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The organic-rich shale in the first member of the Qingshankou Formation, which is located in the southern Songliao Basin, is regarded as a high-quality source rock in East China. Geochemistry parameters were utilized to illustrate the formation and preservation conditions of the Qing1 Member in the Changling Sag, southern Songliao Basin. In the present study, from longitudinal continuity, the samples of organic geochemistry and elemental geochemistry were collected and systematically analyzed. This aims at determining the paleosalinity, paleoclimate, paleoredox conditions, and paleoproductivity and reconstructing its depositional paleoenvironment. According to total organic carbon (TOC) content, the Qing1 Member in the Changling Sag can be classified into two intervals, which are the lower part and the upper part, with high TOC content and low TOC content, respectively. It can be proved from the results of geochemical indicators that under warm and humid climatic conditions the relatively lower part was generated in the anoxic environment. Terrigenous input brought nutrients to the water body of the lake, made algae flourish, and had a relatively high paleoproductivity of the lake, which imposed a vigorous impact on the accumulation of organic matter. The upper part is mainly deposited under weakly oxidizing conditions, with gradually enhanced oxidation and reduced productivity. In contrast to the lower shale, the terrigenous inflow is relatively low. TOC content in the Qing1 Member has a positive relevance with the paleoredox conditions, as well as the paleosalinity conditions, indicating that good preservation is favorable for the accumulation of organic matter. A depositional model is proposed for the organic matter accumulation of this shale. The upper part was in a relatively hot and dry paleoclimate, with a low degree of organic matter enrichment, whereas the lower part had a warm and humid paleoclimate, with the input of terrestrial organic matter into the primary productivity of the lake basin and a high degree of organic matter enrichment.
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1 INTRODUCTION
Highly abundant in organic matter, shale is the source rock for the exploration of hydrocarbons. The accumulation of organic matter in rocks can be affected by various environmental factors such as main productivity, oxidation-reduction conditions of water column, and influx of terrestrial sources (Tribovillard et al., 1996; Li et al., 2017; Harris et al., 2018). Previous studies showed that developing source rocks with excellent quality mainly depends on the input and preservation of organic matter. Models describing the evolution of source rocks can be classified into different forms. 1) The “paleoproductivity model” refers to the high input of organic matter in a basin formed through paleoclimate, aquatic organisms in sedimentary water, and terrestrial organic matter supply. Oxygen is consumed by the water body to form a reductive environment, which is favorable for the preservation of organic matter in sediments (Mort et al., 2007; Li et al., 2017; Zhao et al., 2016; Yin et al., 2017; Tian et al., 2019). 2) The “preservation model” means that under a high deposition rate, paleo water depth, and poor hydrodynamic conditions, the absorbed organic matter is then effectively saved at the anoxic bottom of the aquatic environment in the process of enrichment of sedimentary organic matter (Carrol and Bohacs, 1999; Holfmann et al., 2000; Katz, 2005; Tyson, 2005). 3) The “paleoproductivity preservation interaction model” is the comprehensive result of high organic matter inputs and an anoxic environment (Huang et al., 2013; Jin et al., 2020). The key to establishing an accurate organic matter enrichment model is clarifying the paleosedimentary environment formed under the comprehensive control of various factors.
Although most oil shale exploration is concentrated in marine systems, in many countries, lacustrine mudstone plays a very essential role in shale oil exploration. In China, much of unconventional resource exploration, such as shale oil exploration, is concentrated in lacustrine formations. Different from the marine environment, the lake environment has the characteristics of a small scope, shallow water body, and many close material sources. The types of sediments are sensitive to changes in environmental factors such as climate. This reflects the lacustrine source rock has strong heterogeneity of oil and gas potential. Therefore, the reconstruction of the sedimentary environment is in need of urgent exploration to forecast the distribution of hydrocarbon and evaluate the potential of oil and gas. However, as mentioned above, the main factors commanding organic matter enrichment on the characters of source rocks will vary with changes in the deposition environment. Therefore, we should study the characteristics of the paleosedimentary environment of source rocks in different regions. The sedimentary environment will have a great impact on the geochemical characteristics of sediments. The reconstruction of the paleoenvironment of sedimentary rocks rich in organic matter can be studied by means of elemental geochemistry and organic geochemistry. Therefore, the content and ratio of elements in source rocks are usually adopted to analyze the conditions of the paleoenvironment (Algeo and Maynard, 2004; Tao et al., 2017). In addition, the characteristics of biomarker compounds are also effective indicators of ancient sedimentary environments, such as revealing the source of organic matter contained in the formation environment. It is very important to choose the parameters of inorganic geochemistry and organic geochemistry to mutually support and analyze the interpretation of ancient environments.
The Songliao Basin is the greatest continental petroliferous basin in China. In the late Cretaceous, the Qingshankou was the main stage for the expansion of the Songliao Basin. Among them, the Qing1 Member not only has been proven to be a series of excellent source rock development horizons with powerful hydrocarbon generation abilities but also is a main source rock and favorable reservoir rock, accompanied by extensive oil and gas display in the basin. However, previous research mainly focused on the northern Songliao Basin, including its source rock and reservoir characteristics, the composition of organic matter (OM) (Tu et al., 2012), and depositional filling developments (Zhang et al., 2018). There is little information about the southern section of the centrality depression in the Songliao Basin. Recently, with the deepening of shale oil exploration, the oil resource structure of the Songliao Basin has changed greatly. The shale oil exploration area of the Qing1 Member is showing good exploration potential. Therefore, it is indispensable to investigate the organic matter enrichment mechanism of the Qing1 Member to understand the enrichment of shale oil and gas. As an important source rock in the field, the formation environment of the Qingshankou Formation (k2qn) has been controversial. Previous studies suggested that this series of origin rocks obtain main progress in the lacustrine sedimentary environment of fresh water to brackish water. Now more evidence demonstrates that the late Toulun period (the lower section of the Qingshankou formation) experienced large-scale transgression and hypoxia events (Hu et al., 2010), which provided important material basis and preservation conditions for the source rock formation. Under this background, the control and contribution of organic matter accumulation are still unclear. This does not help to explore the shale oil and gas resources in the research zones.
Previous researchers mostly used organic geochemical data to analyze the impact of the paleoenvironment on lacustrine source rock deposition and organic matter enrichment (Dong et al., 2015). However, this study conducted organic geochemical and elemental geochemical testing and analysis on shale system samples, providing a more comprehensive method. This method was first adopted at the Qing1 Member in the southern part of the Songliao Basin. To clarify the role of paleoenvironmental factors in organic matter enrichment, this study uses the indicators of element geochemistry and organic molecular geochemistry to reconstruct the sedimentary environment and analyzes the correlation between paleoenvironmental factors and organic carbon abundance. This research paper not only hopes to establish a sedimentary evolution model of organic matter accumulation but also provide a scientific basis for further investigation of shale oil in the research zone.
2 GEOLOGY SETTING
Situated in Northeast China, the Songliao Basin is a large north-northeast-trending Mesozoic–Cenozoic continental lacustrine basin. As one of the largest oil-bearing basins in China, it covers an area, length, and breadth that approximately reaches 2.6 ×105 km2, 7.5 × 102 m, and (3.3–3.7) ×102 m, respectively (Figure 1A). It derived from the basement in the Inner Mongolia and Jihei geosynclinal folds during the late Hercynian period (Wang et al., 2000a; Zhao et al., 2004; Hu et al., 2010). Since the Middle Jurassic, the Songliao Basin has experienced mantle upwelling due to plate tectonic interactions. This sustained until the Late Cretaceous (Zhang et al., 2016; Mizutani et al., 1989). Three major tectonic episodes occurred during the evolution of the basin: fault-related subsidence, thermal subsidence, and, finally, inversion (Liu et al., 2019; Wang et al., 2023). Specifically, during the Cretaceous rifting stage, the Pacific plate began to subduct below the Asian continent, forming a series of fault-bounded basins in northeastern China. In the middle Cretaceous, the lithosphere gradually cooled, resulting in extensive thermal subsidence of the basin with a corresponding increase in basin aerial extent (Wang et al., 2016). The central highlands eventually formed the central depression because of a strong thermal equilibrium adjustment in the underlying mantle. During the late Cretaceous, the deep structure of the basin continued to undergo equilibrium adjustment (Zhao et al., 2016). The lake basin gradually shrank, and the Songliao Basin was inverted by folding and uplift (Wei and Algeo, 2020). In accordance with the basement and tectonic evolution features, this basin consists of six first-order tectonic units, namely, the northern plunge, western slope, southwestern uplift, south-eastern uplift, northeastern uplift, and central depression (Figure 1B; Liu et al., 2019). Among them, the southern part of the center depression can be classified into four second-order structural components: 1) Honggang terrace; 2) Changling Sag; 3) Fuxin uplift belt; and 4) Huazijing terrace (Figure 1C).
[image: Figure 1]FIGURE 1 | Map of six tectonic units in China (A), the Songliao Basin (B), exploration area (C), and overall Lithology and stratigraphy of the Changling Depression (D) (the polished version from Liu et al., 2019).
Since the basin forming stage, the basin has mainly experienced three strong tectonic evolution stages, which control the deposition of strata above the basement. The basin can be roughly classified into three tectonic stratigraphic sequences separated by three regional unconformities, among which the Upper Cretaceous Qingshankou Formation corresponds to the post-rift stage (Wang et al., 2016). Among them, the Qingshankou Formation and Nenjiang Formation are the main oil and gas source beds. As a favorable source rock in the Songliao Basin, the Qingshankou Formation (K2qn) was sedimented in a medium-deep lake environment and was affected by global sea-level rise (Liu et al., 1993; Huang et al., 2013). The Qingshankou Formation is classified into three parts, namely, K2qn1, K2qn2, and K2q3, according to lithology (Figure 1D). Under the large-scale transgression, the first member of the Qingshankou Formation is extensively scattered and rich in organic matter, forming thick semi-deep lake lacustrine shale deposits and deep lake lacustrine shale deposits. Affected by basement subsidence (Zhong and Yang, 1978), the first member of the Qingshankou Formation has experienced several lake level rises during sedimentation, forming thick dark grey mudstone and shale deposits, with shale and fine-grained siltstone interbedding.
The Changling Depression is situated in the southern section of the central depression in the Songliao basin. As a vital hydrocarbon-generating depression in the basin, the sedimentary process of the Qingshankou formation has always been the focus of sedimentation and subsidence. The first member of the Qingshankou Formation was chosen as the goal horizon in the present study.
3 MATERIALS AND METHODS
A fresh 37 core samples was collected from the Qing1 Member (about 100 m) in the center of the Changling Sag. The lithology is mainly composed of gray-black shale, black mudstones, calcareous mudstone, and silty mudstones. The samples were selected from T1 Well near the center of the Changling Sag, and can partly represent the characteristics of the Qing1 Member in this research zone. In total, 37 core samples (sample T1-T19 represent the upper part and sample T20-T37 represent the lower part) were utilized to determine the TOC content, elemental analysis and pyrolysis analysis, petrological characteristics analysis, and biomarker analysis.
3.1 Bulk organic geochemistry and organic petrography
Each rock sample was crushed and ground to less than 200 mesh (75–80um). Then, 200 mg of rock powder sample was put into a 5% dilute hydrochloric acid solution at 60°C, and washed to neutral with distilled water in the crucible. The washed sample was dried at 50°C for 24 h and placed in tin foil for packaging. We used the LECO CS-230 analyzer for TOC analysis. Approximately 60–100 mg crushed sample was heated in helium and kept at a constant temperature of 300°C for 3min. Then, we used the LECO CS-230 analyzer to analyze residual hydrocarbon S1. First, we programmed the temperature at the rate of 50°C/min, and heated it at 300°C–600°C. We analyzed cracked hydrocarbon (S2) and recorded the temperature (Tmax) associated with the zenith on the peak of S2. The analysis of organic lithofacies was carried out on the fluorescence microscope laborlux Photometer (MPV-3) with 12 pol micros. We used 50% at 23° ± 2°C × Objective at × 800 to collect the measured value with the total magnification.
3.2 Elemental analysis
X-ray fluorescence spectrometry was carried out to measure the concentration of the main elements. DI water was utilized to wash the samples many times, which were then dried. The samples were ground to 200 mesh (75–80 um) with agate mortar, heated to 1,000°C, and kept constant for 90 min. The weight reduction was recorded. The trace element test was to add the sample into the solvent of lithium metaborate and lithium tetraborate, mix evenly, dry at 105°C, cool the solution, fix the volume with HNO3, HCl solution, and HF successively, and then complete the test with inductively coupled plasma mass spectrometer (ICP⁃MS). The environmental temperature of the laboratory and the relative humidity were, respectively, set at 20°C and 27%. Based on these conditions, the analytical precision of replicate analyses was less than 5%. The test approaches and process complied with the national standard GB/T 14506.30-2010.
3.3 Molecular compositions of saturated hydrocarbons
The rock sample was crushed and the soluble organic matter was extracted by a mixture of dichloromethane and methanol placed in a Soxhlet extractor for 72 h. Meanwhile, the extracts were concentrated, and asphaltenes were precipitated from a hexane−dichloromethane solution (80:1). The group components were separated by column chromatography. Saturated hydrocarbons and aromatics were eluted with C6H14 and CH2Cl2 hexane solution (2:1), respectively. A gas chromatograph and Agilent 7890 GC-MS device were adopted to measure the concentration of the saturated hydrocarbons and aromatics. The corresponding parameters have been reported and were set as follows (Huang et al., 2013): 1) The fused quartz column in the analyzer was 30 m DB-5 MS (inner diameter 0.25 mm; film thickness 0.25 m); 2) the oven was heated from 70°C to 300°C at the rate of 3 °C/min while the constant temperature was maintained for 30 min. We set the scanning range of the mass charge ratio to 50–650 and the scanning time to 0.7 s. The peak area and relative concentration of each compound were measured by employing the Atlas 2000 (labsystems) software. The test approaches and process abided by the national standard GB/T18606-2017.
3.4 Data calculations
The index C-value and the chemical index of alteration (CIA) were applied as a proxy of weathering and paleoclimatic changes (Nesbitt and Young, 1982; Price and Velbel, 2003; Yan et al., 2010; Wang et al., 2020). C-value is expressed as C-value = Σ (Fe+Mn+Cr+Ni+V+Co)/Σ(Ca+Mg+Sr+Ba+K+Na) (Zhao et al., 2016). CIA is expressed as CIA=molar [(Al2O3)/(Al2O3 + CaO* + Na2O + K2O)] ×100, where CaO* represents the CaO in silicate minerals. In our study, the CaO was corrected by phosphate (CaO* = molar CaO-molar P2O5 ×10/3). If the calculated CaO* was less than the molar value of Na2O, the CaO* values were applied in the calculation. Otherwise, the molar values of Na2O were used (McLennan, 1993).
Enrichment factors (EFs) of element concentration were usually utilized to assess the elemental enrichment or depletion (Tribovillard et al., 2006; Algeo and Li, 2020). This index is expressed as XEF = (X/Al)sample/(X/Al)average shale, where X represents the target element. In this research work, the post-Archean Australian shale (PAAS) was selected as the reference standard. Meanwhile, XEF>1 and XEF<1 respectively reveal that the sample is enriched and depleted opposite to PAAS (Taylor and McLennan, 1985).
The Corg/P index is often used to indicate the redox conditions of water, calculated as the molar ratio of organic carbon to phosphorus. Corg/P=(organic carbon content/C element molar mass) (/P element content/P element molar mass) (Algeo and Ingall, 2007).
4 RESULTS
4.1 Organic geochemical characteristics
Table 1 lists the TOC contents from the T1 well. The TOC contents of the shale increase from 0.81 wt% to 3.69 wt% (with a mean proportion of 1.74 wt%). The Qing1 Member is classified into two sections in line with its TOC content (Figure 2). One part is located at the lower part, and its TOC content is more than 2%. The TOC content in the lower part increased rapidly, up to 3.69 wt%. Subsequently, the TOC content increasingly declined and slightly fluctuated in the upper part. The other part is located in the upper part, and its TOC content is usually less than 2%. Meanwhile, the content of TOC in the upper part gradually descends (Figure 4).
TABLE 1 | Results of Rock-Eval pyrolysis parameters and TOC content of the Qing1 Member.
[image: Table 1][image: Figure 2]FIGURE 2 | Source rock assessment graphic of the Qing1 Member: (A) HI values vs. Tmax values. (B) S1+S2 values vs. the content of TOC. (C) S1 values vs. the content of TOC.
Hydrogen index (HI = S2/TOC × 100, mg HC/g TOC) values ranged from 52 to 312 mg HC/g TOC in the lower part (mean: 168 mg HC/g TOC) and 205–541 mg HC/g TOC (358 mg HC/g TOC on average) in the upper part (Table 1). The pyrolysis peak temperature values (Tmax, ◦C) varied from 429°C to 452°C (average: 439°C) in the lower part and 431°C to 444 °C (average: 437°C) in the upper part. The studied samples had indigenous hydrocarbons that were clearly observed from the cross-plot between free hydrocarbons (S1) vs. total organic carbon (TOC) in Figure 2C.
Figure 2 shows the relationship between HI and Tmax. It can be seen from the figure that both the mixture of type II2 and type III kerogen in the lower part of the Qing1 Member is dominant and that type II1 and type Ⅰ kerogen in the upper part of the Qing1 Member is dominant.
Biomarkers are the molecular structures preserved after the death and burial of organisms with small changes. Biomarkers can be efficient in identifying both the origin of organic matter and changes in the deposition environment (Peters et al., 2005). In this research paper, the saturated hydrocarbons were analyzed, and the main compounds were identified according to their mass spectra. The main compounds showed peaks at m/z 191 and m/z 217.
C27, C29, and C28 steroids in the m/z 217 mass spectra of the shale in the Qing1 Member of the Changling Sag and constant steranes C27–C28–C29 in the upper part showed the distribution characteristics of C28<C29<C27 (Figure 3). The relative proportions of C27, C28, and C29 steranes varied in a range of 44.46%–72.23% (average: 61%), 15.81%–26.01% (average: 23.52%), and 6.13%–29.94% (average: 15.48%), respectively. The distribution characteristics of the lower part of regular steranes showed the order C29 > C28 > C27 (Figure 3). The relative proportions of C27, C28, and C29 steranes ranged from 14.4% to 27.76% (average: 19.03%), 13.21%–27.9% (average: 22.23%), and 48.23% to 68.9 (average: 58.75%), respectively. Gammacerane is a type of C30 triterpane. The G/C30H (Gammacerane/C30 hopane) values of the origin rocks from the upper section and the lower section of Qing1 Member were in the range of 0.11–0.42 (average:0.26) and 0.22–0.65 (average:0.45), respectively.
[image: Figure 3]FIGURE 3 | Chromatograms depicting the terpenoid distribution (m/z 191) and steroids (m/z 217) in the saturated hydrocarbon fractions in the Qing1 Member from the Changling Sag. Gam = gammacerane. Samples A (A,B) and B (C,D) were gathered from Well T1.
4.2 Elemental geochemistry characteristics
It usually is a big error to judge the accumulation or depletion of elements according only to their relative content. Terrestrial clastic and biogenic components often disturb and reduce the concentration of hydrogen-derived elements. This stemmed from the fact that aluminum is derived from aluminosilicate in terrigenous clastic minerals, while siliciclastic aluminates have little mobility during diagenesis. Therefore, aluminum-normalized enrichment factors (EFs) of element concentration were usually utilized to assess the elemental enrichment or depletion (Tribovillard et al., 2006; Algeo and Li, 2020).
The concentrations of major elements and trace elements in Qing1 Member are listed in Table 2. SiO2, Al2O3, Fe2O3, and CaO are the four main elements in the samples, which follow a range from 43.03% to 62.20% (average: 55.85%), 10.02%–21.38% (average: 15.74%), 3.93%–7.83% (average: 5.51%), and 0.85%–7.52% (average: 2.88%), respectively. The samples are rich in SiO2 relative to Al2O3 and CaO.
TABLE 2 | Content of main element data and trace element data of the T1 well in the Changling Sag of the Qing1 Member.
[image: Table 2]The concentration of trace elements including V, Ni, Cu, Cr, Sr, and Ba used in this study increased from 67.2 to 165.4 ppm (mean: 102.73 ppm), 18–50.3 ppm (average: 27.2 ppm), 12.5–90.8 ppm (average: 36.60 ppm), 23.71–131.27ppm (average:54.19ppm), 116–451.44 ppm (average: 243.38ppm), and 76.36–371.35 ppm (average: 179.13 ppm), respectively.
5 DISCUSSION
5.1 Primary productivity
The source of organic matter in sediments and the primary productivity of lacustrine surface water can be expressed by biomarkers, in which the distribution of steroids can be effectively characterized (Volkman et al., 1998). The relative abundances of C27-C29 regular steranes are good indicators for source organic matter input. C27 and C28 steranes are believed to be related to marine algal influence, while C29 steranes generally indicate a contribution from land plant organic matter (Yin et al., 2017; Wang et al., 2020). Among the steroids determined in shale samples gathered from the upper section of the Qing1 Member, the abundance of C29 regular sterane is higher than C27 regular sterane and C28 regular steranes (Figure 3), and the kerogen types were I and II1. In samples gathered from the lower section of the formation, C27 regular steranes and C29 regular steranes both dominated (Figure 3), and the kerogen types were II2 and Ⅲ. These findings indicate that both of them are mixed-source inputs. In the lower part, the inflow of terrestrial higher plants is dominant, whereas the input of aquatic organisms and terrigenous influx both contributed in the upper section. In addition, high C19/C23 tricyclic terpane ratios are usually indicative of terrigenous organic matter input (Dong et al., 2015). Samples from the upper part are characterized by relatively low C19/C23 tricyclic terpane (average 0.59) (Table 2). In contrast, samples from the lower part are characterized by relatively high C19/C23 tricyclic terpane (average 0.79). This may also indicate that the lower part source rock has more contribution from terrigenous organic matter compared to the upper part.
Productivity is an important factor affecting organic matter accumulation. Some trace elements (e.g., P, Ba, and Si) are employed to assess paleoproductivity (Tribovillard et al., 2006; Chen et al., 2020). P is indispensable for the growth of any organism. It is an essential nutrient for the high primary productivity of lake ecosystems (Schmitz et al., 1997; Schoepfer et al., 2015), and total phosphorus concentration is generally deemed as a salt compound for estimating primary paleoproductivity (Algeo and Ingall, 2007). P exhibits aggressive geochemical action in aquatic environments because it is often integrated into sediments in the form of organic matter or ferric hydroxide (Steiner et al., 2001). The ratio of P/Ti in the lower part of the investigation area is between 0.36 and 1.88 (average, 1.26), and that in the upper part is between 0.11 and 0.35 (average, 0.21). However, when compared with the P/Ti ratio of chert in the moderate-productivity Ubara profile (average, 0.34) (Liu et al., 2015), the values obtained in this study reveal that the paleoproductivity in the upper Qing1 Member in the Changling Sag shows a low level, while the lower part is relatively high (Figure 4).
[image: Figure 4]FIGURE 4 | Variation curves of the terrigenous influx, paleoclimate, and primary productivity alternates of the Qing1 Member.
However, the research shows that under anoxic conditions and the influence of redox conditions, elements such as P and Ba become more soluble (Yin et al., 2017). This may lead to the failure of their discriminant indexes. The concentration of Cu element is seen as a useful indicator to assess main productivity, which is due to the complexation reaction with organic matters, as well as the adsorption of iron manganese oxides or hydroxides with biological accumulation, leading to the Cu accumulation in the bottom sediments (Naimo et al., 2005). With the continuous enrichment of organic matter, Cu combines with organic matter and then precipitates. In a reducing environment, Cu is converted into Cu2+ or can combine with hydrosulfide to form CuS or CuS2 (Pinedo et al., 2015). The CuEF value in the lower part of the Qing1 member varies from 1.12 to 3.25 (average: 2.22), and the CuEF value in the upper part varies from 0.48 to 1.68 (average: 0.94), suggesting that the paleoproductivity in the deposition of the lower part is higher than that of the upper part (Figure 4).
In Figure 10, there is a positive relevance between the abovementioned indicators and the content of TOC, revealing that paleoproductivity played an important role in organic matter accumulation (Figures 10A, B). In addition, based on the comprehensive analysis of paleoclimate and terrestrial input indicators examined in the following section, during the lower part sedimentation period, paleoproductivity was affected by the terrestrial influx. The warm and humid climate caused terrestrial input to bring nutrients to the lake basin water, and algae proliferated in large quantities, promoting paleoproductivity in the lake basin.
5.2 Paleoclimate conditions
The input of terrestrial organic matter and the primary productivity in aquatic environments are greatly affected by environmental temperature and humidity, which are controlled by climatic conditions (Tao et al., 2017). Generally speaking, a warm and humid climate has two sides. On the one hand, it can increase the direct runoff of the surface and improve main productivity. On the other hand, water stratification and main productivity will be promoted and inhibited, respectively (Chen et al., 2020).
The distribution and proportion of some trace elements in the sediments reflect the paleoclimatic conditions. It is commonly accepted that Fe, Mn, V, Cr, Ni, and Co are comparatively accumulated in moist environments, while Ca, Mg, K, Na, Sr, and Ba are accumulated in dry environments (Yin et al., 2017). Additionally, the C value has been well-used in the analysis of the Jurassic mudstone paleoclimate in the northern Qaidam Basin. Usually, the C value of less than 0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, and more than 0.80 indicates arid, semiarid, semiarid to semi-moist, semi-moist, and humid climatic conditions, respectively. As observed in Table 3, the C values of the upper part were 0.24–0.45 (mean 0.34), which reflects the average semiarid climate. The lower part had C values of 0.38–0.64 (mean 0.52), indicating a semiarid to semi-humid climate than the upper part.
TABLE 3 | Geochemical indexes from T1 well of the Qing1 Member in the Changling Sag.
[image: Table 3]The element Sr possesses a small ionic radius but high solubility and is easy to transfer in diagenesis. Therefore, the mobility of Sr makes it an important indicator in the study of paleoclimate (Yin et al., 2017; Zhao et al., 2016). When the climate is dry and the lake water is concentrated, it will enter the sediment first. Previous studies suggested that the Sr/Cu ratio is a sensible index for paleoclimate change (Yin et al., 2017). A Sr/Cu ratio of less than 5 indicates a warm and humid climate, while more than 10 indicates a dry and hot climate (Yin et al., 2017). It is 3.15–11.43 (average: 7.43) in the Qing1 Member, and the average values of the lower and upper parts are 5.4 and 9.2, respectively. As depicted in Figure 5A, increases from the bottom to the top indicate evolutions of paleoclimate from warm and humid to dry and hot in sediments of the Qing1 Member.
[image: Figure 5]FIGURE 5 | Crossplots of the paleoclimate proxies of the Qing1 Member. (A) C values vs. Sr/Cu ratios, cutoff values of 0.4–0.6 for C values and 5–10 for Sr/Cu are demonstrated as divisions for paleoclimate proxies; (B) CIA ratios versus Sr/Cu ratios, cutoff values of 70–85 for CIA and 5–10 for Sr/Cu are presented as divisions for paleoclimate proxies.
CIA is capable of being adopted as an alternative for the intensity of physical source chemical weathering (Nesbitt and Young, 1982). High CIA values represent a warm and humid climate and not vice versa (Yan et al., 2010; Liu et al., 2019). The mean CIA value (Table 3) in the lower part of the Qing1 member was 78.16–89.63 (average:84.52), which was considerably higher than that in the upper part (70.12–88.21, average:78.13). These values indicate that during the deposition of the lower Qing 1 member, the paleoclimate was warm and humid, leading to a high intensity of regional terrestrial chemical weathering (Figure 5B).
5.2.1 Terrigenous influx
Generally, when the inflow of terrigenous materials is relatively strong, the organic matter will be diluted, leading to a reduction in the concentration (Jin et al., 2020). On the contrary, the inflow of terrigenous materials can also bring additional nutrients into a lake’s aquatic body, and the accompanying input of fine-grained materials can grasp organic matter into the sediment, thereby also promoting the enrichment of organic matter (Dittmar and Kattner, 2003; Lu et al., 2019). Hence, terrigenous inflow imposes a vital impact on organic matter enrichment.
Al, Ti, and Zr are mainly of clay mineral origin, are poorly mobile during weathering diagenesis, and are often used as important indicators of clastic influx (Tribovillard et al., 2006; Zhao et al., 2016). The Ti/Al ratio is considered a valid index of non-aluminosilicate influx, which is applied to identify the inflow of coarse fractions in sediments. The high Ti/Al ratio indicates that the more input of coarse grains, the higher the sedimentary rate (Li et al., 2017). Nevertheless, in certain environments, Al may be exhausted or concentrated. Therefore, the method used to determine the terrestrial siliciclastic source of Al is to map the relationship between Al and Ti, Th, or Sc, and these elements are mainly derived from continental clasts. The good positive correlation observed in the Al–Ti cross plot (Figure 6) shows that most of the Al and Ti in the Qing1 Member part samples are derived from clastic rocks. Therefore, this element can be considered a useful assistant indicator to determine the inflow of terrestrial detritus rocks.
[image: Figure 6]FIGURE 6 | Strong positive relevance between Ti (%) and Al (%).
The concentration curves of Al and Ti in the Qing1 Member of the Changling Sag reflect the moderate and various terrigenous inputs (Figure 4). From the upper part to the lower part, the proportion mean values of Ti are 0.30% and 0.42%, respectively, and the proportion mean values of Al are 7.49% and 8.89%, respectively, showing a gradually increasing trend. The terrigenous input in the upper part is weak and relatively stable, and the terrigenous input in the lower part continues to increase, especially the coarse-grained material source. By analyzing the correlation between terrestrial inflow index and TOC content, it was concluded that there is no apparent relevance among the proportions of TOC, Al, and Ti in the upper part (Figure 10). It shows that the terrigenous inflow had no distinct influence on the accumulation of organic matter in this period. In the lower part, the correlation between TOC and terrigenous input (Al2O3) is obvious (R2=0.43). The terrigenous input brings nutrients to the water body of the lake basin, which makes algae flourish, promotes paleoproductivity in the lake basin, and positively affects the organic matter enrichment.
5.3 Depositional environment
5.3.1 Paleoredox conditions
Differentiating paleoredox conditions is a major goal for paleoenvironmental research as these conditions have an important impact on the accumulation of organic matter and the emplacement of origin rocks (Algeo and Liu, 2020). The iron-group elements vanadium (V), nickel (Ni), and chromium (Cr) often present different valence states under different redox conditions. V exists 5 as pentavalent vanadate anions (HVO42− or H2VO42−) in an oxidizing environment and can easily combine with the sediment to form precipitates. Conversely, Ni is easily adsorbed and enriched under reducing conditions, resulting in precipitation. Elemental Cr exists as hexavalent chromate anions (CrO42−) in oxidizing environments and trivalent Cr3+in reducing environments; thus, the element can easily combine with humic or fulvic acid to form complex compounds (Hatch and Leventhal, 1992; Pang et al., 2019). V/(V + Ni) and V/Cr are frequently utilized in identifying paleo oxygen facies in lake water. Therefore, the V/(V + Ni) and V/Cr ratios are commonly adopted to determine the redox conditions of the sedimentary environment. In detail, a high ratio of V/(V + Ni) (i.e., >0.84) suggests a strong stratified anoxic aquatic environment, a medium V/(V + Ni) value (0.54–0.82) suggests a low stratified anoxic bottom water condition, and a low ratio of V/(V+Ni) (i.e., 0.46–0.60) represents poorly stratified anoxic water body (Hatch and Leventhal, 1992). Hence, an increase in the V/(V+Ni) ratio may be indicative of increased hypoxia. A V/Cr ratio of <2, 2–4.25, and >4.25 respectively denote an oxic environment, a dysoxic environment, and an anoxic environment (Rimmer, 2004; Zhou et al., 2018). The V/(V + Ni) values of the upper Qing1 Member were recorded between 0.67 and 0.89 (average: 0.77), indicating a weakly reducing environment. Conversely, the V/(V+Ni) values of the lower Qing1 Member ranged from 0.77 to 0.88 (average: 0.84), indicating a weakly stratified reducing environment. V/Cr values of the upper Qing1 Member ranged from 1.09 to 3.21 (average: 1.73), indicating a weakly oxidizing environment. In contrast, the V/Cr values of the lower Qing1 Member varied from 2.27 to 4.99 (mean 3.10), demonstrating a dysoxic environment. The cross plots of oxidation-reduction alternates display that the lower shale samples are primarily distributed in the dysoxic and partially anoxic zones, while the upper samples are primarily distributed in the weakly oxidizing and anoxic fields. The results also suggest that the lower part was generated under a comparatively anoxic/dysoxic environment, whereas the upper part was generated in weaker oxidizing conditions. In addition, the distribution characteristics of pristane and phytane can reflect the redox conditions of ancient lakes (Hu et al., 2010). The upper part of Pr/Ph is 0.57–0.9 (average for 0.74), and the lower part is 0.88–1.21 (average for 1.02), also indicating the weakly oxidizing environment and dysoxic environment, respectively.
Generally, by adsorption and complexation reactions and microbial storage of polyphosphates in sediments acting as authigenic phosphorus minerals, most of the phosphorus (P) produced by organic matter degradation is removed in an oxygenated water environment (Tian et al., 2019). At the same time, organic carbon (Corg) is largely degraded by microorganisms. In contrast, in the anoxic aqueous bodies, a mass of P related to Fe hydroxide is dispersed out of the sediment via reduction dissolution, which favors the preservation of organic carbon but not phosphorus (Algeo and Ingall, 2007). Therefore, the mole ratio of Corg/P in sediments formed in an anoxic environment is higher than that in an anoxic environment (Algeo and Liu, 2020). In this study, the Corg/P ratios of the Qing1 Member were between 48.71 and 156.48 (average:105.18), with a range of values from 88.15 to 156.48 for the lower section. Meanwhile, a range of variation from 48.71 to 111.23 was observed in the upper section. The ratio shows a gradual decrease from lower to upper, revealing that the lower shale was primarily sedimented in an anoxic to a dysoxic environment, while the upper shale generated predominantly in a dysoxic to a weak oxic environment (Figure 7).
[image: Figure 7]FIGURE 7 | Crossplots diagram of the oxidation-reduction alternates of the Qing1 Member: (A) V/Cr ratios vs. V/(V+Ni) ratios, with cutoff values of 2–4.25 for V/Cr and 0.64–0.84 for V/(V+Ni) as divisions for paleoredox proxies; (B) V/Cr ratios vs. Corg/P ratios, with cutoff values of 2–4.25 for V/Cr and 50–100 for Corg/P as divisions for paleoredox proxies.
5.3.2 Paleosalinity conditions
The chemical composition of the aquatic environments in lakes directly determines the oxidation-reduction conditions in the aquatic environment, including salinity and pH values (Tian et al., 2019). Palaeosalinity is an essential index for the reconstruction of the paleoenvironment in the process of origin rock deposition. During deposition, Sr is easier to move than Ba. In freshwater, Ba2+ is bound with SO42– in brine to form BaSO4 precipitation when freshwater and saltwater are intermixed. SrSO4 is highly soluble, migrates further, and is biologically precipitated. Therefore, the ratio of Sr/Ba switches to a larger value with an increase in the distance from the coast (Wang et al., 2020). However, it should be clarified that when Sr/Ba is considered as the representative of paleosalinity, carbonate Sr does not change the signal (Wei and Algeo, 2020). Therefore, samples containing more than 4% CaO are ruled out. This can be attributed to the fact that Sr tends to replace Ca2+ in the CaCO3 lattice (Liu et al., 2020; Wei and Algeo, 2020). Afterward, the residual samples were determined according to the cross plot of CaCO3 and Sr/Ba. This showed a poor positive relevance (R2=0.066) (Figure 8), which proves the effectiveness of Sr/Ba as an indicator of paleosalinity. In the present study, the values of all samples (ruling out samples with CaO content higher than 4%) exceeded 0.5, suggesting that all members were deposited in saline water (Liu et al., 2020). The Sr/Ba values in the upper Qing1 Member were between 0.45 and 2.33 (with an average of 1.16), which reveals the presence of saline water bodies. In contrast, the Sr/Ba values of the lower Qing1 Member were between 2.25 and 3.12 (with an average of 1.95). In the lower Qing1 Member, the paleosalinity was significantly greater than that in the upper part (Figure 9).
[image: Figure 8]FIGURE 8 | A poorly positive relevance between CaO and Sr/Ba.
[image: Figure 9]FIGURE 9 | Variation curves of the paleosalinity conditions and paleoredox conditions alternate of the Qing1 Member.
As the stratification of water bodies is mostly related to high salinity, the relative abundance of gammacerane indicates the salinity and stratification characteristics of sedimentary water bodies (Zhou et al., 2018). The gammacerane index (Ga/C30H) of the lower part of the Qing1 Member varied in a range of 0.22 and 0.65 (with an average of 0.45) and that of the upper part ranged between 0.11 and 0.42 (with an average of 0.25). Thus, the paleosalinity of the latter is lower than that of the former, which is in line with the rule of trace elements. The paleosalinity index Sr/Ba was highly positively correlated with TOC contents (Figure 10). These results demonstrate that a salinized water environment is favorable for the release of organic matter and organic matter enrichment. Furthermore, preservation is well achieved in highly saline water.
[image: Figure 10]FIGURE 10 | Crossplots of P/Ti ratios (A), Cuef (B), Corg/P (C), V/V + Ni ratios (D), Sr/Ba ratios (E), G/C30H ratios (F), Ti content (G), Al content (H), C values (I), and Sr/Cu ratios (J) vs. TOC content.
5.3.3 Mechanisms of organic matter accumulation in the Qing1 Member
The enrichment of organic matter in lake sediments primarily relies on paleoclimate, paleoredox conditions, productivity, and detrital input. As the largest continental oil and gas basin in China, the Songliao Basin was greatly influenced by large-scale lake invasion and anoxic events in the Qing1 Member in the late Cretaceous (Feng et al., 2010), which greatly promoted the abundance of organisms. During the Qing1 Member of the Changling Sag, the lake basin entered the rapid settlement stage. The lake area suddenly expanded because of lake invasion, the lake level rose, and a deep water sedimentary environment developed.
The TOC content was positively related to both the value of V/V+Ni and the value of V/Cr (Figure 10), proving that organic matter accumulation in deposition is primarily regulated by benthic oxidation-reduction conditions. Reducing the bottom water conditions is more conducive to the conservation and enrichment of organic matter, while the condition of oxidized bottom water leads to easy consumption of organic matter and low TOC in the shale. The shales in the upper part seem to have been weakly sedimented in dysoxic to oxic conditions. On the contrary, the sediment in the lower part was deposited under anoxic and reductive conditions, which was favorable for the preservation of organic matter.
The positive correlation between TOC and P/Ti shows that the main generation is also a vital element in controlling the accumulation of organic matter of the Qing1 Member. A large amount of terrigenous organic matter may have been brought into the lake when the river system was established under comparatively warm or wet conditions, especially in the lower sedimentary period. Terrigenous influx provides a place for OM adsorption, so it is very beneficial to the preservation and concentration of OM.
The paleoclimate was relatively hot and dry in the depositional stage of the upper part of the Qing1 Member, which was not conducive to the development of peripheral vegetation and organisms in the basin. The paleoproductivity was at a relatively low level (P/Ti average 0.21), and the impact of terrigenous input was relatively small (R2 value of TOC and Ti is 0.02) even though there were high reductive preservation conditions under the high salinity saline water body, due to its low paleoproductivity. Upper part is still unable to form high organic matter enrichment intervals (Figure 11). The lake of the Changling Depression deposited in the lower section of the Qing1 Member has the characteristics of a small water area, multiple sources, and near sources. The paleoclimate affects the water quality and source supply of the lake by changing the amount of sunlight and humidity. During this period, the paleoclimate was warm and humid. This was beneficial to the reproduction of organisms in the basin, improved the main generation of the lake basin, and promoted the reproduction and growth of surrounding vegetation. With the enhancement of chemical weathering, the input of terrigenous organic matter increased. At the time, the origin of organic matter was mixed source input. In terms of water preservation conditions, the salinity of the lake water medium is high, belonging to a brackish water saline environment. Thus it is easy to form salinity stratification and it is beneficial to the saving of organic matter. The organic matter enrichment mode belongs to the paleoproductivity preservation interaction mode under the joint action of high organic matter input and anoxic environment (Figure 11).
[image: Figure 11]FIGURE 11 | Sedimentary model demonstrating paleoredox, paleoproductivity, terrigenous influx, paleosalinity, paleoclimate, and the enrichment of OM in the shale of the Qing1 Member in the Changling Sag.
6 CONCLUSION

(1) The first member of the Qingshankou Formation in the Changling Sag, southern Songliao basin, was studied to gain an understanding of paleo-depositional environment controls on organic matter accumulation. Based on the TOC proportion, the shale in this exploration field can be classified into two parts, namely, with high TOC content in the lower section and low TOC proportion in the upper section.
(2) It is precisely due to changes in the sedimentary environment that there is a difference in the degree of organic matter enrichment between the upper and lower parts of the Qing1 Member. The lower part was under warm and humid climatic conditions, which were generated in the anoxic environment. Terrigenous input brought nutrients to the water body of the lake, made algae flourish, and led to a relatively high paleoproductivity of the lake. In contrast, the terrigenous inflow was relatively low in the upper part, which was mainly deposited under weak oxidizing conditions, with gradually enhanced oxidation and reduced productivity.
(3) In the upper part, under the relatively hot and dry paleoclimatic conditions, the paleoproductivity was low. Even if the preservation conditions were good, the enrichment degree of organic matter was still non-ideal. In the lower part, the warm and humid paleoclimate in this stage enhanced the primary productivity of the lake basin and improved the import of terrigenous organic matter. Additionally, the salinity of the lake water medium was high, which made it easy to form salinity stratification. Thus, this is beneficial to the preservation of organic matter.
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