g, with an average of 3.6 mg/g. The content of free oil S1-2 was within 0.84–2.88 mg/g, with an average of 2.14 mg/g. The content of bound oil S2-1 ranged as 1.5–2.3 mg/g, with an average of 1.98 mg/g. The percentage of free oil/total oil was within 62%–77%, with an average of 72%.
The TOC at the depth of 4,012.2–4,020.5 m was within 1.11%–2.81%, with an average of 2.36%. The pyrolytic free hydrocarbon S1 was relatively high, ranging as 2.44–7.69 mg/g, with an average of 5.14 mg/g. The OSI mainly ranged as 123–321 mgHC/gTOC, with an average of 217 mgHC/gTOC. The content of free oil S1-1 ranged as 1.81–4.22 mg/g, with an average of 2.86 mg/g. The content of free oil S1-2 ranged as 1.28–3.84 mg/g, with an average of 2.59 mg/g. The content of bound oil S2-1 ranged as 1.46–3.35 mg/g, with an average of 2.29 mg/g. The percentage of free oil/total oil was within 63%–75%, with an average of 69%.
At the depth range of 4,022.1–4,024.3 m, the TOC average was 2.38%. The average pyrolysis free hydrocarbon S1 was 3.35 mg/g. OSI averaged at 156 mgHC/gTOC. The average content of the free oil S1-1 was 1.8 mg/g. The average content of the free oil S1-2 was 1.9 mg/g. The content of bound oil S2-1 was 2.3 mg/g on average. The free oil/total oil percentage averaged 62%. Therefore, the total and free oil contents of these four shale oil-enriched formations were high, and the proportion of light free oil was relatively high, which is the “sweet spot” segment of exploration and development.
CONCLUSION
Based on the quantitative characterization of different occurrence states in medium-high maturity continental shale oil, the primary conclusions of this study are as follows.
	1. A four-step pyrolysis scheme at 300°C, 375°C, 400°C, and 600 °C was established by improving the existing multi-temperature pyrolysis method. Using this new approach, shale oil core samples from the Qibei Sag were analyzed. Results showed that the free oil content of the Es3 shale of the Qikou Sag ranged as 1.1–8.06 mg/g, with an average value of 4.19 mg/g. Mobile oil accounted for 54.72%. The adsorbed oil content ranged as 2.2–3.73 mg/g, with an average value of 2.05 mg/g. The newly established characterization method of hydrocarbons with different occurrence states correlated well with the conventional pyrolysis methods and the distributed solvent extraction results, rendering it a practical tool for studying shale oil occurrence mechanism and for rapid evaluation of shale oil content.
	2. Based on the multi-temperature pyrolysis and asphalt “A” data, higher contents of mobile, heavy free, and adsorbed oil were observed in thin-, medium-, and thick-lamellar mixed shales, as well as in thin- and medium-laminated calcareous shales. In contrast, medium-lamellar felsic shales and thick-layered mixed shales exhibited lower values, with the lowest content found in thin-laminated felsic shales.
	3. The oiliness of different lithofacies is primarily controlled by the sedimentary environment. The laminar mixture and calcareous shale were formed in calm, organic-rich aquatic environment, leading to higher oil content. The content, type, and reservoir properties of the organic matter in the lamellar mixed shale were inferior to those in the lamellar shale; thus, the oil content was inferior. The deposition rate of the thick-bedded mixed shale was high, rendering it difficult to preserve organic matter. This is characterized by poor sorting, undeveloped pores, and the lowest oil content. During the deposition of felsic shale, terrigenous input was high, water conditions were turbulent, the organic matter content was low, and the type was poor. Most of the pores were cemented, and the reservoir performance was poor.
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