[image: image1]Physical properties variation of crude oil under natural laboratory and its geological implications: Dongying Sag, eastern China

		ORIGINAL RESEARCH
published: 20 April 2023
doi: 10.3389/feart.2023.1169318


[image: image2]
Physical properties variation of crude oil under natural laboratory and its geological implications: Dongying Sag, eastern China
Yazhou Liu1,2, Jianhui Zeng1,2*, Shuning Liu1,2 and Hui Long1,2
1State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum (Beijing), Beijing, China
2College of Geosciences, China University of Petroleum (Beijing), Beijing, China
Edited by:
Leibo Bian, Aarhus University, Denmark
Reviewed by:
Zhe Cao, SINOPEC Petroleum Exploration and Production Research Institute, China
Guo Chen, Yangtze University, China
* Correspondence: Jianhui Zeng, zengjh@cup.edu.cn
Received: 19 February 2023
Accepted: 10 April 2023
Published: 20 April 2023
Citation: Liu Y, Zeng J, Liu S and Long H (2023) Physical properties variation of crude oil under natural laboratory and its geological implications: Dongying Sag, eastern China. Front. Earth Sci. 11:1169318. doi: 10.3389/feart.2023.1169318

The Dongying Sag in eastern China is a mature exploration area and contains a wide variety of accumulations ranging from extra heavy oil to light oil. This multi-source lacustrine rift basin provides meaningful insights into the relationships between organofacies, maturity, charging, mixing, and oil properties. The Es3 source rocks are in the immature to mid-mature stage, while the Es4 source rocks are in the immature to late mature stage. Among them, Es4 source rocks were deposited in an anoxic, stratified, brackish water environment. Based on the kinetic model, it appears that the oil generation rate of Es4 source rocks is higher than that of Es3 source rocks, and the oil generation time of Es4 source rocks was earlier than that of Es3 source rocks. Whether in Es4 or Es3 members, source rocks with the kerogen type I have the greatest oil yield compared with other kerogens. The variations in oil physical and geochemical properties can be attributed to differences in organofacies and thermal maturity, which is in agreement with the results of source rock geochemistry and macerals analysis. Because the concentrations of maturity-related biomarkers or non-biomarkers show several orders of magnitude variation across maturity windows, these maturity parameters do not reliably characterize the maturity signals in mixed oil scenarios. Maturity parameters based on biomarker ratios can produce biases that overemphasize the contribution of low maturity oils and thus track the signals of low maturity end-member oils. In contrast, maturity parameters based on aromatic isomers are more sensitive to mixing processes and reflect the mixing degree of the accumulated oils. The same series of maturity parameters can track hydrocarbon migration pathways and relative maturity, while multiple series of maturity parameters can reconstruct hydrocarbon charging and mixing histories.
Keywords: oil properties, organofacies, thermal maturity, oil maturity, charging and mixing, Dongying Sag
1 INTRODUCTION
Migration and accumulation models have evolved from simply predicting the presence or absence of hydrocarbons to predicting the hydrocarbon phase behavior, as well as their physical properties. Among these qualities, oil physical properties such as API gravity, dynamic viscosity and sulfur content can be used not only to evaluate the market value of oil, but also to decipher the processes of oil generation, migration, accumulation and alteration (Stainforth, 2004; Jahn et al., 2008; Dembicki, 2022). Unfortunately, no universal classification standard has been established worldwide for crude oils (Dandekar, 2006; Baur, 2019). In this work, the crude oil classification scheme of Feng et al. (2021) is followed: extra heavy oil (<10° API), heavy oil (10°–22.3° API), medium oil (22.3°–31.1° API), light oil (31°–50° API) and gas/condensate (>50° API). The expelled and captured oil shows a progressive evolution of physical properties and compositions at different maturity stages (Pepper and Corvi, 1995; di Primio and Horsfield, 2006). Generally, oil with low API gravity and high dynamic viscosity is either derived from products of low maturity source rocks, especially sulfur-rich source rocks, or the result of secondary alteration, such as biodegradation and water washing (Evans et al., 1971; Hughes, 1984; Jones, 1984; Orr, 1986). In contrast, oil with high API gravity and low dynamic viscosity often implies the products of high maturity or gas-prone source rocks (Hunt, 1991; Katz et al., 1991). Therefore, oil API gravity and dynamic viscosity depend not only on maturity or organofacies, but also on secondary alteration. Cornford et al. (1983) attributed the variations in petroleum properties in the United Kingdom. North Sea to differences in maturity of a single marine source rock (the Kimmeridge Clay Formation hot shales), followed by secondary alteration during migration or within the reservoir. Feng et al. (2021) compared the variations in API gravity of crude oils from three sags in the Erlian rift basin, attributing their differences to organofacies and thermal maturity of the same lacustrine source rock. However, there is a lack of systematic investigations on fluid properties and distribution in lacustrine multiple source systems.
Hydrocarbon accumulation is a dynamic balancing process, and accumulations are always in the process of adjustment and modification. The charging and leaking of hydrocarbons are mutually constrained and define the scale of hydrocarbon accumulations. Oil mixing has always been a characteristic of petroleum systems (Wilhelms and Larter, 2004; Larter et al., 2012; Wang et al., 2021; Huang et al., 2022). Reconstructing the charging and mixing histories cannot only provide insight into the hydrocarbon accumulation histories, but also guide the exploration of the next prospects. However, mixed oil generally includes the characteristics of each end member oil, resulting in conflicting or even opposite evaluation results of different geochemical parameters (Ross et al., 2010; Zhang et al., 2014). This also causes ambiguity in both reservoir accumulation process analysis and remaining resource potential evaluation. The obvious scenario for mixing is the charging of fresh oil into heavily biodegraded oil (Holba et al., 1996; George et al., 1998). Migration-contamination is another example of oil mixing (Curiale, 2002; Peters and Fowler, 2002). Nevertheless, not all end-member oils can be easily identified. For example, if a low-maturity oil is mixed with a high- or over-maturity oil, the biomarker maturity parameters of the mixed oil will show the characteristics of the low-maturity oil without reflecting the information of the high- or over-mature oil (Wilhelms and Larter, 2004; Wang et al., 2021; Huang et al., 2022).
The Dongying Sag is a typical lacustrine rift basin in eastern China. The multi-cyclic properties of sedimentary evolution and the diversity of source rock organic matter inevitably result in the complexity of hydrocarbon accumulation processes. Firstly, products generated at different maturity stages of source rocks have different geochemical properties and compositions; secondly, traps developed at different stages can capture hydrocarbons generated at different maturity stages; furthermore, accumulations can experience various secondary alteration processes, which make the composition and properties of hydrocarbons more complicated. Although many researchers have conducted in-depth studies on accumulation description and resource evaluation in this area (Li et al., 2003; Pang et al., 2005; Zhan et al., 2019; Niu et al., 2022), a comprehensive understanding of the oil properties is not available. In this work, there is also an attempt to decipher the deeper concepts of oil maturity using molecular maturity parameters based on biomarkers and aromatics, and to reconstruct oil charging and mixing histories.
2 GEOLOGICAL SETTINGS
The Bohai Bay Basin is considered to be one of the most important petroliferous basins in eastern China. The Dongying Sag is situated in the southeastern part of the Bohai Bay Basin (Figure 1A), covering an area of about 5,700 Km2, and is characterized by a “dustpan-shaped” lacustrine basin (Zhan et al., 2019; Wang et al., 2021). It is bordered by the Qingtuozi and Guangrao bulges to the east, the Luxi Uplift to the south, the Qingcheng and Binxian bulges to the west, and the Chenjiazhuang bulge to the north (Figure 1B). From north to south, the basin can be divided into five secondary tectonic zones: the northern steep-slope zone, the northern subsidence zone, the central fault-anticline zone, the southern subsidence zone, and the southern gentle-slope zone (Zhang et al., 2009; Guo et al., 2012). Furthermore, the depression can be further divided into five sags, namely, Minfeng, Niuzhuang, Guanglinan, Lijin, and Boxing sags (Figure 1B). The study area is located in the eastern part of the Dongying Depression, with an area of about 1900 Km2. It mainly includes Niuzhuang and Guanglinan sags, Wangjiagang and Bamianhe fault zones, and the southern gentle-slope zone.
[image: Figure 1]FIGURE 1 | Geological map of the study area and oil samples. (A) Location map of the Dongying Sag (revised from Wang et al., 2019); (B) The major tectonic units in the Dongying Sag (revised from Shi et al., 2021); (C) Bottom the Es4s member depth structure map and oil sample location in the study area.
The Paleogene formations in the Dongying Sag are unconformably overlaid on Paleozoic crystalline basement (Figure 2). Based on the tectonic evolution history and sedimentary sequence, the Dongying Sag can be divided into two stages: syn-rift (65.0–24.6 Ma) and post-rift (24.6 Ma-present) (Xie et al., 2006). During the syn-rift stage, the sediments are mainly developed in the lacustrine environment. Sediments from the Paleogene Kongdian (Ek), Shahejie (Es), and Dongying (Ed) formations, as well as the Neogene Guantao (Ng), Minghuazhen (Nm), and Quaternary Pingyuan (Qp) formations, fill the Dongying Sag. The Kongdian formation mainly consists of shallow lake shale and siltstone interbedded with some sandstone, along with the development of different levels of red beds (Zhan et al., 2019; Tao et al., 2022). The Shahejie formation is dominated by semi-deep to deep lake mudstone and siltstone sediments and coarse deltic sandstone interbedded with conglomerates. The Dongying formation comprises sandstones, mudstones and some conglomerates that developed in deltaic and shallow lacustrine environments. The Guantao and Minghuazhen formations are characterized by braided stream conglomerates, sandstones and floodplain siltstones. During the late Oligocene and early Miocene, regional tectonic uplift caused different degrees of erosion throughout the Dongying Sag (Chang et al., 2018; Liu et al., 2018).
[image: Figure 2]FIGURE 2 | Generalized Palaeogene-Quaternary tectonic and sedimentary evolution stages and major petroleum system elements in the Dongying Sag (revised from Zahid et al., 2016).
Hydrocarbon generation and accumulation in the Dongying Sag is mainly distributed in the Paleogene formations (Tao et al., 2022). Previous studies have shown that three sets of primary source rocks were developed in the Eocene Shahejie formation, namely, Es4s, Es3x, and Es3z (Zhang et al., 2019; Song et al., 2020; You et al., 2020) (Figure 2). In addition, the Ek2 member is a potential set of source rocks (Wang et al., 2018). The source rocks of the Es3 and Es4 members were deposited in different paleoclimates. Among them, the Es4 member is characterized by hypersaline lacustrine sediments deposited under arid conditions, while the Es3 member is characterized by freshwater lacustrine sediments deposited under humid conditions (Wang et al., 2008; Hao et al., 2009; Wang et al., 2021). The turbidite fans and deltaic sandstones in the Es4 and Es3 members constitute the main reservoirs in the Dongying Sag (Guo et al., 2016; Wang et al., 2016; Tao et al., 2022).
3 MATERIALS AND METHODS
The database comprises 1020 crude oil samples and 550+ source rock samples, from which physical properties, reservoir saturation pressure, gas chromatography-mass spectrometry (GC-MS), and total organic carbon (TOC), Rock-Eval pyrolysis and vitrinite reflectance were available. The locations of the oil samples are shown in Figure 1C. There is a typical oil sample for almost every proven oilfield in the basin. Compounds in the saturated and aromatic hydrocarbon fractions were analyzed in the PRG laboratory at the University of Calgary using an Agilent 7890B gas chromatograph attached to an Agilent 5977A MSD system. The detailed procedures and experimental settings are the same as those described by Bennett et al. (2022). Two internal standards, cholestane-d4 was used to calculate the absolute concentrations of steranes, while dibenzothiophene-d8 was used to calculate the absolute concentration of methyl-dibenzothiophene. The relative response factors of the target compounds to the internal standards were considered to be one. To ensure the accuracy of the data, one blank sample and one duplicate sample were treated in the same way as the other samples. Organic petrographic observations of the source rocks were made with a Leica DMRXP microscope under reflected light and fluorescent light.
4 RESULTS
4.1 Fluid characteristics
4.1.1 Physical properties
The physical properties of crude oil at each formation in the study area are presented in Table 1 and Figure 3, indicating good correlations between API gravity and other physical parameters and bulk chemical properties including dynamic viscosity, sulfur content, pour point and wax content. In Figure 4, the proven reservoir pressures are higher than the saturation pressures, indicating that the present reservoirs are unsaturated and secondary alteration processes have had little effect on the physical properties of the crude oil. The physical properties of crude oil from different formations in the study area show significant variations; therefore, this provides the opportunity to explore the factors influencing the physical properties in the natural laboratory.
TABLE 1 | Physical properties of crude oil from different formations in the study area.
[image: Table 1][image: Figure 3]FIGURE 3 | Box plots showing the variation of crude oil physical properties in different formations. (A) API gravity. (B) Dynamic viscosity. (C) Sulfur content. (D) Pour point.
[image: Figure 4]FIGURE 4 | Plot of reservoir pressure versus saturation pressure for different formations in the study area.
In terms of crude oil density (Figure 3A), the crude oil in the study area is dominated by heavy-medium oil; among them, crude oil in the Es4, Es3s and above members are heavier compared with the crude oil in other members. In terms of dynamic viscosity (Figure 3B), the dynamic viscosity of crude oils in Es3x [8.13–66286 (40.7) mPas] and Es3z [8.83–84576 (28.35) mPas] members are lower than that of other members. In terms of sulfur content (Figure 3C), the crude oil in the study area is characterized by medium sulfur. Among them, the Ek [0.04–2.22 (0.25)%], Es3x [0.11–2.78 (0.55)%] and Es3z [0.04–3.93 (0.36)%] crude oils have lower sulfur contents compared with other members. In terms of pour point (Figure 3D), the Ek [0–54 (41)°C], Es3x [−11–47 (32)°C] and Es3z [−17–50 (33)°C] crude oils have higher pour points compared with other members. This series of phenomena indicates some variations in organofacies, thermal maturity and charging and mixing processes. The API gravity of crude oil shows a poor correlation with present-day reservoir depth (Figure 5A). Likewise, the dynamic viscosity of the oil correlates poorly with current depth (Figure 5B). Some oil samples at the same depth differ in dynamic viscosity by several orders of magnitude. Interestingly, the density and dynamic viscosity of some oil samples from the Ek Formation are lower than those of crude oil from other formations at the same depth.
[image: Figure 5]FIGURE 5 | Trends of (A) API gravity and (B) dynamic viscosity of oil samples with present-day reservoir depth.
4.1.2 Geochemistry characteristics
Figure 6 and Table 2 present representative mass chromatograms of the aliphatic fractions for representative crude oil samples and the related biomarker ratios. Most of the crude oil samples show no biodegradation and have complete normal alkane distributions. However, crude oils in shallow reservoirs (<1,300 m) show slight biodegradation and mixing (Figure 6). For example, crude oil from well C104 experienced multiple episodic charges of varying maturities and origins, where highly mature crude oil was mixed into immature fractions (Wang et al., 2021). The crude oil samples from different formations do not show odd-to-even carbon number predominance, revealing that these oils are considered to be expelled from source rocks with a maturity equivalent to a vitrinite reflectance (% Ro) higher than 0.5%. Moreover, the relative abundances of acyclic isoprenoids, tricyclic terpenes, gammacerane, and C30 4α-methylsteranes in crude oil from different formations show different degrees of variation. A small number of crude oil samples from the Ek formation show high relative abundances of gammacerane due to the cracking of hopanes (Zhang et al., 2020).
[image: Figure 6]FIGURE 6 | Representative gas chromatograms, m/z 191 and 217 mass chromatograms from oil samples showing the distribution of aliphatic fractions. Key: C17, C17 normal alkane; Pr, Pristane, Ph, Phytane; 21TT, C21 tricyclic terpane; 24Te, C24 tetracyclic terpane; 30H, C30 αβ hopane; Ga, Gammacerane; 35HS, C35 αβ 22S homohopane; 21P, C21 ααα pregnane; 22P, C22 ααα homopregnane; 27αααS, C27 ααα 20S sterane.
TABLE 2 | Maturity-, lithology-, depositional environment- and source-related biomarker ratios for crude oil samples from different formations in the study area.
[image: Table 2]The maturity parameters [Pr/n-C17 and Ph/n-C18, C29 ααα 20S/(20S + 20R) and C29 αββ/(ααα + αββ)] also indicate variations in the maturity of crude oils from different formations (Figures 7A, B). The C29 sterane isomerization parameters, Pr/n-C17 and Ph/n-C18, of the crude oil from the Ek formation reveal the highest maturity among all the formations. These crude oils are considered to have been expelled from source rocks with vitrinite reflectance (% Ro) above 1.0. The number of crude oil samples from the Es4s member is relatively high and is a mixture of maturity products (a full maturity spectrum oil) ranging from immature to late-mature. Furthermore, oil samples from the Es3x and above formations are dominated by early-mature to peak-mature. Various tricyclic terpanes and hopanes ratios, such as C22/C21TT, C24/C23TT (Figure 7C) and C29/C30 hopane, C35S/C34S homohopane (Figure 7D) are employed to differentiate the lithologies of source rocks (Zumberge, 1984; Connan et al., 1986; Mello et al., 1988). Based on these, it can be inferred that all oil samples in the study area are derived from lacustrine shale depositional environments. Obvious differences in biomarker ratios reflecting variations in water column stratification can be observed between oil samples from different formations. The Pr/Ph and Ga/C30H ratios are widely used as indicators of redox conditions and water column stratification during source rock formation (Moldowan et al., 1985; Ten Haven et al., 1987). The Pr/Ph ratios of crude oil in different formations are almost all lower than 0.8, representing anoxic conditions (Figure 7E). Gammacerane is more abundant in most of the crude oils from the Ek and Es4 formations compared to those from other formations, suggesting that the source rocks are formed in water column stratification or hypersaline environments. Other depositional environmental indicators, such as C29Ts/C29H and C29/C30H, also indicate that these crude oils originate from source rocks in anoxic environments (Figure 7F). These depositional environmental indicators illustrate an anoxic environment when the source rocks were formed. Among them, the source rocks for the crude oil in the Es4 and Ek formations were deposited in an anoxic, stratified, brackish water environment. The Pr/n-C17 and Ph/n-C18 ratios in Figure 7A demonstrate that the crude oil samples from the different formations are distributed in the area interpreted as the algal source. The higher C23TT/C24TT ratio is compatible with the lower C24Te/C26TT ratio (<1), further suggesting that these crude oils are derived from source rocks containing algal organic matter and were deposited under anoxic environmental conditions (Figure 7G). The relative abundances of C27 αααR sterane and C29 αααR sterane in the analyzed crude oil samples demonstrate the contribution of algae and terrestrial land plants to the source rocks. Among them, oil samples from the Ek formation have more terrigenous organic matter input, while oil samples from the Es4s and Es3z members have more algal organic matter input, and other oil samples are intermediate between them (Figure 7H).
[image: Figure 7]FIGURE 7 | Scatter plots of maturity, lithology depositional environment and source indicators showing the variations of oil samples from different formations. (A) Pr/n-C17 and Ph/n-C18. (B) C29 αββ/(ααα+αββ) and C29 ααα 20S/(20S+20R). (C) C24/C23 TT and C22/C21 TT. (D) C29/C30 Hopane and C35S/C34S homohopane. (E) Pr/Ph and Ga/C30H. (F) C29Ts/C29H and C29/C30H. (G) C24Te/C26TT and C23TT/C24TT. (H) Pr/Ph and C27/C29ST. [(A) revised from Shanmugam, 1985; (B) revised from Hakimi et al., 2022; (C,D) revised from Al-Khafaji et al., 2022].
4.2 Source rock characteristics
4.2.1 Natural maturity shale sequences
Plots of source rock geochemical parameters such as %Ro, S1/TOC and HI as a function of burial depth or formation temperature are commonly employed to characterize petroleum formation within source rocks under natural maturity sequences (Wilhelms et al., 1998). These curves can quantitatively show the process of petroleum (C15+ hydrocarbons) generation and delineate maturity zones (Cornford et al., 1983). Figures 8A, B show the geochemical parameters of the source rocks in the Es3 and Es4 members under natural conditions as a function of burial depth. Based on the shape of the bell curve, some differences in the maturity zones of the source rocks in the Es3 and Es4 members can be found. The maturity zones of source rocks in the Es4 member can be divided into four zones, namely, immature zone—no significant increase in hydrocarbon generation (<2800 m); early mature zone-increase in hydrocarbon generation (2800–3000 m); mid mature zone—peak hydrocarbon generation (3000–3500 m); late mature zone—heavy hydrocarbon cracking to lighter products (>3500 m). The maturity zones of source rocks in the Es3 member can be classified into three zones, i.e., immature zone (<3000 m); early mature zone (3000–3300 m); mid mature zone (>3300 m). From this, it can also be found that the source rocks from the Es4 member enter the thresholds of their respective maturity zones earlier than those from the Es3 member. Assuming that the hydrocarbons generated from source rocks are retained in situ and there is no disturbance of migrating hydrocarbons, the S1/(S1+S2) ratio can approximately characterize the transformation ratio of source rocks. Although this assumption is difficult to validate, it can also be observed from Figure 8 that the transformation ratio of source rocks in the Es4 member is higher than that of the Es3 member source rocks. Interestingly, the vitrinite reflectance and molecular thermal maturity indicators are not consistently distributed in the study area, especially for source rocks entering the hydrocarbon generation threshold. Previous studies have shown that the high hydrogen-rich alginite content has a suppressive effect on the vitrinite reflectance in the studied lacustrine shales (Guo et al., 2010; Chen et al., 2019). As discussed above, this phenomenon is consistent with the results of the interpretation of molecular source parameters from crude oil samples (Figure 7A, G, H).
[image: Figure 8]FIGURE 8 | Oil generation expressed by %Ro, TOC, S1/TOC, S1/(S1+S2), and biomarker maturity ratios of source rocks with burial depth. The maturity zones are determined by the shape of the curves, and the sterane and hopane ratios of the source rock extracts (Wilhelms et al., 1998). (A) Es3 member. (B) Es4 member.
4.2.2 Kinetic modeling
Table 3 and Figure 9 illustrate the Rock-Eval pyrolysis results and associated activation energy distributions for source rock samples of different organic matter types in the Es3 and Es4 members. Hydrocarbon generation kinetic data differ for samples from different organic matter types and members. When fixing the frequency factor A at 5.0E+15/min, the activation energy of the whole rock ranges from 49 to 54 kcal/mol (Figures 9A, B); And, when the frequency factor A is at 1.0E+18/min, the activation energy of the whole rock is between 45 and 75 kcal/mol (Figures 9C–J). Under the conditions of similar frequency factors, the main peaks of activation energy distributions of the Es4 source rocks are lower than those of the Es3 source rocks, revealing that the Es4 source rocks generate oil earlier than the Es3 source rocks. The distribution of activation energy becomes broader and more scattered in order from kerogen type I to II2. The whole rock of FY1-6 has narrower activation energy distributions (63–74 kcal/mol) than the other samples, indicating that the organic matter in the FY1-6 whole rock samples has higher thermal stability than the other samples (Figure 9F). These kinetic experimental results are extrapolated to geological conditions at a constant geological heating rate (3°C/Ma) using the KMOD program. Figure 10 shows the oil generation rate and transformation ratio from different source rocks under geological conditions. It can be observed that the kerogen type I in Es4 source rocks reaches the peak oil generation earlier than in Es3 source rocks (Figures 10A, B). The oil generation rate decreases sequentially from kerogen type I to II2, regardless of whether it is in the Es3 or Es4 member. Given a surface temperature of 15°C and a geothermal gradient of 30°C/km, the products of kerogen type I from the Es3 and Es4 source rocks are both dominated by oil, and more than 90% of the kerogen has been transformed into oil at 120°C, corresponding to a depth of ca. 3,600 m (Figures 10C, D). However, the conversion of kerogen type II1 and II2 to oil needs to occur at greater depths. The transformation ratio curves of both Es3 and Es4 source rocks suggest that kerogen type I makes a major contribution to the distribution of hydrocarbon resources in the study area.
TABLE 3 | Results of Rock-Eval pyrolysis of source rocks with different organic matter types in the Es3 and Es4 members. The determination of organic matter types is based on Tmax and HI (Espitalié et al., 1985). Note that the data for these samples were obtained from the published literature (Li et al., 2018; Sun et al., 2019).
[image: Table 3][image: Figure 9]FIGURE 9 | Activation energy distribution and frequency factor of source rocks with different organic matter types in the Es3 and Es4 members. (A) W57. (B) W161. (C) FY1-1. (D) FY1-5. (E) FY1-2. (F) FY1-6. (G) FY1-3. (H) FY1-7. (I) FY1-4. (J) FY1-8. The determination of organic matter types is based on Tmax and HI (Espitalié et al., 1985). Note that the data for these samples were obtained from the published literature (Li et al., 2018; Sun et al., 2019).
[image: Figure 10]FIGURE 10 | Geological extrapolation to obtain oil generation rates and transformation ratios from kinetic experimental results of the Es3 and Es4 samples assuming a geological heating rate of 3°C/Ma. (A) Oil generation rate versus temperature in the Es3 formation; (B) Oil generation rate versus temperature in the Es4 formation; (C) Transformation ratio versus temperature and depth in the Es3 formation; (D) Transformation ratio versus temperature and depth in the Es4 formation.
The hydrocarbon generation characteristics of lacustrine source rocks containing type I kerogen have been extensively studied in different basins around the world. Degradation of kerogen in the study area is characterized by extremely narrow activation energy distributions with peaks at 53 and 51 kcal/mol, respectively, indicating that type I kerogen is more stable (Figures 9A, B). Similar, very narrow activation energy distributions have been observed for the Qingshankou Mudstone in the Songliao Basin (Zhou and Littke., 1999), the Green River Shale in the Uinta Basin (Dieckmann, 2005), the Bryne Mudstone in the SØGNE Basin (Petersen et al., 2011), the Wenchang Mudstone in the Pearl River Mouth Basin (Li et al., 2016), the Yacoraite Shale in the Salta Basin (Romero-Sarmiento et al., 2019) and the Sleipner Mudstone of Utsira High (Killops et al., 2022) (Table 4). The narrow activation energy distribution is usually associated with the predominance of aliphatic chains in type I kerogen (Behar and Vandenbroucke, 1987). Compared with other lacustrine source rocks containing type I kerogen, there are some differences in the petroleum generation kinetic parameters of the study area. The lower values of single activation energy of the source rocks in the study area indicate slightly lower thermal stability, which is beneficial to the formation of abundant hydrocarbon resources (Table 4).
TABLE 4 | Summary of some published kinetic experiments on lacustrine source rocks containing type I kerogen.
[image: Table 4]5 DISCUSSION
5.1 Thermal maturity and physical properties
The compositional variations in molecular structure, attributed to maturation, were previously identified by plotting source rock extraction data versus sample depth (Mackenzie et al., 1981; Chandra et al., 1994). Based on these, a large number of maturity indicators are built (Tissot et al., 1987). However, care must also be taken in the interpretation of such indicators, as reservoir oils are often mixtures, derived from products of different evolutionary stages of the same source rock or multiple source rocks (Wilhelms and Larter, 2004). Thus, reservoirs at different locations in the basin may successively capture the products of early, early + medium, and early + medium + late mature source rocks (Figures 8A, B). The type of hydrocarbons ultimately captured in the reservoir depends on the hydrocarbon generation, hydrocarbon expulsion, migration pathways and the effectiveness of the traps. In the absence of effective hydrocarbon expulsion, the hydrocarbons may be retained in situ until the products saturate the source rocks, with the eventual expulsion of mid to late mature products. In addition, the retained hydrocarbon amount depends largely on the hydrocarbon generation and carrier systems in many lacustrine depositional systems. The potentially greater hydrocarbon generation and lack of well-developed carrier systems can result in a more limited ability to expel and mobilize oils, thereby increasing the viability of these potential unconventional plays (Katz and Lin, 2014). It is to be noted when using maturity molecular parameters that the early mature oils are relatively small in volume but usually contain high concentrations of biomarkers. The medium- and late-mature oils are relatively large in volume, but the concentrations of biomarkers are decreased by multiple orders of magnitude (Wilhelms and Larter, 2004; Huang et al., 2022). Thus, the maturity molecular indicators obtained from the reservoir oils are only a qualitative indicator of the range of the source rock maturities indicating their contribution to the oils captured in the reservoirs (Cornford et al., 1983). The two C29 sterane isomerization parameters [20S/(20S+20R) and αββ/(αββ+ααα)] are effective in assessing maturity from immature to late maturity windows (Mackenzie et al., 1983; Beaumont et al., 1985; Peters et al., 1996). However, Seifert and Moldowan (1981) suggested αββ/(αββ+ααα) C29 steranes as a migration indicator based on laboratory simulations. Therefore, the 20S/(20S+20R) C29 ααα steranes are adopted in this paper to characterize the oil maturity. Based on the relationships between the 20S/(20S+20R) C29 ααα and API gravity and dynamic viscosity of crude oils, It can be seen that the density and dynamic viscosity of the crude oils decrease with increasing crude oil maturity (Figures 11A, B). It further indicates that capturing crude oils with medium to late maturity is beneficial to improve reservoir oil physical properties. It is worth noting that crude oils in the early mature or peak oil windows have significantly different API gravities and dynamic viscosities, suggesting that their physical properties are also influenced by other factors.
[image: Figure 11]FIGURE 11 | Scatter plots of the 20S/(20S+20R) C29 ααα ST against API gravity (A), dynamic viscosity (B).
5.2 Organofacies variation and physical properties
Organicfacies refer to a class of kerogen assemblages that originate from the same organic precursors and have experienced similar depositional environments and early diagenesis (Pepper and Corvi, 1995). Source rocks with different organicfacies generate distinctly different products during thermal evolution, including physical and geochemical properties (di Primio and Horsfield, 2006; Baur, 2019; Feng et al., 2021). In this paper, the classification scheme of lacustrine source rocks proposed by Pepper and Corvi (1995) is adopted, namely, organicfacies C, D/E, and F. Organicfacies C are oil-prone source rocks. The organic matter in these source rocks is mainly derived from algae and bacteria, and large quantities of lamalginites and telalginites can be observed under the microscope. In the immature stage, the hydrogen index (HI) of organicfacies C source rocks generally exceeds 400 mg HC/g TOC. Organicfacies D/E and F are gas-prone source rocks that are mainly developed in environments with high terrestrial organic matter input. The HI of organicfacies D/E source rocks generally ranges from 200 to 400 mg HC/g TOC in the immature stage, while the HI of organicfacies F source rocks is generally less than 200 mg HC/g TOC. The maceral composition of these two organofacies is dominated by vitrinite and inertinite. The relative frequency distribution histograms of HI for source rocks in different members are shown in Figure 12. The source rocks in Es4s and Es4x mainly consist of organicfacies C (Figures 12C, D), while those in Es3z and Es3x are characterized by organicfacies D/E and F (Figures 12A, B), suggesting that the input of terrigenous organic matter increases from Es4 to Es3 members. The organic macerals of the source rocks in the study area are mostly composed of algal-derived liptinite macerals, including lamalginite, bituminite, and vitrinite (Figure 13). These characteristics are consistent with the geochemical characteristics of the crude oils (Figures 7A, G, H). The analysis of organicfacies and organic petrology of source rocks suggests that the quality of source rocks in different members is mainly due to the different relative proportions of algae and terrigenous organic matter in kerogens. Source rocks with different organicfacies present different oil expulsion thresholds and physical properties of crude oils (Pepper, 1991; Petersen, 2017). The source rocks with greater HI values expel oil earlier and more efficiently (Pepper, 1991; Feng et al., 2021), which is consistent with the actual conditions in the study area. Compared with Es3 crude oils, Es4 crude oils have higher density, dynamic viscosity and sulfur content, covering a wide thermal maturity range from immature to late mature.
[image: Figure 12]FIGURE 12 | Relative frequency distribution histogram of HI for source rocks in different members. (A) Es3z member; (B) Es3x member; (C) Es4s member; (D) Es4x member.
[image: Figure 13]FIGURE 13 | Organic macerals in source rocks from the study area, including lamalginite, bituminite and vitrinite; (A,C,E) under reflected light; (B,D,F) under fluorescent light.
5.3 Charging and mixing process
Thermal maturation of organic matter is a temperature/time-driven disproportionation reaction that converts sedimentary organic matter into oil and gas (Peters and Cassa, 1994). Although maturity is one of the most widely used terms in petroleum geology, its actual meaning is rarely defined, resulting in many confusing and conflicting evaluation results. However, determining the oil maturity is important for understanding the oil generation and expulsion process, accumulation history and exploration potential evaluation. Because crude oils are fluid, oils captured in the reservoirs may originate from products formed in different evolutionary stages of a single uniform source rock or from multiple source systems. Thus, nearly all reservoir oils are complex mixtures that have experienced charging at different times or with different source rock types. Those different molecular maturity parameters (biomarkers and non-biomarkers) represent different maturity levels, but none of them reflect the maturity of crude oil. The molecular maturity parameters currently utilized to assess crude oil maturity are based on the relative abundance of two stereoisomers (Seifert and Moldowan, 1978; Radke et al., 1982; Grantham, 1986; Radke et al., 1986). During thermal evolution, the absolute concentration of the less stable isomers decreases relatively, while the absolute concentration of the more stable isomers increases relatively. The absolute concentrations of different compounds in crude oil vary greatly from the dead oil to the condensate stage (Wilhelms and Larter, 2004). While the concentrations of n-alkanes and isoprenoid hydrocarbons (pristane and phytane) in crude oils vary essentially by 1-2 orders of magnitude, the absolute concentrations of aromatics (methylphenanthrenes) and light hydrocarbons in most oils vary by more than two orders of magnitude. Among these compounds, biomarkers (hopanes and steranes) and diamondoid hydrocarbons (dimethyl diamantanes) showed the largest range of absolute concentration variation. The absolute concentrations of biomarkers change by nearly five orders of magnitude, while the diamondoid hydrocarbons change by three orders of magnitude.
Oil mixing is a common phenomenon in oil and gas fields (Wilhelms and Larter, 2004; Larter et al., 2012; Wang et al., 2021; Huang et al., 2022). Because the concentrations of maturity-related biomarkers or non-biomarkers vary greatly across maturity levels, deeper concepts of petroleum maturity need to be elucidated. Different oil maturity parameters often record information about different stages of charging and mixing. The maturity parameters related to saturated and aromatic hydrocarbons are the most common evaluation parameters in the field of petroleum geology. Here, we use two cases to illustrate how biomarkers and aromatics concentration-related maturity parameters are recorded for oil charging and mixing histories. The concentration data for these specific components are derived from a mature source rock sequence. During the process of source rock maturation, the concentrations of biomarker compounds drop sharply or even disappear. If the reservoir receives charge from multiple oils, maturity parameters based on biomarker ratios will produce a bias to overemphasize the contribution of low maturity oils, indicating the oil captured in earlier reservoirs. Here, C29 ααα 20S/(20S+20R) is taken as an example, which is highly specific for the immature to the late mature range (Mackenzie et al., 1983; Beaumont et al., 1985; Peters et al., 1996). Figure 14A shows cross-plots of C29 ααα 20S/(20S+20R) and mixing ratios for end-member oils of different maturities, and the concentrations of each component in the mixed oil. When immature, early mature or mid-mature oil is mixed with late mature oil, respectively, the biomarker parameters show signatures of lower maturity end member oil even when this mixture contains 95% late mature oil (Figure 14A). In contrast, maturity parameters based on aromatic isomers are more sensitive to the mixing process and even biased towards the signatures of higher maturity end-member oils. As the thermal maturity increases, the kerogen becomes increasingly enriched in aromatic structures and the concentrations of the generated free alkylated aromatics usually also increase before oil-to-gas cracking (Huang et al., 2022). The MDR (MDR=4-MDBT/1-MDBT) ratio is well suited for assessing maturity from immature to the end of the condensate/wet gas maturity window (Radke, 1988; Chakhmakhchev and Suzuki, 1995; Chakhmakhchev et al., 1997). When immature, early mature or mid-mature oils are mixed with late-mature oils, respectively, the MDR ratio easily resolves the effect of the mixing process (Figure 14B). Thus, maturity parameters based on aromatic isomers tend to reflect the degree of mixing of captured crude oils in mid-to late-stage reservoirs.
[image: Figure 14]FIGURE 14 | Variations of C29 αααα 20S/(20S+20R) (A) and MDR (B) ratios after mixing with different maturity crude oils.
As discussed previously, the charging and mixing histories of the study area are reconstructed based on molecular maturity parameters. Firstly, the biomarkers and aromatic maturity parameters need to be converted to generally accepted vitrinite reflectances (%Ro). The %Ro cutoff values for maturity windows vary in the literature (Dow, 1977; Lewan, 1987; Dembicki, 2009; Srinivasan et al., 2022). The following %Ro cutoff values are used in this study: 0.25–0.5 for immature, 0.5–0.7 for early oil window, 0.7–1.0 for peak oil window, 1.0–1.35 for late oil window, 1.35–2.0 for condensate/wet gas window, and 2.0 and above for dry gas window (Lewan, 1983). Based on the C29 ααα 20S/(20S+20R) values, the maturity window of lower maturity end member oils captured by the reservoir is determined (Mackenzie et al., 1983; Beaumont et al., 1985; Peters et al., 1996). Generally, there is a direct relationship between aromatic molecular maturity parameters and equivalent %Ro values. Six equations (for Eqs 1–6) for calculating the equivalent %Ro are adopted based on the relationship between multiple %Ro values and MDR (Jarvie et al., 2001; Wust et al., 2013; Evenick, 2021; Lohr and Hackley, 2021; Srinivasan et al., 2022). In order to more accurately assess the oil maturity, the six equivalent %Ro values are averaged to obtain the final equivalent %Ro. Comparing the maturity windows obtained from biomarkers [Ro% (Bio)] and the equivalent %Ro gained from MDR [Ro% (MDR)], three geological scenarios can be identified. Scenario 1: If the Ro% (MDR) value is higher than the maturity window defined by the Ro% (Bio) value, it indicates that crude oil with the maturity of Ro% (Bio) is captured in the early reservoir, and oil with the maturity higher than Ro% (MDR) is continuously charged and mixed in the mid-to late-stage reservoir and accounts for a significant contribution; Scenario 2: If the Ro% (MDR) value falls within the maturity window defined by the Ro% (Bio) value, it means that the reservoir has only captured oil from that maturity window, where the larger the Ro% (MDR) value the higher the maturity of the oil; Scenario 3: If the Ro% (MDR) value is lower than the maturity window defined by the Ro% (Bio) value, it means that the Ro% (MDR) is an invalid value and the reservoir may be charged and mixed with high maturity oil. Figure 15 illustrates the oil charging and mixing model from sag to slope in the study area. Peak oil is captured early in the reservoir near well W587, accompanied by late oil charging in the mid to late stages. The reservoirs near wells WX544, W46 and WX140 only capture peak oil, and the oil maturity decreases from sag to slope. In contrast, the reservoir near well W73 only captures early oil. The relatively anomalous Ro% (MDR) values from the Ek reservoir are smaller than the maturity window defined by the Ro% (Bio) values, suggesting high maturity oil charging and mixing.
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[image: Figure 15]FIGURE 15 | Oil charging and mixing model from sag to slope in the study area (Profile location in Figure 1C). The maturity window defined by Ro% (Bio) values is derived from C29 ααα 20S/(20S+20R) values, while Ro% (MDR) values are derived from MDR values.
5.4 Recommendations for the future
In terms of oil charging and mixing models, the oils captured in the reservoirs are a mixture and maturity parameters in light hydrocarbons, biomarkers and aromatics can be considered to comprehensively characterize the oil maturity. Integrating methods such as oil maturity and tectonic evolution to reconstruct hydrocarbon migration and accumulation processes, constrain basin models and reduce exploration risk. At present, only the charging and mixing of two end-member oils are considered, and the number and amount of multiple episodes or continuous charging need to be further explored. Moreover, the contribution of different oil maturities to the reservoir requires quantification. The same series of maturity parameters trace hydrocarbon migration pathways and relative maturity, while multiple series of maturity parameters provide a good characterization of the hydrocarbon charging and mixing histories.
6 CONCLUSION
The Es3 lacustrine source rocks in the study area are in the immature to mid-mature stage, while the Es4 source rocks are in the immature to late mature stage. Among them, the source rocks in the Es4 and Ek formations were deposited in an anoxic, stratified, brackish water environment. Based on the activation energy distribution of different organic matter types, it can be observed that the main peaks of the activation energy distribution of Es4 source rocks are lower than those of Es3 source rocks, revealing that Es4 source rocks generate oil earlier than Es3 source rocks. Whether in Es4 or Es3 members, source rocks with the kerogen type I have the greatest oil yield compared with other kerogens. The orderly spatial distribution of crude oil physical properties can reflect the results of hydrocarbon generation and expulsion of organofacies C, D/E and F at different maturity stages. Generally, the density and dynamic viscosity of oil decrease with increasing oil maturity.
Basically, all oil is a mixture of different compositions charged from a single uniform source rock or multiple source systems at different maturity stages. Because the concentrations of maturity-related biomarkers or non-biomarkers display several orders of magnitude variations across maturity stages, deeper concepts of oil maturity need to be elucidated. Maturity parameters based on biomarker ratios can produce a bias to overemphasize the contribution of low-maturity oils, revealing information about the oils captured early in the reservoir. In contrast, maturity parameters based on aromatic isomers are more sensitive to the mixing process reflecting the degree of mixing of oil captured in mid-to late-stage reservoirs. The oil charging and mixing histories of the study area from sag to slope are reconstructed based on molecular maturity parameters. Peak oil is captured early in the reservoir in the sag, accompanied by late oil charging in the mid to late stages. Reservoirs in the slope area capture only peak to early oil in sequence and the oil maturity decreases from sag to slope. The same series of maturity parameters can trace the direction of hydrocarbon migration and relative maturity, while multiple series of maturity parameters can reconstruct the hydrocarbon charging and mixing histories.
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