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The fourth (Es4) and the third (Es3) members of the Eocene Shahejie Formation (Es) are potential source rock intervals in the Langgu hydrocarbon-generating sag. However, the mechanism of source rock occurrence remains poorly understood. In this study, 50 core samples of the Es (21 of Es4 and 29 of Es3) from the Langgu sag were conducted on total organic carbon (TOC) determination, Rock-Eval pyrolysis, carbon isotope of organic matter (δ13COM), carbon (δ13CCarb) and oxygen (δ18OCarb) isotope of carbonate, bulk mineral compositions, and major and trace element concentrations to characterize the depositional environments and reveal the controlling factors of organic matter enrichment during the deposition of the Es source rock intervals. The Es4 was deposited in a relatively hydrologically closed saline lake in an arid climate. In comparison, semihumid to humid paleolimnological conditions prevailed during the deposition of Es3, which was accompanied by enhanced chemical weathering and relatively low paleosalinity. Redox proxies indicate that the Es4 rock was deposited in a relatively stronger reducing environment compared to the Es3. The relatively high 13C enrichment in the organic matter (δ13COM is as high as −23%) of the Es3 rock is mainly associated with promoted primary productivity triggered by an increased input/recycling of nutrients favored by semihumid climate and hydrologically open paleolake conditions. The hydrogen index (HI) versus Δδ13CCarb-OM (the difference between the δ13CCarb and δ13COM) indicates that enhanced preservation and promoted primary productivity seemed to be the main factors in the accumulation of organic matter during the deposition of Es4 and Es3 in the Langgu sag, respectively. Nevertheless, the low to medium hydrocarbon-generating potential for Es mudstone indicates that dilution played a significant role in the formation of high-quality source rock apart from the influences of productivity and preservation. In comparison, the limited petroleum potential of Es source rock could be attributed to dilution associated with high sedimentation rate.
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INTRODUCTION
Lacustrine mud and/or shale rock have been demonstrated to be important source rocks in the worldwide continental rift basins, especially in the areas of China, Indonesia and Brazil with lake facies source rocks as oil and gas sources (Hanson et al., 2001; Gonҫalves, 2002; Harris et al., 2004; Wang et al., 2010; Hao et al., 2011; Yin et al., 2020). Previous studies pertaining to lacustrine source rocks deposited in the rift systems revealed that high-quality source rock should be mainly influenced by high productivity and enhanced preservation conditions (Hollander et al., 1993; Katz, 2001; Gonҫalves, 2002; Yin et al., 2018). In addition, dilution associated with sedimentation rates also affects the organic matter enrichment (Ibach, 1982; Katz, 2001; Tyson, 2001). However, due to differences in tectonic subsidence and climate, the distribution and characteristics of source rock may reflect interrelated or interacting controls of productivity, preservation, and dilution (Katz, 2005). Therefore, it is necessary to research the paleoclimate conditions and lake environments of source rocks in a specific sedimentary basin (Harris et al., 2004), which may be beneficial for the understanding of the heterogeneous distribution of lacustrine source rocks.
Compared with marine sediments, lacustrine source rocks were deposited under variable paleoenvironments due to the relatively small size of the water reservoir (Hollander and McKenzie, 1991; Valero Garcés et al., 1995). During the last few decades, geochemical characteristics of biomarkers, carbon and oxygen isotopes, minerals and elemental compositions have become effective proxies to illustrate the source input and sedimentary environments (Sinninghe et al., 1995; Meyers, 1997; Harris, 2000; Lamb et al., 2006; Cao et al., 2012; Liu et al., 2017; Wang P. et al., 2020; Wei and Algeo, 2020; Yin et al., 2020). This allows the reconstruction of paleolimnological conditions (e.g., paleoclimate, salinity, etc.) by presenting an organic and inorganic study of ancient lacustrine sequences to study the formation mechanism of lacustrine source rocks under different tectonic and climatic conditions (Talbot, 1990; Harris, 2000).
A lot of large fields were determined to be sourced from the Es source rocks in the Bohai Bay Basin (BBB) (Hao et al., 2009c; Hao et al., 2010; Hao et al., 2011; Wang et al., 2015; Zhao et al., 2015b; Cao et al., 2017; Zhao et al., 2017). Constricted by coupling effects of structural subsidence and paleoclimate, lacustrine source rocks in a rift basin generally share different petroleum potential with various assemblages of organic facies (Carroll and Bohacs, 1999; Carroll and Bohacs, 2001; Harris et al., 2004; Keym et al., 2006). There exist three hydrocarbon-generating sags, namely, Langgu, Baxian and Raoyang sags, in the Jizhong subbasin, with most of the proved oil reserves being distributed in the vicinity of hydrocarbon-generating sags (Figure 1B). Moreover, differences occur in petroleum resource abundance among these sags (Yin et al., 2018), and the Langgu sag accounts for approximately 10% of the total proved oil reserves in the Jizhong subbasin (Cao et al., 2017; Yin et al., 2018). It is generally believed that the occurrence of high-quality source rocks plays an important role in non-marine petroleum differential enrichment (Hou et al., 2008; Hao et al., 2009a, Hao et al., 2010; Liu et al., 2014). Previous studies have revealed the controlling factors of the Es1 high-quality source rock interval in the Raoyang and Baxian sags (e.g., Yin et al., 2018). However, few studies have been carried out on the occurrence of Es (i.e., Es4 and Es3) source rock in the Langgu and its related paleolimnological environments. Moreover, the Es source rock in the Langgu sag generally displays relatively lower petroleum potential compared with source rocks in the Raoyang and Baxian sags (Diao et al., 2014). As a result, a systematic geochemical study of Es source rock intervals in the Langgu sag is required to reconstruct the environments and demonstrate the mechanism of organic matter enrichment.
[image: Figure 1]FIGURE 1 | (A) Sub-basins of the Bohai Bay basin (sub-basin classification from Allen et al., 1997). (B) Location and structural elements of the Jizhong subbasin. Wells with available core samples were marked in yellow in the Langgu sag.
Two typical wells (well 1 and well 8) drilled Es3 and Es4 intervals (Figure 1B) with available black mudstone core samples, which provides us an opportunity to present a coupled organic and inorganic geochemical study of potential source rocks in the Langgu sag. The objectives of this study are to characterize the paleolake conditions during source rocks’ deposition and to illustrate the organic matter enrichment mechanism of low-abundance lake source rocks under different tectonic and climatic backgrounds. This fundamental research may be helpful for identifying the heterogeneities of non-marine source rock occurrences.
GEOLOGICAL BACKGROUND
The BBB is a Cenozoic petroliferous lacustrine basin formed on the eastern coast of China with an area of approximately 200,000 km2. The BBB generally experienced two major tectonic stages (Allen et al., 1997; Qi and Yang, 2010; Hao et al., 2011; Zhao et al., 2015a) (Figure 2), namely, a synrift stage (65–24.6 Ma) consisting of the Paleogene sediments and a postrift stage (24.6 Ma to the present) composed of the Neogene sediments (Hao et al., 2011). The Bohai Bay Basin contains several subbasins; they are Bozhong, Huanghua, Jiyang, Jizhong, Lingqing, and Liaohe (Figure 1A). Paleogene sequences, including Kongdian (Ek), Shahejie (Es), and Dongying (Ed) formations, were proved to be important source rocks intervals in these subbasins. However, these source rock intervals were not simultaneously developed in all subbasins, with Ed source rock mainly occurring in the Bozhong subbasin (e.g., Hao et al., 2011).
[image: Figure 2]FIGURE 2 | Generalized stratigraphy of the Paleogene sequences in the Langgu Sag, Jizhong subbasin [modified after Cao et al. (2017)]. The cited ages and the palaeoclimate curve refer to Yin et al. (2018). Potential source rock intervals are marked. Fm, Formation; DY, Dongying; KD, Kongdian.
The Jizhong subbasin, located in the northwestern part of the BBB with an area of 25,000 km2 (Zhao et al., 2015a), consists of three hydrocarbon-generating sags and several uplifts (Figure 1A). The Niutuozhen uplift generally separates the Langgu sag from the Baxian and Raoyang sags (Figure 1B). The Eocene Shahejie Formation could be divided into four members, namely, the first member (Es1), the second member (Es2), the third member (Es3), and the fourth member (Es4) of the Shahejie Formation (Figure 2). Controlled by paleoclimate and structural subsidence (Hao et al., 2011; Zhao et al., 2015b), and potential source rock intervals varied between different sags in the Jizhong subbasin (Diao et al., 2014; Yin et al., 2018). The Es3 and Es4 are potential source rock intervals in the Langgu sag (Diao et al., 2014; Cao et al., 2017), whereas the Es1 is the main source rock in the Baxian and Raoyang sags (Yin et al., 2018). The Langgu sag is bounded by the Daxing boundary fault, which controlled the deposition and evolution of this sag. The Langgu sag generally experienced an initial rift segmentation-filling stage (Ek-Es4), rift spreading and deep-subsiding stage (Es3), and the rift-depression and vanishing stage (Late Es3-Ed) (Figure 2) (Zhang et al., 2008; Yin et al., 2018), with a maximum thickness of Paleogene strata up to 9 km (Diao et al., 2014). During the rift segmentation-filling stage, the Langgu sag was the depositional center of the Jizhong subbasin and accumulated thick Es4 strata with a thickness varying from 400 to 1,600 m. During the deposition of Es3, the strong activity of the Daxing boundary fault resulted in the rapid subsidence of the basement and a wider range of lake water, which resulted in the universal distribution of Es3 source rock in the Langgu (Song et al., 2006; Zhang et al., 2008). The depocenter had been shifted to the Raoyang and Baxian sags in the Jizhong subbasin during the lift-depression and vanishing stage, which resulted in the universality of high-quality Es1 source rock in the Baxian and Raoyang sags (Yin et al., 2018). In contrast, the Es3 and Es4 mudstones are accepted as the main source rock intervals in the Langgu sag (e.g., Cao et al., 2017).
SAMPLES AND METHODS
Fifty core samples of the Es (Es3 and Es4 samples are from well 1 and well 8, respectively) were collected from exploration wells in the Langgu sag (Table 1). To minimize the impact of diagenesis, the pure dark gray mudstone samples without veins were carefully sampled. All the rock samples are cleaned and crushed into powder prior to the experiments. Parallel geochemical experiments, including total organic carbon content (TOC) determination, rock-eval pyrolysis, X-ray diffraction (XRD) analyses, isotopic analyses, and major and trace element analyses, are undertaken in this study.
TABLE 1 | Basic sample information and measured TOC, HI, isotopic compositions, some major element concentrations, and proxies utilized in this study.
[image: Table 1]For TOC determination, about 100 mg of rock powder is treated with hydrochloric acid to remove inorganic carbon in carbonates, and then the acid treated sample is saturated with distilled water to a neutral state and dried for 24 h. TOC analysis is completed under the LECO CS230 carbon sulfur analyzer. Rock-Eval pyrolysis is carried out using the Rock-Eval OGE-II instrument. These two kinds of analyses are undertaken in the Petroleum Geology Laboratory, China University of Petroleum (Beijing).
For stable isotope analyses, a split of each source rock sample is decalcified by HCl and combusted at 875°C to generate carbon dioxide (CO2) and determine the carbon isotopic compositions of the organic fraction (δ13COM) on a Finnigan MAT 253 mass spectrometer. To obtain the carbon and oxygen isotope ratios of carbonates (δ13CCarb and δ18OCarb), splits of these rock samples are pretreated with H2O2 to eliminate the influence of organics. Then pretreated samples are treated with phosphoric acid at 70°C for at least 3 h to release CO2. The analysis of collected CO2 is performed on a Finnigan MAT 253 mass spectrometer, and the isotopic results are reported in δ13C and δ18O in units of per mil (‰) relative to the international Vienna Peedee Belemnite (VPDB) standard. The analytical precision of the δ13C and δ18O values is within 0.1‰.
For trace element analysis, mudstone rock samples are reacted with HNO3/HF (1:2) and heated at a temperature of 185°C for 24 h. Detailed procedures are described in Yin et al. (2020). The measurement of trace elements is completed with an inductively coupled plasma-mass spectrometer (ICP-MS; Element XR, Thermo Fisher Scientific Company) with a temperature of 22.6°C and a relative humidity of 43%. The analytical precision is better than 3%. For determination of major element contents, the samples are dissolved with Li2B4O7, NH4NO3, and LiF and measured by a wavelength dispersive X-ray fluorescence spectrometer. The precision and accuracy of results are better than ±4%.
The remaining powder samples are also selected for XRD analysis to understand bulk mineral compositions. This experiment is carried out on a Bruker D2 PHASER diffractometer system with operating conditions at 30 kV/10 mA, Cu-Kα radiation, and a scanning speed of 2θ 2°/min. The total scanning range was 5°–45°(2θ). The stable isotope analyses, major and trace element analyses, and XRD analyses are undertaken at the Beijing Research Institute of Uranium Geology.
RESULTS
Rock-Eval Pyrolysis and Total Organic Carbon determination
The TOC, expressed as the weight percent of organic carbon per gram of rock, is an indicator of the total amount of organic matter in sediment. Rock-Eval pyrolysis yields S2 values (measured in milligrams of hydrocarbons per gram of rock, mg HC/g rock) that represent the amount of hydrocarbons formed during the thermal decomposition of kerogen (Espitalié et al., 1977). In the Langgu sag, the Es4 source rock has a TOC content ranging from 0.71 to 1.85 wt% (average 1.09 wt%) and S2 values from 0.38 mg/g rock to 2.7 mg/g rock, with an average value of 1.41 mg/g rock. The Es3 samples have TOC contents varying from 0.5 to 2.48 wt%, with a mean value of 1.07 wt%, and S2 values from 0.58 to 5.88 mg HC/g rock, with an average of 2.23 mg HC/g rock (Figure 3 and Table 1). The hydrogen index (HI) was calculated using the formula HI = S2/TOC × 100. HI values for Es4 samples are reported to vary between 42 and 307 mg HC/g TOC, with an average of 135 mg HC/g TOC. The Es3 samples have HI values ranging from 98 to 287 mg HC/g TOC, averaging 189 mg HC/g TOC (Table 1).
[image: Figure 3]FIGURE 3 | Crossplot of total organic carbon (TOC) contents vs. Rock-Eval S2 values for Es rock samples from the Langgu sag, Jizhong subbasin. The classifications refer to Hao et al. (2009b). The Es1 source rock samples from the Raoyang sag (Yin et al., 2018) were plotted for comparison of hydrocarbon-generating potentials.
Mineralogical Composition of Source Rocks
The Es4 samples generally have higher carbonate content (17.8%–50.9%, averaging 34.9%) than the Es3 samples (8.6%–36.8%, averaging 24.2%). The Es3 and Es4 samples have felsic minerals (quartz + feldspar) contents of 37.7%–62.4% and 26.4%–48.4%, respectively. The latter have relatively focused but lower quartz to feldspar ratios (Q/F) (Table 1). In contrast to the Es1 source rock in Raoyang sag, the Es3 and Es4 samples in the Langgu sag generally contain lower clay contents and higher quartz-feldspar contents (Figure 4).
[image: Figure 4]FIGURE 4 | Ternary diagram of the mineralogy of the Es3 and Es4 samples in the Langgu sag. The Es1 samples from the Raoyang sag were from Yin et al. (2018).
Stable Carbon and Isotope Compositions
The δ13CCarb values of the Es3 samples range from 0.2‰ to 3.2‰ with an average value of 1.0‰. In comparison, the Es4 samples have relatively 13C-enriched inorganic carbon isotopes, with δ13CCarb ranging from 1.1‰ to 5.2‰ and being mostly greater than 2.0‰ (Figure 5 and Table 1). The δ18OCarb values for Es3 and Es4 samples vary from −9.9‰ to −4.5‰ and from −11‰ to −5.5‰, respectively. The δ18OCarb values fall in the δ18OCarb range (−15‰–5.5‰) of non-marine carbonates reported by Drummond et al. (1993). Although most of the Es3 and Es4 samples have a similar range of δ18OCarb, the Es4 samples show a larger variance of δ18OCarb compared to that of the Es3 (Figure 5 and Table 1). The δ13Com for the Es4 samples varied from −28.9‰ to −25.3‰ with a mean value of −27.4‰. Compared to the Es4 samples, the Es3 samples are relatively enriched in 13C in organic matter and have δ13Com values from −27.8‰ to −23.0‰, averaging −25.4‰ (Table 1).
[image: Figure 5]FIGURE 5 | Geochemical profile showing the changes in organic matter abundance, isotopic compositions, some major element contents, calculated productivity proxies, and the rare earth element compositions. The samples were listed in order of depth (details were listed in Table 1). The broken line represents the average value of the corresponding contents. Two negative values of Ba-bio and Si-bio (Table 1) were replaced by zero. Abbreviations for the titles of corresponding contents were listed in Table 1 and Table 2.
Major and Trace Element Compositions
Table 1 and Table 2 show concentrations and the corresponding parameters of the major and trace elements used in this study. The Es4 samples display strontium/barium (Sr/Ba) values of 0.49–2.54 (mean 1.23), and the Es3 samples generally display obviously lower Sr/Ba values of 0.26–0.55 (mean 0.35). The sodium/titanium (Na/Ti) ratios for Es3 and Es4 samples range from 0.65 to 2.48 and from 1.41 to 2.6, respectively. Slightly different than Es4, the Es3 samples generally exhibit a broader range but overall lower values of Na/Ti (Figure 6). The ratios of aluminum (Al) to Ti (calculated as Al2O3/TiO2 in this study) for Es3 samples range from 18.1 to 26.3, with an average of 23.7. In comparison, the Es4 samples have overall higher Al/Ti ratios, varying from 25.6 to 30, with a mean value of 27.9. The calculated values of the chemical index of alteration (CIA) for the Es3 samples range from 45.4 to 79.9 with a mean value of 64.2. The Es4 samples display broader but relatively lower CIA values (35.8–71.7, average 52.7) (Figure 6). The non-detrital composition of Ba and silicium (Si) elements (expressed as Ba-bio and Si-bio) is calculated by the formula (X-bio = Xsample − Alsample × (X/Al)detrital). Previous studies yielded (Ba/Al)detrital values in the range of 0.0032 and 0.0046 (e.g., Schoepfer et al., 2015; Zhou et al., 2015), and a median value (0.0039) of this range was used to represent (X/Al)detrital in this study. A suggested Si/Al ratio of 3.1 is used as a detrital value (Wedepohl, 1971) for calculating Si-bio values. The Ba-bio concentration for Es3 samples ranges from 187 to 468 ppm, with a mean value of 271. The Es4 samples have relatively scattered but lower Ba-bio values between −38 and 665 ppm, with an abnormally high value of 1,566 (Figure 5). The Es3 and Es4 samples have Si-bio values varying from −2 to 14 and from 0 to 10, with a mean value of 7 and 4, respectively (Table 1). The ratios of vanadium to chromium (V/Cr) and vanadium to scandium (V/Sc) for Es4 samples range from 1.19 to 2.0 and from 6.43 to 13.38, respectively. Compared to Es4, the Es3 samples have relatively lower ratios of V/Cr (0.36–1.22) and V/Sc (3.73–7.39). Both Es3 and Es4 have relatively low ratios of uranium to thorium (U/Th) not exceeding 0.5, with U/Th values ranging from 0.17 to 0.26 (mean 0.21) and from 0.19 to 0.48 (mean 0.26) for Es3 and Es4 samples, respectively. The enrichments of Mo and U in the study were reported by the enrichment factors followed the equation [EFX = (X/Al)sample/(X/Al)PAAS] raised by (Algeo and Tribovillard, 2009). The Es4 samples have EFMo ratios between 0.49 and 3.44 and EFU ratios between 0.38 and 1.11, with a mean value of 1.81 and 0.61, respectively (Figure 6 and Table 1). The Es3 samples display EFMo values of 0.6–5.03 (average 1.68) and EFU values of 0.31–0.93 (average 0.51). In addition, most of the analyzed samples (with an exception sample for Es4) show EFU values <1.0, indicating relative depletion of the element U (Tribovillard et al., 2006).
TABLE 2 | Some major element concentrations and trace element concentrations of Es3 and Es4 mudstone in the Langgu sag.
[image: Table 2][image: Figure 6]FIGURE 6 | Geochemical proxies of paleoclimate (chemical weathering), salinity, palaeoproductivity, and redox conditions in the Es3 and Es4 samples in the Langgu sag, Jizhong subbasin. Fm, Formation. Litho, Lithology.
Rare Earth Elements
The total content of rare earth elements (ΣREE) for Es3 and Es4 samples ranges from 123 to 212 ppm, with an exception value of 298 and from 114 to 198 ppm, respectively (Figure 5 and Table 3). The average value of the ΣREE for all samples was 165 ppm, which was lower than that of the North American Shale Composite (NASC, 173 ppm; Haskin et al., 1968). All REE contents of the Es samples were normalized to the NASC and shown in Figures 7A,B. Despite different source intervals, there were no major variations in the REE concentrations, with relatively flat and similar NASC-normalized REE distribution patterns. What is noteworthy is that heavy REE (HREE) in the Es3 samples shows a relatively rich trend, which is in accordance with the lower ratios (7.6–12.4, average 9.2) of light REE to heavy REE (LREE/HREE). In comparison, the Es4 samples have relatively higher LREE/HREE ratios between 9.8 and 11.5 (average 10.7). The ratios of normalized lanthanum to ytterbium (La/Yb)N ( where N represents the concentration normalized to NASC) in the Es3 and Es4 samples range from 1.3 to 3.1 (average 2.0) and from 1.3 to 2.0 (average 1.5). The ratios of normalized erbium to neodymium (Er/Nd)N vary from 0.41 to 1.15 (average 0.85) and from 0.43 to 0.70 (mean 0.53) for Es3 and Es4 samples, respectively. A positive correlation can be observed between the contents of rare elements (ΣREE, LREE, and HREE) and the elements Al or Ti (Figure 5), which indicates that rare earth elements may be mainly associated with clay minerals.
TABLE 3 | Rare earth element concentrations (μg/g) and corresponding calculated parameters of Es3 and Es4 mudstone in the Langgu sag.
[image: Table 3][image: Figure 7]FIGURE 7 | NASC-normalized distribution patterns of rare earth elements (REE) in Es4 (A) and Es3 (B) mudstone samples in the Langgu sag, Jizhong subbasin. The NASC refers to the North American shale composite (NASC, Haskin et al., 1968).
DISCUSSION
Organic Characteristics of Source Rocks
For example, TOC and Rock-Eval S2 values are commonly combined to evaluate the hydrocarbon-generating potential (Espitalié et al., 1977), and good petroleum source rocks are characterized by relatively higher TOC and S2 values (Espitalié et al., 1977; Peters, 1986). The analyzed Es samples have a TOC >0.5 wt%, which is generally accepted as the boundary between source and non-source rocks for mudstones (Jones, 1987). Hao et al. (2009b) proposed a cross plot of S2 and TOC to estimate the quality of lacustrine source rocks in the BBB. It can be inferred that both the Es3 and Es4 samples are scattered in the range of poor to fair source rock (Figure 3), which is obviously lower than that of the Es1 source rock in the Raoyang sag. The relatively lower HI values for the Es source rock in this study are consistent with previous geochemical investigations of cuttings from other drilled wells in the Langgu sag (Diao et al., 2014). This indicates low to medium petroleum potential for the source rock intervals in the Langgu sag.
Paleoclimate
The distribution and relative concentrations of minerals and some elements in mudstones may record the changes in paleoclimate (Sheldon and Tabor, 2009; Cao et al., 2012; Goldberg and Humayun, 2010; Liu et al., 2018a; Liu et al., 2018b; Wang P. et al., 2020). Chemical weathering on continents is primarily controlled by moisture and temperature levels, and weathering intensity is generally low in arid climates (Nesbitt and Markovics, 1997; Wang Q. et al., 2020). Feldspar is mechanically less stable and is also more susceptible than quartz to chemical weathering (Kamp, 2010), so the relative variations in quartz and feldspar content in non-marine shales may reflect paleoclimatic changes (Harris, 2000; Kamp, 2010). The Es4 samples seem more focused and have relatively lower Q/F values than the Es3 samples (Figure 6), which may indicate changes in climate. In addition, the Es4 samples show relatively high concentrations of carbonate minerals (Figure 6). Abundant carbonate deposition under an arid climate is reported in previous studies of lacustrine source rocks (e.g., Hao et al., 2011). Mineralogical compositions may indicate limited chemical weathering accompanied by an arid climate during the deposition of Es4 rocks.
The Fe, Mn, Cr, V, Ni, and Co elements are believed to be enriched under moist conditions, whereas the Ca, Mg, K, Na, Sr, and Ba are mainly concentrated under arid conditions (Cao et al., 2012; Zhao et al., 2007). As a result, the ratio of Σ (Fe + Mn + Cr + V + Ni + Co)/Σ (Ca + Mg + K + Na + Sr + Ba) (termed as C-value) can be used to study the paleoclimate (Zhao et al., 2007), and an increase in C-values can be observed from arid climate to semimoist/moist climate (e.g., Cao et al., 2012). The Es4 samples displayed relatively lower C-values (0.07–0.26) than those of the Es3 samples (0.17–0.44), indicating a more arid climate prevailed in the deposition of Es4 source rock (Figure 6). The CIA provides a proxy for determining climate change (Cao et al., 2019; Wang P. et al., 2020). High CIA ratios generally indicate enhanced chemical weathering intensity in humid climates (Goldberg and Humayun, 2010; Cao et al., 2019; Wang P. et al., 2020). As shown in Figure 6, the relatively lower CIA values for Es4 samples indicate an arid-prone climate, which is consistent with results inferred from other proxies.
The Ti-normalized ratios are commonly utilized to estimate the influence of chemical weathering (Nesbitt and Markovics, 1997). The Al/Ti is proposed to document the climatic variations (Wei et al., 2004; Kiipli et al., 2012) in marine sediments, and an increase in the Al/Ti ratio can be observed in more arid climates (Akul’shina, 1976). According to Akul’shina (1976), the Al/Ti ratio <20, 20–30, and >30 represent humid, semi-humid, semi-arid, and arid climates, respectively. Similarly, the Al/Ti is also reported to reconstruct the paleoclimate/paleoenvironment of the catchment in lake settings (Haberzettl et al., 2008; Warrier and Shankar, 2009). The overall higher Al/Ti ratios for Es4 samples indicate a more arid paleoclimate during the deposition period (Figure 6). In comparison, the Es3 samples are deposited under humid and semi-humid paleoclimates according to this gradation. The Na/Ti ratio is another indicator of chemical weathering, and a relatively high Na/Ti ratio may reflect weak chemical weathering accompanied by a dry climate (Wei et al., 2004). The slightly higher but focused Na/Ti ratios for Es4 samples further suggest an arid-prone climate.
Paleosalinity
Salinity is an essential chemical property of lake water masses and is routinely reported in paleoenvironmental studies (Jaraula et al., 2014; Li and Liu, 2014; Wei and Algeo, 2020). Based on a large set of modern aqueous and sedimentary chemical data representing a range of salinity facies (i.e., freshwater, brackish, and marine), Wei and Algeo (2020) proposed some elemental ratios (e.g., Sr/Ba) for paleosalinity reconstruction. With increasing salinity, Ba is preferentially precipitated as a sulphate compound compared to Sr (Vosoughi Moradi et al., 2016). Moreover, Sr is present in higher concentrations in seawater and is readily adsorbed onto clay minerals, resulting in substantially higher Sr/Ba ratios in marine sediments relative to freshwater sediments (Wei and Algeo, 2020). Therefore, the Sr/Ba ratio is usually used to characterize paleosalinity, and sedimentary ratios of <0.2, 0.2–0.5, and >0.5 are indicative of freshwater, brackish, and marine facies, respectively (Wei and Algeo, 2020). As shown in Figure 8, the Es4 samples generally have higher Sr/Ba values than the Es3 samples, suggesting high paleosalinity during Es4’s deposition, which is consistent with the arid climate. Gammacerane/C30hopane (G/H) is commonly utilized to evaluate water-column stratification during the deposition of source rocks (Sinninghe et al., 1995). Although both hypersalinity at depth and temperature gradients may result in a stratified water column (Bohacs et al., 2000), high G/H ratios are mostly found in evaporite or other high salinity in lacustrine depositional environments (Fu et al., 1990; Chen et al., 1996; Hao et al., 2011). According to Diao et al. (2014), the Es4 source rock has obviously higher G/H ratios (0.4–0.41) than that of the Es3 source rock (0.04–0.26) in the Langgu sag. This agrees well with the interpretation of paleosalinity based on elements, indicating high paleosalinity and relatively high preservation favored by water-column stratification.
[image: Figure 8]FIGURE 8 | Variations of elements Sr and Ba show salinity in the Es source rocks in the Langgu sag.
Hydrological Conditions
Previous research suggested that the Er/Nd ratios display a positive correlation with PH of seawater (Goldstein and Jacobsen, 1987). In this study, the Es3 samples have obviously higher (Er/Nd)N values than those in Es4 (Figure 5), which seems to be inconsistent with acidic and freshwater to brackish water during Es3’s deposition (e.g., Diao et al., 2014). This indicates that caution should be exercised when applying this ratio to estimate the PH of lake waters because this variable trend is generally complicated by water types associated with hydrological conditions (Elderfield et al., 1990). Nevertheless, given the differences in paleoclimate and paleosalinity between Es4 and Es3 samples, the (Er/Nd)N may provide a potential proxy to characterize changes in the hydrological conditions.
The δ13CCarb and δ18OCarb values of primary carbonates are proved a useful technique for paleolimnological research (Talbot, 1990; Pérez et al., 2013). The systematic decrease in δ13CCarb for Es3 samples suggests the input of isotopically depleted carbon derived from soil CO2 and in turn from the decay of vegetation (Harris et al., 2004), which is consistent with a more humid paleoclimate during the Es3’s deposition. The oxygen isotope values in lacustrine carbonates are commonly influenced by the temperature and the δ18O value of the lake water (Talbot, 1990; Dettman et al., 2003; Pérez et al., 2013), with the latter controlled by hydrological conditions. Based on studies of modern and ancient lakes, Talbot (1990) proposed that carbonates show little or no correlation between δ13CCarb and δ18OCarb in a hydrologically open lake, whereas carbonates from a hydrologically closed lake may display covarying δ13CCarb and δ18OCarb, although differences in covariant trend may exist among different lakes (Talbot, 1990). Other studies of ancient and modern lakes also confirmed isotopic covariances in hydrologically closed conditions (Fontes et al., 1996; Sinha et al., 2006; Yin et al., 2018). As shown in Figure 9, the δ13CCarb and δ18OCarb exhibit an approximate positive correlation. In comparison, the Es3 samples have very little variation in δ13CCarb and δ18OCarb, with no isotopic covariance (Figure 9). This indicates that the Es4 source rocks were deposited under relatively hydrologically closed conditions when compared to the Es3 rocks. Although the δ13CCarb values may also be influenced by other factors (e.g., climate and biological processes) (Hollander and McKenzie, 1991; Hollander et al., 1992), covariant trends can be generally utilized to trace the hydrological history of a basin with caution. That the relatively closed hydrological conditions during the Es4’s deposition are also consistent with the geological setting and other geochemical proxies discussed above.
[image: Figure 9]FIGURE 9 | Crossplot of δ13CCarb vs. δ18OCarb values in the lacustrine carbonates of the Langgu sag, Jizhong subbasin.
Productivity and Redox Conditions
As discussed above, the paleoclimate during the deposition of Es3 is humid-prone, and enhanced water inflow may have efficiently carried nutrients to the lake, which is favorable for algal blooms. During photosynthesis, 12C is preferentially incorporated into organic matter; however, the dissolved inorganic carbon source may be used due to limited concentrations of dissolved carbon dioxide (e.g., Hollander and McKenzie, 1991). Thus, high productivity may reduce isotopic fractionation between dissolved inorganic carbon and particulate organic carbon. As shown in Figure 5, the Es3 samples display heavier δ13COM than those of Es4. The 13C-enriched δ13COM associated with high productivity has also been reported in previous studies of lacustrine deposits (e.g., Yin et al., 2018) (Hollander and McKenzie, 1991; Wang Q. et al., 2020). The carbon isotope of organic matter in the Shahejie Formation in Bozhong Sag is obviously the heaviest, followed by the third member of the Shahejie Formation in Langgu Sag, and the fourth member of the Shahejie Formation in Langgu Sag and the first member of the Shahejie Formation in Raoyang Sag are the lightest (Figure 10). It is generally accepted that the heavy organic carbon isotope of source rock in the Shahejie Formation in Bozhong Sag is mainly caused by high primary productivity (e.g., Yin et al., 2020). Similarly, the heavy carbon isotope of source rocks in Es3 in Langgu Sag can also reflect high paleoproductivity. Therefore, the overall enrichment in δ13COM in the Es3 samples may indicate high primary productivity under a relatively humid climate. Although Ba is commonly used to characterize primary production in seawater (Dymond et al., 1992), the Ba-bio provides an indicator of primary productivity in lacustrine settings (Wang Q. et al., 2020; Yin et al., 2020). High productivity is commonly accompanied by higher Ba-bio values (e.g., Neuhuber et al., 2016; Yin et al., 2020). Despite the wide range of Ba-bio values of Es4 samples, the Es3 samples display relatively higher Ba-bio values (Figure 5), which is consistent with higher primary productivity. Nevertheless, the Ba-bio values of Es in this study are more than two times lower than those of the Es3 rock in the Bozhong region, where productivity was dominant (Yin et al., 2020). This indicates that the primary productivity may be limited in the Langgu, although there exists a general difference in productivity between Es3 and Es4 samples. Biogenic silica concentration is also a useful proxy of paleoproductivity, and higher primary productivity is commonly accompanied by enhanced Si-bio values (e.g., Ross and Bustin, 2009). The overall higher values of Si-bio for Es3 samples may suggest increased productivity (Figure 5). Note that these suggested useful proxies of paleoproductivity of marine background display rather complex vary trends for lacustrine sediments (Figure 5), similar phenomena were also reported in other studies (e.g., Cao et al., 2012). This indicates that the element compositions have complex controlling factors other than paleoproductivity, thus caution should be exercised when evaluating productivity for lacustrine sequences.
[image: Figure 10]FIGURE 10 | Crossplot δ13Com values of vs. δ13CCarb values for Es3 and Es4 rock samples from the Langgu sag, Jizhong subbasin. The Es source rock samples from the Bozhong sag (Yin et al., 2020) and the Es1 source rock samples from the Raoyang sag (Yin et al., 2018) were plotted for comparison of the shift of the δ13Com values to evaluate the paleoproductivity in the Es3 and Es4 rock samples.
According to the study (Katz, 2001), high-quality source rock seems to be more associated with good preservation conditions at a prerequisite of productivity. Cr is commonly incorporated within detrital sediments, whereas V is usually concentrated in organic-rich sediments that are deposited under reducing conditions (Shaw et al., 1990; Makeen et al., 2015). Thus, V/Cr is a proxy used to compare the redox conditions (Jones and Manning, 1994), and V/Cr ratios higher than 2.0 may be an indicator of anoxic depositional conditions (Makeen et al., 2015). Additionally, the U/Th ratio is commonly suggested to interpret paleo-oxygenation conditions, with dysoxic and anoxic conditions showing U/Th ratios higher than 0.75 and 1.25, respectively (Jones and Manning, 1994). As displayed in Figure 6, the Es4 and Es3 samples have V/Cr and U/Th not exceeding 2.0 and 0.75, respectively, suggesting a less reducing environment during deposition. However, the Es4 samples exhibit relatively higher V/Cr and U/Th values than those of the Es3 samples (Figure 6), which indicate relatively enhanced reducing environments during Es4’s deposition. In comparison, the V/Sc seems to be a more sensitive and reliable proxy for paleoredox conditions (Kimura and Watanabe, 2001; Wang Q. et al., 2020). V/Sc values ≥9.1 may indicate a low-oxygen depositional environment (Kimura and Watanabe, 2001; Powell, 2009). Compared to the Es3 samples, the Es4 samples display obviously higher V/Sc values (Figure 6 and Table 1), suggesting promoted anoxic conditions during the deposition of Es4, which is consistent with the relatively low values of Pr/Ph for the Es4 source rock (Diao et al., 2014).
The relative abundance of the redox-sensitive elements molybdenum (Mo) and uranium (U) are commonly used to characterize the marine sediment depositions (e.g., Algeo and Tribovillard, 2009), whereas many studies showed that Mo and U are also applicable to the research of lake sedimentary environments (Harris et al., 2004; Dahl et al., 2013; Yin et al., 2018). Although the Es4 and Es3 samples display a similar range of EFMo and EFU values, the Es4 samples are characterized by a slight enrichment of Mo and U, which may indicate relatively oxygen-deficient conditions. The complex variations in redox-sensitive proxies of the Es samples may imply variable redox conditions in the Langgu area. Previous studies have confirmed that the EFMo and EFU values in lake settings may be influenced by the variability of the detrital input (e.g., Yin et al., 2018). Compared to the Es1 source rocks (Raoyang sag) deposited under anoxic bottom water conditions with stable water-column stratification, the Es4 and Es3 samples in the Langgu sag display obviously lower EFMo and EFU ratios (Figure 11). It is assumed that the analyzed Es source rocks are deposited under a less anoxic bottom with a significant influence of detrital input (see below Discussion). Nevertheless, combined with other redox proxies, it can be generally concluded that the Es4 rocks are deposited under relatively reducing environments, which may provide relatively good preservation conditions for organic matter.
[image: Figure 11]FIGURE 11 | Crossplot of EFU vs. EFMo for Es3 and Es4 source rocks in the Langgu sag and Es1 rocks in the Raoyang sag, Jizhong subbasin. The data of Es1 after Yin et al. (2018).
Mechanisms of Source Rock Occurrence
Based on the statistics between HI and carbon isotopic fractionation between carbonate and kerogen (∆δ13CCarb-OM), Hollander et al. (1993) proposed an idealized cross-plot to identify two controlling factors (productivity and preservation) of the accumulation of organic carbon-rich matter. A negative and positive trend between ∆δ13CCarb-OM and HI was observed when the controlling factors in the enrichment of organic matter were high productivity and enhanced preservation, respectively. These two varying trends were also observed in rift sequences in other sedimentary basins (Gonҫalves, 2002; Liu et al., 2017; Yin et al., 2018; Wang Q. et al., 2020). Figure 12 shows that the Es4 samples present a positive trend of ∆δ13CCarb-OM with HI values, suggesting that increased preservation (relatively stable stratified water conditions) may have been responsible for the formation of the potential source rock. This is consistent with higher paleosalinity and enhanced reducing conditions. In comparison, the ∆δ13CCarb-OM and HI values of the Es3 samples generally exhibited a negative correlation, which highlights high productivity in the accumulation of organic matter. However, compared with high-quality source rock intervals in the Jizhong subbasin, the Es source rocks in the Langgu sag show limited petroleum potential (Figure 3). This implies that the effects of other geological processes on the quality of source rock should be considered apart from high productivity and enhanced preservation.
[image: Figure 12]FIGURE 12 | Variations in HI with Δδ13CCarb-OM for determining constraints on the formation of high-quality source rocks in the Langgu sag.
The Es source rocks in other hydrocarbon-generation rich sags (e.g., Bozhong sag, Raoyang sag, and Baxian sag) in the Bohai Bay Basin have good to excellent quality with the TOC content ranging from 2.0 to 4.0 wt% and dominant type II1 organic matter. In comparison, the Es source rock in the Langgu sag has a TOC content mainly ranging from 1.0 to 2.0 wt% and its organic matter type is mainly II2–III, indicating low to medium petroleum potential. It is generally believed that slow deposition rates can maximize exposure time and reduce the preservation of organic matter, resulting in low organic matter content. Moreover, the remnant organic matter is mainly composed of terrigenous components, which have relatively low hydrocarbon generation potential (Tyson, 2001). The high deposition rate or burial rate reduces the exposure time of organic matter in the diagenetic zone, which promotes the preservation of oil-pouring components and enhances the hydrocarbon generation potential of source rock. However, overhigh sedimentation rates often lead to the dilution of organic matter. In fact, the accumulation of high-quality source rock is controlled by complex, non-linear interactions of primary productivity, dilution, and preservation (Bohacs et al., 2000; Bohacs et al., 2005). Previous studies pertaining to the relationships between sedimentation rates and TOC revealed that the increase in TOC content is accompanied by enhanced sedimentation rates at slow sedimentation rates due to greater preservation resulting from more rapid burial, whereas above a critical sedimentation rate the TOC content decreases with increasing sedimentation rate, due to dilution by mineral matter (Ibach, 1982; Bustin and Chonchawalit, 1997). This indicates the non-linear relationship between TOC and sedimentation rate. Although a relatively high sedimentation rate may be beneficial for organic burial and result in enhanced TOC and HI, the abundance of organic carbon may decrease with a substantial sedimentation rate (Tyson, 2001). The sedimentation rate can be approximately estimated by the thickness of the sedimentary formation divided by the age difference between the lower and upper boundaries of the selected formation (Ibach, 1982; Zakir Hossain et al., 2009). For the tectonic evolution in the Langgu sag, the Es4 and Es3 showed strong rifting activity. The Langgu sag, which experienced multiple rifting events, displays an obviously different syn-rift basement subsidence rate and sedimentation rate than other sags in the BBB. The calculated basement subsidence rate is up to 610 m/Ma during the deposition of the Es4, and increased to up to 1,120 m/Ma during the Es3’s deposition (Figure 13). In comparison, the Es4 and Es3 in Langgu Sag are characterized by the maximum subsidence and deposition rates in the whole Bohai Bay Basin (Figure 13). Such high sedimentation rates not only led to the development of extremely thick lacustrine deposits but also diluted the enrichment of organic matter, resulting in the formation of source rocks with low to medium organic matter content and petroleum potential. Well 8 drilled the upper member of the Es4 to a thickness of 297 m. Based on the stratigraphic age in Figure 2, the estimated sedimentation rate (no compaction correction) for Es4 strata is 11.0 cm/1,000 years. This value may underestimate the sedimentation rate during Es4’s deposition because the Es4 strata were not fully drilled by the well 8. According to the nearby well 5 (Figure 1B) drilled with the complete Es4 sequence, the calculated sedimentation rate of Es4 is as high as 33.9 cm/1,000 years. Tphe well 1 drilled the complete Es3 strata with a thickness of 2,570 m and yielded an average sedimentation rate of 47.9 cm/1,000 years, which is generally higher than that of Es4. The higher sedimentation rate for Es3 strata is also supported by the humid paleoclimate and the intense activity of the boundary fault. In addition, a higher (La/Yb)N ratio was observed to be associated with enhanced sedimentary rates in lacustrine sediments (e.g., Li et al., 2017). The overall higher (La/Yb)N values for the Es3 sequence (Figure 5) may also suggest a higher sedimentation rate during its deposition. In comparison, the Es1 source rock in the Raoyang sag, deposited under saline and anoxic bottom water conditions with stable water-column stratification, displays an obviously low sedimentation rate, with an estimated value of 8.8 cm/1,000 years (Yin et al., 2018). Abnormally high sedimentation rates for the Es strata (Es4 and Es3) in the Langgu sag indicate that the accumulation of organic matter is likely to be diluted by detrital mineral matter. This interpretation is also supported by differences in bulk mineral and element compositions between Es samples in the Langgu (much more felsic minerals) and Es1 source rock in the Raoyang sag (Figure 4). This study underscores that both high productivity and enhanced preservation are prerequisites; however, the influence of dilution plays an important role in the occurrence of high-quality source rock during the rifting stage. Source rocks with high petroleum potential may agree well with moderate sedimentation rates (Katz, 2005).
[image: Figure 13]FIGURE 13 | Comparison of basement subsidence/sedimentation rates in different rifting periods between Langgu Sag and other key depressions of Bohai Bay Basin.
Models for Source Rock Deposition Under Different Tectonic and Climatic Conditions
Stratigraphic and subsidence studies show that the Langgu sag experienced quick subsidence during Es4 deposition (close to 610 m/Ma) and a rapid subsidence rate during Es3 (up to 1,120 m/Ma) (Figure 13). The paleoclimate also changed from an arid climate during Es4 deposition to a humid climate during Es3 deposition. It is evident that changes in water chemistry indicated by inorganic geochemical parameters are consistent with changes in subsidence rate and climate. More importantly, both parameters reflecting chemical conditions of ancient water bodies and parameters reflecting primary productivity covary with parameters reflecting depositional conditions, which strongly imply the coevolution of ecological systems with environments. These observed environmental and ecological changes reflected by carbon isotopes of organic matter (δ13COM), carbon (δ13CCarb) and oxygen (δ18OCarb) isotopes of carbonate, bulk mineral compositions, and major and trace element concentrations enable us to construct models for the deposition of low to medium quality lacustrine source rocks under different tectonic and climatic conditions.
During Es4 deposition, the weak activity of the border fault and low subsidence rate, together with the low water inflow and intensive evaporation in an arid climate, led to the formation of a saline, alkaline, shallower lake. Low sediment input resulted in regressional or aggradational basin-fill (Figure 14A). The strong evaporation effect led to an increase in water salinity, which favored the establishment of stable water column stratification. Stable stratification of water can form an anoxic environment, which is extremely beneficial to the preservation of organic matter (Figure 14A). The stable water column stratification and the euxinic bottom water conditions can be evidenced from the fact that Es4 has the higher Sr/Ba, V/Cr, and V/Sc in the Langgu sag. Weak chemical weathering accompanied by a dry climate can contribute to the formation of calcium alkali soil from carbonate, which makes it difficult to provide a lot of nutrients for the ancient lake in Es4. The relatively low nutrient concentration in the saline waters might lead to the low primary productivity in the saline lake, which appears to be supported by the lighter δ13COM, lower Ba-bio values, and Si-bio values for Es4 samples. Therefore, due to the lack of nutrients from the river, the abundance of plankton (e.g., Bohaidina) may be limited during the period of Es4. Increased preservation (relatively stable stratified water conditions) should be responsible for the formation of the potential source rock in Es4.
[image: Figure 14]FIGURE 14 | Depositional models for the two source rock intervals showing the environmental and ecological changes induced by changes in tectonic subsidence and climate. (A) Shallow, saline-alkaline lake at Es4 deposition stage; (B) Deep, fresh lake at Es3 deposition stage.
During Es3’s deposition, the intense activity of the border fault and rapid subsidence resulted in a deep, fresh water lake and generally regressional or aggradational basin fill (Figure 14B). As the climate became warmer and wetter, the supply of water and sediment increased largely. High water inflow decreased the salinity of water and only unstable temperature stratification can occur in water body (Figure 14B). Therefore, the distribution area of euxinic bottom water is limited due to the relatively deep and unstable temperature stratification, as indicated by the lower Sr/Ba, V/Cr, and V/Sc. Strong physical weathering and chemical weathering under a humid climate increased dissolved inorganic carbon and nitrate of nutrient elements into the lake, which promoted high primary productivity evidenced by relatively high 13C enrichment in the organic matter of the Es3 rock. In the freshwater lake, the dinoflagellates Bohaidina and Parabohaidina thrived, as evidenced by the high 4-methylsterane indices, and freshwater microalgae and chlorophyll-containing phytoplankton might also be important members of the community. In brief, the high primary productivity was the main factor accounting for the enrichment of organic matter during the deposition of Es3.
In summary, changes in tectonic subsidence and climate during the synrift evolution of Langgu sag caused changes in the hydrological status and water chemistry of the lake, which induced changes in the redox environment and primary productivity. The synergetic evolution of environments and organisms in the lake systems accounted for the deposition of the two source rock intervals with different hydrocarbon generating potentials.
CONCLUSION
This study presents the geochemical characteristics of the source rocks in the Langgu hydrocarbon-generating sag in the Jizhong subbasin, and the conclusions can be outlined as follows:
(1)Low to medium S2 and TOC values indicate that the Es4 and Es3 source rocks are of poor to fair quality in the Langgu sag in the Jizhong depression.
(2)The distribution and relative concentrations of minerals and elements reveal that the Es4 source rock was deposited in relatively hydrologically closed conditions under an arid climate. Higher Sr/Ba and V/Sc values suggest high paleosalinity and enhanced reducing environments during Es4’s deposition, which provide relatively increased preservation conditions. In comparison, the paleoclimate is more humid, accompanied by enhanced chemical weathering in the deposition of Es3 source rock, which is evidenced by overall high values of CIA, Q/F, and Al/Ti ratios. The sedimentary environments of Es3 are characterized by relatively lower paleosalinity and less reducing conditions as a result of this climate.
(3)The crossplot of HI versus Δδ13CCarb-OM indicates that enhanced preservation and promoted primary productivity are the main factors in the accumulation of organic matter during the deposition of Es4 and Es3 in the Langgu sag, respectively. Nevertheless, the low to medium hydrocarbon-generating potential of Es mudstone indicates that dilution played a significant role in the formation of high-quality source rock. The Es source rock of limited petroleum potential in the Langgu sag could be ascribed to dilution associated with high sedimentation rates in the rift sequences.
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