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Lacustrine mudrocks are important hydrocarbon source rocks due to their high contents of organic matter (OM). An accurate determination of the origins of OM in the rocks can contribute greatly to the identification of the sedimentary environment and the evaluation of the hydrocarbon generation capacity of the mudrocks. In this study, the lacustrine mudrocks of the Eocene Shahejie Formation in the Dongying Sag of China were sampled for further discussion of the types and origins of OM and the hydrocarbon generation capacity of the mudrocks. On that basis, the classical palynofacies classification scheme was improved, and five palynofacies types (PF1 to PF5) were classified to accurately reflect different lacustrine environments. Among them, PF1 to PF3 are rich in various amorphous organic matter (AOM), including benthic microbial mats, organic aggregates and algal aggregates, which are part of the lake environment in which aquatic organisms bloom. The hydrocarbon generation abilities of the three palynofacies are different but generally strong. PF5 and PF4 have abundant terrestrial plant fragments and macrophyte fragments, respectively, indicating a shallow, near-provenance lake environment and a shallow, macrophyte-flourishing lake environment. These two types of palynofacies have weaker hydrocarbon generation capacities than the former three. Due to the enrichment of different types of palynofacies, each formation of the Dongying Sag shows distinct hydrocarbon generation potentials. Therefore, it is important to pay special attention to the origin of OM and its influences on the hydrocarbon generation capacity of lacustrine mudrocks for a better understanding of the deposition and hydrocarbon generation potential of source rocks.
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INTRODUCTION
Lacustrine mudrocks that are rich in organic matter (OM) are important source rocks in eastern China. As the material basis of hydrocarbon generation, OM is a significant component of lacustrine mudrocks. The OM in the rocks are various types and they have different sources and large variation in their abundances, which are all influenced by sedimentary environment factors (Li et al., 2017; Deng et al., 2021). These affect the hydrocarbon generation potential of the source rocks (Zhu et al., 2018). Therefore, it is significant to determine the origin and characteristics of the OM in the mudrocks that formed in different sedimentary environments.
Palynofacies analysis is a useful tool for identifying the origin of OM preserved in rocks based on their morphological characteristics (Tyson 1995; Batten 1996). There are three main OM categories: the structured OM group, amorphous OM group and palynomorphs group. Each group contains OM from various sources, and these OM types are deposited in different sedimentary environments. Therefore, many studies have reconstructed the paleoenvironment based on the OM composition in sediments (El Beialy et al., 2010; Suárez-Ruiz et al., 2012; El Atfy et al., 2014): sediments that have abundant structured groups likely originated in proximal and shallow environments, while amorphous OM often accumulates in relatively distal and reducing conditions (Tyson 1995; Emmings et al., 2019). This environmental reconstruction method is widely used in sediment studies and is considered effective in large-scale depositional environment identification. However, in a relatively stable and continuously changing water environment, such as a stable lake system, sedimentary OM shows only slight changes in the type, so it is of great importance to distinguish the types of OM in different environments.
In a lake basin, varying sedimentary environments cause differences in the deposited OM, and in turn, differences in the hydrocarbon generation capacities of the rocks (Cai et al., 2019; Li et al., 2021). The quality of OM in source rock determines its hydrocarbon generation capacity. Quantitative pyrolysis parameters and palynological organic debris parameters that can indicate the morphology of OM are often used to describe the quality of OM (Singh and Mahesh 2015; Zhang et al., 2015; Mathews et al., 2020). According to differences in hydrocarbon generation characteristics, OM is often divided into oil-prone and gas-prone materials (Zargari et al., 2015). In recent studies, many scholars have also emphasized the concept of “hydrocarbon-generating OM”, believing that different OM types have different contributions to the hydrocarbon generation of rocks. For example, macroscopic algae, such as red algae, are considered major contributors to hydrocarbon generation (Zhang et al., 2007; Zhang et al., 2015). Therefore, analyzing the hydrocarbon generation capacity of OM from different sources is an important basis for accurately assessing the hydrocarbon generation capacity of lacustrine shale.
The Dongying Sag is one of the most oil- and gas-enriched sags in China. The thick dark lacustrine shale in the middle Es3 submember, the lower Es3 member and the upper Es4 submember of the Shahejie Formation is the main source rock of the sag (Zhang et al., 2012; Zeng et al., 2017). Many previous studies have confirmed the formation process and mineral composition of this hydrocarbon source rock (Zeng et al., 2017; Tian Yang et al., 2018), but the source and features of OM in the rock have not been identified. To clarify the characteristics and hydrocarbon generation capacity of sedimentary OM in different sedimentary environments, we systematically collected mudrocks from the middle Es3 submember to the upper Es4 submember in the Dongying Sag. We analyzed the origin and sedimentary depositional environment of OM in source rocks and determined the formation of OM and its influence on the hydrocarbon generation of source rocks to improve the understanding of the formation and hydrocarbon generation of source rocks.
GEOLOGICAL AND LITHOFACIES SETTINGS
The Dongying Sag is located in the southeastern region of the Jiyang Depression in China and covers an area of more than 5,800 km2 (Figure 1). This sag has a half-graben shape that is faulted in its southern region and overlapping in its northern region.
[image: Figure 1]FIGURE 1 | Location map. (A,B) Location of the Dongying Sag. (C) Structural features of the Dongying Sag and the sampling well locations in the study area.
The Eocene Shahejie Formation contains the main source rocks of the Dongying Sag. There are three submembers in the Eocene Shahejie Formation: the middle Es3, lower Es3, and upper Es4 submembers (Figure 2).
[image: Figure 2]FIGURE 2 | Stratigraphic column of the Dongying Sag (Modified from Ma et al., 2017).
During the sedimentary period from the upper Es4 to middle Es3 submember, the water column changed from shallow to deep and then gradually to shallow, the salinity also decreased constantly, and the environment evolved from salty lake to semi-salty-fresh water lake (Wang et al., 2018). As the sedimentary environment represented by each section changes, different mudrock types are present, and the components of OM and minerals vary obviously (Zeng et al., 2017; Liu et al., 2020).
Calcareous shale, oil shale and mudstone are enriched in the upper Es4 submember, with high content of carbonate minerals in the rocks. Microfossils such as Deflandrea and Pediastrum are discovered in the stratum, both paleontological and geochemical parameters reflect the high salinity of the lake (Xu et al., 1997). The salinity of the lake decreases in the lower Es3 submember. Oil shale and mudstone were developed in this formation. The fine-grained rocks were deposit in deep lake environment. The lake kept expanding, and water salinity further decreased during the period of the middle Es3 submember. Silty mudstone enriched in the formation, and silty exogenous minerals (quartz and feldspar) are rich in the rocks (Figure 2), which reflected typical shore shallow lake sedimentary facies.
In general, between the deposition of the upper Es4 and middle Es3 submembers, the ancient lake evolved from a deep and saline lake to a shallow and freshwater lake (Figure 2). During the sedimentary period of the Eocene Shahejie Formation, the ancient lacustrine environment was in an anoxic-reducing environment, and the sedimentary OM is well preserved (Li et al., 2003; Wang et al., 2015; He et al., 2017).
METHODS
A total of 198 samples were collected from 5 wells, including NY1, N38, W31, N872, and F112, in the Eocene Shahejie Formation (the upper Es4 to middle Es3 submembers) (Figure 3). All samples were collected for thin section observations and palynofacies and pyrolysis analysis.
[image: Figure 3]FIGURE 3 | Distribution of samples in each member of the Shahejie Formation.
Palynofacies analysis
These mudrocks samples were processed for palynofacies analysis. Approximately 50 g of sediments was sampled for organic matter analyses. These samples were first treated with HCl (10%) to remove carbonate minerals, and then treated with HF (35%) to remove silicate minerals. After the treatment, the samples were cleaned to neutral by filtered water treatment. This method ensured that most of the OM in the sample was not lost.
The relative percentage of organic matter components is based upon counting of at least 400 organic particles per sample, which was performed using an OLYMPUS BX51-P microscope with transmitted light and fluorescence light. The morphological characteristics of various OM types were detailedly identified in the study. Differences between terrigenous and aquatic organic matter are the focus of observation. Since amorphous organic matter (AOM) was dominant in the mudrocks, the identification of various AOM was also performed. Quantitative analysis of the composition of OM assemblages in each sample was conducted in this study.
Rock-Eval VI pyrolysis
A total of 198 samples were pyrolyzed using a Rock-Eval 6 pyrolysis apparatus (RE6, Vinci Technologies®). A series of successive stages were performed. First, 50 mg of each crushed sample was subjected to a temperature of 300°C, and a free hydrocarbon (peak S1, mg/g of rock) was qualified. Then, programmed pyrolysis was performed at temperatures increasing from 300 to 650°C to qualify the potential hydrocarbons (peak S2, mg/g of rock). Simultaneously, oxygenated products, including CO and CO2, were measured at temperatures between 300°C and 390°C; these products were referred to as peak S3 (mg CO2/g of rock), and residual carbon at 600°C (which was referred to as peak S4 (mg CO2/g of rock)) was recorded. A number of parameters, including total organic carbon (TOC), the hydrogen index (HI), and the oxygen index (OI), were assessed at peaks S1, S2, S3, and S4. The value of Tmax corresponded to the temperature at the maximum S2.
Thin section observations
The rock samples were ground into thin sections showing the vertical bedding and parallel bedding to observe the preservation of OM in the rocks. Petrographical examination was performed using a Nikon microscope. The thin sections were analyzed under optical plane-polarized and fluorescent light at magnifications ranging from ×50 to 500x.
Scanning electron microscopy observations
Gold-coated sample chips were prepared for observation of the microscopic characteristics using an FEI Quanta Model 200 F scanning electron microscope with a working current of 20 kV.
RESULTS
Organic matter characteristics of rocks
Classification of organic matter in rocks
According to the currently widely used classification scheme (Tyson 1995; Carvalho et al., 2006; Garcia et al., 2011), OM is divided into three main types: structured OM, amorphous OM (AOM) and palynomorphs:
(1) Structured OM includes land plant fragments and macrophytes.
According to microscope observations, land plant fragments retained relatively intact cell structures. The larger, thick-walled cells are regularly arranged (Figures 4A–C). Stomatal structures are visible on the surfaces of some higher plant fragments (Figure 4A). These morphological features are typical differences between land plants and aquatic plants (Martín-Closas et al., 2005). The land plant fragments rarely exhibit fluorescence.
[image: Figure 4]FIGURE 4 | Morphological characteristics of each kind of OM. (A,B). Land plant fragments under transmitted light; (C). cell structure of land plant tissues under SEM; (D). macrophyte fragments under transmitted light; (E). macrophyte fragments with good fluorescence intensity; (F). tetrasporangia of macrophytes; (G).; granular AOM under transmitted light; (H). granular AOM under fluorescence; (I). surface of granular OM; (J). spongy AOM under transmitted light; (K). spongy AOM with weak fluorescence intensity; (L). vesicular extracellular polymers on the surfaces of spongy AOM under SEM; (M). laminated AOM under transmitted light; (N). laminated AOM under fluorescent light; (O). edges of laminated AOM under SEM; (P). A. microalatus; (Q). Ephedripites fushunensis; (R). Cupuliferoipollenites sp; (S). Dictyotidium sp.
The original remaining sieve cells are visible in some macrophyte fragments under transmitted light (Figure 4D), and the cell structure is more obvious under fluorescent light (Figure 4E). These sieve cells are elongated and branched and interweave with each other to form the “parenchymatous” thallus (Figure 4D). These particles have moderate fluorescence intensities. Although the preservation potential of macrophytes is not as good as that of land plants, and they are sometimes preserved in a “structureless” state in rocks, the remaining tetrasporangia can occasionally be observed, which is one of the important identification signals of macrophytes (Figure 4F) (Bellinger and Sigee 2011).
(2) Amorphous OM (AOM) group includes granular AOM, laminated AOM and spongy AOM.
Granular OM is yellow to dark brown, with particle sizes ranging from 50 to 400 μm. The particles are regular and structureless, with clear edges and homogeneous surfaces with uneven structures under transmitted light (Figure 4G). The fluorescence intensity of this kind of OM is weak to moderate, and a variety of OM particles, including spores and algae fragments with good fluorescence, are often adhered to the surface (Figure 4H). Furthermore, fossil hyphae can often be found on the particle surfaces in SEM observations (Figure 4I). OM with these morphological characteristics likely formed by the aggregation of phytoplankton blooms (Batten 1996).
Laminated AOM are flake-like particles with sizes of 100–400 μm, and the particles have clear edges (Figure 4M). Although there are no remaining structures on the surfaces of this OM under transmitted light, tiny layers on the edges of OM particles are clearly visible under fluorescent light (Figure 4N). The laminated structure can be further magnified under SEM (Figure 4O). OM with this morphological characteristic is often considered to be lamalginite (Khan et al., 2020).
Spongy AOM is named from the fact that it has no fixed morphology. Spongy AOM is generally dark brown under transmitted light. The particles are amorphous and have no clear edges (Figure 4J). This kind of OM exhibits weak to moderate fluorescence (Figure 4K). Fossil extracellular polymeric substances (EPS) are visible on the surfaces of the spongy AOM under SEM (Figure 4L). Spongy AOM consists predominantly of various OM particles, such as fecal pellets and other particles in the water column (Turner 2015).
The formation and depositional processes of these kinds of AOM is further confirmed in the following text.
(3) Palynomorphs
The palynomorph group includes pollen and spores in the study area. These palynomorph particles are small in size (usually less than 40 μm) with well-preserved forms in transmitted light (Figures 4P–S). Under fluorescent light observations, the particles show distinct cellular structures and obvious yellowish fluorescence. The palynomorphs include A. microalatus, Ephedripites fushunensis, Cupuliferoipollenites sp., and Dictyotidium sp. (Figures 4p–s).
Quantitative analysis of organic matter
The quantitative analytical results show that AOM is the main component of OM in the mudrocks in the study area, with an average content reaching 78.0%; the structured OM content is the second highest, with an average of 19.2%; the palynomorph content is the lowest, with an average of 2.8%; and the palynomorph content in all samples is less than 3%.
Characteristics of pyrolysis
The results of pyrolytic analysis reveal that the TOC values of the rocks in the study area range from 0.35% to 12.22% (Table 1; Figure 5), and the average TOC content is 3.06%. A comparison of the pyrolytic parameters of each submember of the formation reveals that each member also has obvious differences. The TOC of the middle Es3 submember is the lowest, with an average of 1.40%; the TOC of lower Es3 submember is the highest, with an average of 4.56%; and the TOC of the upper Es4 submember is between these two values, with an average of 3.01%.
TABLE 1 | Pyrolysis characteristics of each member.
[image: Table 1][image: Figure 5]FIGURE 5 | Results of pyrolysis and palynofacies analyses.
A comparison of the hydrogen index (HI) and oxygen index (OI) of each member reveals that middle Es3 submember has a low HI and high OI. The HI and OI are 273 mg HC/g TOC and 57 mg HC/g TOC, respectively. Rocks of the upper Es4 submember and lower Es3 submember are characterized by high HI and low OI values; the former has an average HI of 528 mg HC/g TOC and an average OI of 32 mg HC/g TOC, and the latter has an average HI of 624 mg HC/g TOC and an average OI of 19 mg HC/g TOC.
The organic characteristics of mudrocks in each member of the Dongying Sag are reflected not only in the TOC, HI and OI but also in other pyrolytic parameters, such as the hydrocarbon generation indices S1 and S2. Both S1 and S2 are lower in middle Es3 submember and are 0.23 mg/g and 4.47 mg/g, respectively. The lower Es3 submember has the highest S2, averaging 30.59 mg/g, and the average S1 is 3.10 mg/g, while lower Es4 submember has the highest S1, averaging 3.59 mg/g, and the average S2 is 16.35 mg/g.
The Tmax values of all kinds of rocks are between 430 and 441°C, showing similar organic matter maturity.
DISCUSSION
Depositional processes of organic matter and palynofacies
Origin and depositional process of organic matter
The sedimentary process of OM can be inferred based on the preservation of OM in rocks and the structural characteristics of rocks. In this study, we selected separate samples rich in each kind of OM to analyze the preservation and depositional process of each type of sedimentary OM mentioned above.
Samples with many land plant fragments are characterized by abundant silt-size detrital particles (mainly quartz) (Figures 6A–C). These land plant fragments are dispersed in the silt-rich matrix under thin section observation (Figures 6B,C). The coexistence of land plants and silt-size particles reflects exogenous inputs in a shallow lake environment (Zeng et al., 2018). Due to the weaker surface activity (Burdige 2007; Xuan Yang et al., 2018), these organic particles may have been deposited as single grains. The deposition of land plant fragments is a physical process in shallow lakes (Furota et al., 2021).
[image: Figure 6]FIGURE 6 | OM preserved in rocks. (A). Land plant tissue fragments; (B). vertical section of mudstone rich in land plant fragments; (C). land plant fragments visible in a cross-section of mudstone (A–B). N38, 2951.5 m, middle Es3 submember); (D). macrophyte fragments; (E). discontinuous laminae in mudstone rich in macrophytes (vertical section); (F). preserved macrophyte fragments in a cross-section of mudstones (d-f. N38, 3336.6 m, lower Es3 submember); (G). laminated AOM; (H). shales rich in laminated AOM that contain abundant OM-rich laminae; (I). granular AOM visible in a cross-section of shales under fluorescent light (G–I. NY1, 3375.3 m, upper Es4 submember); (J). granular AOM; (K). shales rich in granular AOM characterized by a laminated structure; (J). granular AOM particles in a mudrock cross-section (within the dotted blue line) (J–L. NY1, 3357.3 m, upper Es4 submember); m. spongy AOM; (N). vertical section of rocks rich in spongy AOM; (O). spongy AOM visible in a mudrock cross-section under fluorescent light (M–O, NY1, 3448.5 m, upper Es4 submember).
Mudrocks, which have abundant macrophyte fragments, are characterized by discontinuous OM laminae and fewer silt-size mineral particles (Figure 6E). The OM laminae were derived from macrophytes (Figure 6D,F). The fabrics of the shales indicate that this rock was deposited in a shallow water environment with relatively less allochthonous inputs (Tyson 1995; Schieber et al., 2010).
Rocks that enriched in laminated AOM, consisted of alternating couplets of dark organic-rich layer and light mud layer (Figure 6H). This indicates that the rocks formed in a standing water environment with periodic changes. Observations of cross-sectional thin section under fluorescent light reveal that the OM in rocks show obvious lamalginite (Figures 6G,I). This kind of structure has been found in source rocks in many areas (Khan et al., 2020; Xie et al., 2020; Froidl et al., 2021), and it has been confirmed that the organic-rich laminae originate from microbial mats (Schieber et al., 2007; Batchelor 2016; Froidl et al., 2021). The microbial mats likely grew in the clear photic zone of the lake bottom and eventually formed rich organic laminae in rocks (Prieto-Barajas et al., 2018). The laminated AOM were finally preserved by autochthonous deposition.
Granular AOM-enriched rocks are usually combinations of multiple laminae (Figure 6K). In vertical thin sections, such OM is preserved in the rock in the form of organic laminae. In cross-section, some forms of granular OM are still visible (Figures 6J,L). Previous studies on this lamina suggest that it is origin from algae blooms (Alam et al., 2016; Zhang et al., 2018). In nutrient-rich water, algae can flourish in large numbers and gather together to form algae clumps, and OM can spontaneously gather and eventually deposit to form organic-rich laminae (Goth et al., 1988).
Rocks with higher contents of spongy AOM show that this kind of OM is only visible under fluorescent light (Figures 6M–O). It is believed that this OM was closely related to clay minerals (Cai et al., 2020). In water column, during algal bloom intermission, OM deposited as ‘organic aggregates’ rather than as individual particles (Romankevich 1984; Tyson 1995). These organic aggregates are deposited with clay minerals via flocculation to form dark laminae or mud matrices (Passow 2002; Turner 2002; Wingender et al., 2012; Turner 2015; Zeng et al., 2017; Zeng et al., 2018).
The palynomorph particles are tiny and can be carried into water column by wind forces and transported by hydrodynamic forces (Behling et al., 2001; Sebag et al., 2006; Guler et al., 2013). However, the palynomorph content in the shales in the study area is so low (less than 2% in most samples) that its contribution to the hydrocarbon generation of the source rocks is likely very limited. Therefore, it is not discussed exclusively in this article.
In conclusion, the sources and sedimentary environments of all kinds of OM are quite different, including benthic OM and flocculation-generated OM. These OM types were deposited via different sedimentary processes and eventually preserved in rocks.
Classification of palynofacies in lacustrine environments
The AOM-phytoclast-palynomorph (APP) ternary diagram of Tyson (1995) is widely used to characterize palynofacies assemblages of various paleoenvironment. Quantitative palynofacies data of the study area distribute in four regions of the ternary diagram: I, II, VI and IX (Figure 7). More than 75% of the shale OM assemblages of upper Es4 and lower Es3 sumembers are concentrated in Zone IX, indicating a distal suboxic-anoxic basin with deeper water environment. Most of the OM assemblages of middle Es3 are distributed in I and II regions. This indicates highly proximal basin and marginal dysoxic-anoxic basins with shallow water. It can be seen that mudrocks of each submember in the study area were deposited in a anoxic water environment, and the water depth changed significantly. Therefore, Tyson’s OM assemblage classification scheme can be used to identify the changes in lake basins in large-scale sedimentary environments.
[image: Figure 7]FIGURE 7 | The ‘A-P-P’ ternary plots for the Shahejie Formation of Dongying Sag.
However, the classic Tyson’s classification scheme also has some limitations; this classification simplifies various OM types into AOM group and structured OM group. As discussed above, the deposition and preservation of these OM are obviously different, and they are the products of different environments. Dividing these OMs into the same component inevitably affects the accurate assessment of the lacustrine environment. Based on the above reasons, this study combined the natural and sedimentary modes of all kinds of OM and further divided the OM assemblage according to Tyson’s classical classification to analyze the formation environment of OM in a more detailed way.
In the new classification, the samples from Zone IX that are rich in amorphous OM were further divided into three OM combinations:
1 PF1: The content of laminated AOM is higher than 40%, which reflects the lake environment in which benthic microbial mats thrive in large numbers.
2 PF2: The content of spongy AOM aggregates is higher than 50%, which reflects the sedimentary environment where a large amount of OM accumulated and extensive flocculated deposition occurred.
3 PF3: The granular AOM is relatively abundant, and the laminated AOM and spongy AOM are lower than 40% and 50%, respectively, which reflects the water environment in which phytoplankton aggregated.
Samples with less than 60% AOM content and relatively high structured OM content were further divided into two categories:
4 PF4: Samples enriched in benthic algae indicate a lakefront environment, in which abundant benthic algae grew; the lake was relatively shallow and the exogenous input was lower.
5 PF5: The presence of higher plants and submerged plants indicates a shallow water environment with exogenous inputs.
Palynofacies and hydrocarbon potential
Palynofacies and total organic carbon
Due to the different sources and depositional processes of OM in rocks, this study focused on the relationship between OM types and TOC. Figure 8A shows the TOC characteristics of each palynofacies. The TOC values of PF1 range from 1.86% to 12.22%, with an average of 5.05%; the average TOC values of PF2 and PF3 are 2.78% and 3.16%, respectively; the values of PF4 vary between 0.52% and 4.16%; and PF5 has the lowest TOC values, with an average of 1.21%. We further analyzed the organic composition in each TOC interval. As shown by Figure 8B, while the TOC values are less than 1.0%, PF4 and PF5 are dominant. As the TOC values increase to 1.0%–3.0%, the proportions of PF2 and PF3 also increase. When the TOC values exceed 5%, the samples are mainly PF1, and there are no PF4 or PF5.
[image: Figure 8]FIGURE 8 | Relationship between the palynofacies and TOC of mudrocks. (A). TOC values of each palynofacies; (B). palynofacies composition in each TOC interval.
Both figures (Figures 8A,B) show that there is a close relationship between OM types and TOC in the rocks of the study area. Mudrocks that are rich in terrigenous OM and macrophytes have relatively low TOC values. In contrast, mudrocks, which have abundant AOM, have higher TOC values. As a result, in the low TOC range of the study area, the exogenous OM is the main contributor to the total TOC, while in the high TOC range, the autogenous OM is the main TOC contributor. The amount of exogenous OM input in the lake basin is far less than that of autogenous OM. This is consistent with a previous study (Cai et al., 2020).
In summary, the plankton bloom of the lake during deposition resulted in OM abundance in lacustrine mudrocks. In shallow and inshore lake environments, authigenic OM is diluted by terrigenous inputs (Li et al., 2021; Xie et al., 2021). This results in a lower OM abundance in the mudrocks that formed in the environment.
Hydrocarbon potential of each palynofacies type
Different sources, properties and depositional patterns of OM not only affect the abundance of OM in rocks but also may cause changes in hydrocarbon generation. In this study, the HI, OI, S1, and S2 were used to compare the pyrolytic parameter characteristics of various palynofacies assemblages to clarify the influence of different types of OM assemblages on the hydrocarbon generation process.
From the results of the HI and OI parameters (Table 2; Figure 9), PF1 has the highest HI, reaching an average of 655 mg/g, and the HI values of PF2 and PF3 are similar, averaging 514 mg/g and 543 mg/g, respectively. The HI values of PF4 and PF5 are 372 mg/g and 242 mg/g, respectively, which are significantly lower than those of the former three types of palynofacies. However, the OI values of PF4 and PF5 are significantly higher. According to the kerogen type indicated by the HI-OI values (Figure 9B), the kerogen types of PF1-PF3 are mainly I-II, and this type of kerogen has high HI and low OI values, which are significantly better than those of PF4 and PF5 (in which the kerogen types are mainly II-III). This indicates that rocks formed by the autochthonous OM and organic aggregates are oil-prone kerogen types, while rocks formed by the evolution of macrophytes grown in shallow water environments have relatively poor kerogen types.
TABLE 2 | Pyrolysis characteristics of palynofacies.
[image: Table 2][image: Figure 9]FIGURE 9 | HI and kerogen type of each palynofacies. (A). HI values of each palynofacies; (B). kerogen type of each palynofacies.
The average Tmax values of all the palynofacies assemblages concentrated in a interval of 435∼445°C (Table. 2). This indicates early mature stage of OM, and this is consistent with the Ro results of previous tests (Li, 2011; Zhang et al., 2012). Geochemical parameters also reflect that there is little difference in maturity among various palynofacies.
Figure 10 lists TOC-S1+S2 charts of various palynofacies to analyze their hydrocarbon generation capacity (Peters 1986): PF1 has the best hydrocarbon generation capacity among all palynofacies assemblages. PF2 and PF3 are similar, and both are in good-very good stages. Compared with the first three, PF4 has a weak hydrocarbon generation capacity and is in medium-good stages. PF5 is the weakest and is mostly in medium-poor stages. This indicates that authigenic aquatic OM is an important component of hydrocarbon generation. The weak hydrocarbon generation capability of PF4 is probably related to the poor preservation ability of macrophytes (Tyson 1995). The weak hydrocarbon generation capacity of the PF5 is due to the terrigenous land plants and dilution of OM in shallow environment.
[image: Figure 10]FIGURE 10 | Hydrocarbon generation potential of palynofacies (according to Peters, 1986).
Lacustrine sedimentary environment and hydrocarbon generation of mudrocks
Based on the comparison between the deposition process and hydrocarbon generation differences of the palynofacies assemblages, a model of OM deposition and hydrocarbon generation in the study area was established to discuss the determination of environmental factors on the OM characteristics in rocks (Figure 11).
[image: Figure 11]FIGURE 11 | Sedimentary model and hydrocarbon generation parameters of OM.
In a shore-shallow lake environment, land plants fragments are carried into water column with silt-size detrital minerals. The OM is deposited into the water bottom mainly through physical deposition which is obviously affected by hydrodynamic action. The abundance of OM is low (TOC is about 1%) in the sediments due to the dilution of exogenous minerals (Tyson, 1995; Xie et al., 2021). The land plants exhibit a low mean hydrogen index (about 242 mg HC/g TOC), and are mainly types II-III kerogen. The hydrocarbon generation capacity of the rock is relatively weak (S1: 0.18 mg/g, S2: 3.49 mg/g). As exogenous components gradually decreased, the autochthonous macrophytes became more concentrated. TOC of rocks deposited at this stage gradually increased to 2%. The kerogen is mainly type II with the HI of 372 mg HC/g TOC. The hydrocarbon generation capacity of the rock is moderate (S1 of 0.62 mg/g ;S2 of 8.73 mg/g).
There are a variety of conditions in the deep lake- semi-deep lake environment. When the water column is eutrophicated, plankton and other microorganisms flourish, and these tiny organic particles deposit as aggregates (Turner, 2015). Mudrocks formed in this environment are often rich in OM and their TOC can reach more than 3.2%. The kerogen type is mainly type I with average HI of 543 mg HC/g TOC, and the rock has good hydrocarbon generation capacity (average S1 and S2 are 2.76 mg/g and 17.40 mg/g).
In the intermission of the algal bloom period, the water column is mainly composed of organic aggregates, which are deposited by flocculation (Turner 2015). There is a close relationship between minerals and OM during deposition (Cai et al., 2019). The hydrogen rich Type I kerogens (average HI of 514 mg HC/g TOC) formed in this environment. Mudrocks with average TOC of 2.8% and Type I kerogen (average HI of 514 mg HC/g TOC) are formed in this environment. The mudrocks show good hydrocarbon generation capacity (S1+S2 of 14.11 mg/g).
In the euphotic zone of the lake, microbial mats flourish at the bottom of the lake, and these mats can be deposited in situ and preserved. The microbial mats exhibit high average HI values of 655 mg HC/g TOC. In this environment, the abundance of OM in mudrocks are the highest (average TOC of 5.0%). Mudrocks have high average S1 and S2 (3.95 mg/g and 34.37 mg/g), show very good hydrocarbon generation potential.
An overview of the hydrocarbon generation capacity of OM in various lake basin environments shows that the capacity gradually changes as the lake changes from shallow to deep. In shallow water environments, exogenous OM is deposited by physical deposition, and the hydrocarbon generation capacity of such OM is generally weak. As the water deepens, the amount of exogenous input decreases, benthic macrophytes dominate the deposition and accumulation of OM, and the hydrocarbon generation capacity of rocks increases. When the water deepens further, algae blooms promote the further hydrocarbon generation of rocks. At the same time, when microbial mats at the bottom of the lake basin, a large amount of OM enrichment places the rocks in a higher hydrocarbon generation stage.
In summary, from shore-shallow lake to deep lake environments, sedimentary environmental factors not only control the difference in OM types but also significantly control the OM abundance and hydrocarbon generation capacity of mudrocks.
Hydrocarbon potential of each formation in the Dongying Sag
Based on the deposition and hydrocarbon generation capacity of various palynofacies, the palynofacies assemblage patterns of the Shahejie Formation in the Dongying Sag were analyzed in this study. The composite chart of each layer is shown in Figure 12.
[image: Figure 12]FIGURE 12 | Composite histogram of pyrolysis parameter, palynofacies composition and hydrocarbon generation of the middle Es3- upper Es4 submeber in the Dongying Sag.
Among the 37 samples from middle Es3 submember, 68% are PF5-type OM assemblages, and 38% are PF4-type palynofacies. The average TOC of the rocks is 1.40%, the HI and OI values are 273 mg/g and 57 mg/g, respectively, and the kerogen is mainly types II-III.
The PF1 palynofacies assemblage (56%) is found in the 46 rock samples from lower Es3 submember, while the PF3 palynofacies assemblage accounts for 22%, and the PF2 and PF4 palynofacies assemblages are both 11%. The average TOC of OM is 4.6%; the average HI and OI values are 624 mg/g and 19 mg/g, respectively; and the kerogen is types I-II.
Among the 115 samples from the upper Es4 submember, more than 55% are the PF2 palynofacies assemblage; PF3 and PF1 assemblages are 29% and 14%, respectively; and the PF4 palynofacies assemblage is 4%. The average TOC of OM is 3.01%; the HI and OI values are 528 mg/g and 32 mg/g, respectively; and the kerogen type is types I-II, but predominantly type II.
According to the analyses of the palynofacies assemblage and hydrocarbon generation potential, the types and genesis of middle Es3 submember to upper Es4 submember palynofacies in the Dongying Sag are obviously different. The palynofacies assemblages of middle Es3 submember are mainly PF4 and PF5, indicating that the lake was relatively shallow and contained abundant exogenous inputs during the depositional period of this layer. OM from land sources and macrophytes growing in shallow water were gathered. Mechanical deposition played a leading role in the deposition of OM, leading to the weak hydrocarbon generation capacity of the rock strata. The lower Es3submember is rich in the PF1 and PF3 palynofacies assemblages, indicating that the water in this layer was stable and that there were a large number of self-growing organisms in the water. These OMs were deposited by biological action, and the hydrocarbon generation capacity of the layer was very good. The number of palynofacies assemblages in the upper Es4 submember is significantly larger than that in the other subsections, reflecting the stable water environment where organic aggregates were concentrated. In this depositional period, the primary productivity of water bodies was lower than that of the lower Es3 submember depositional period, and OM mainly reached the bottom by chemical flocculation. The pyrolysis parameters show that the hydrocarbon generation capacity of the section is slightly lower than that of lower submember, but it still shows good source rock characteristics. This is consistent with the previous understanding of each section and the evolutionary characteristics of the sedimentary environment. Thus, the types of OM in different lake environments are very different; these OM types reach the water bottom through mechanical, biological and chemical sedimentation, and the difference in these OM types also affects the formation and hydrocarbon generation capacity of mudrocks. Therefore, the accurate analysis of the source and deposition process of sedimentary OM in different lake environments is extremely important for a deep understanding of the formation process of mudrocks and can also provide a reliable basis for the evaluation of source rocks.
CONCLUSION
The lacustrine mudrocks of the Shahejie Formation in the Dongying Sag have abundant OM types. According to the source and deposition mechanism of OM, we delineate five palynofacies assemblages. PF1 and PF3 indicate a lake environment in which benthic microbial mats grew in abundance and a lake environment in which phytoplankton blooms occurred, respectively. PF2 reflects the deep-water lake environment in which all kinds of nonliving OM were enriched. PF4 represents an organic assemblage in a shallow water macroalgae-enriched lake environment. PF5 represents an OM assemblage in a shallow lacustrine environment near the provenance.
The pyrolysis analysis results indicate that the hydrocarbon generation capacity of the mudrocks is the strongest when the microbial mats grew abundantly and the planktonic algae bloomed. The hydrocarbon generation capacity of mudrocks deposited in lacustrine environments dominated by organic polymers is weaker. In the nearshore environment facies, the overall hydrocarbon generation capacity is weak, and the weakest hydrocarbon generation capacity occurs in the environment with abundant terrigenous clastic OM.
A comparison of the characteristics of palynofacies assemblages in each layer of the Dongying Sag revealed that during the depositional period of the upper Es4 submember- middle Es3 submember, the water depth transitioned from deep to shallow. During the sedimentary period of the upper Es4 and middle Es3 submembers, the aquatic OM in the lake was enriched, and the latter had higher lake productivity and better hydrocarbon generation capacity. During the sedimentary period of the middle Es3 submember, the lake was shallow, and the hydrocarbon generation capacity of the mudrocks was weak due to the influence of exogenous input. Therefore, it is of great significance to understand the formation process and hydrocarbon generation potential of lacustrine shale by paying attention to the OM source and hydrocarbon generation capacity.
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