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Abstract

:

No systematic comparative study has been conducted on the factors controlling organic matter enrichment in the different depositional environments of the Lower Cambrian Qiongzhusi Formation in the western Middle Yangtze Block, leading to a large discrepancy in our understanding. Based on organic geochemical and elemental analyses of core, outcrop, rock, and mineral samples from the slope, deep-water shelf, and shallow-water shelf, in this study, comparative analysis of the organic matter content, sedimentological characteristics, and depositional paleoenvironments of the Lower Cambrian Qiongzhusi Formation in the western Middle Yangtze Block was conducted, and the main controlling factors and models of the organic matter enrichment were investigated. The results revealed that the organic matter enrichment in the Qiongzhusi Formation was jointly controlled by redox conditions, water restriction, upwelling currents, terrigenous inputs, and paleo-productivity, but the main factors controlling the enrichment during the different periods were significantly different. (1) During the deposition of the Qiong 1 Member, the extensional rifting was strong, and the sea level was always high. The low degree of terrigenous dilution and anoxic conditions favored organic matter preservation. In this period, the upwelling currents were the main factor controlling organic matter enrichment. The paleo-productivity decreased as the intensity of the upwelling currents gradually weakened from the slope to the shelf, leading to a decrease in the total organic carbon (TOC) content and thereby a gradual decrease in the biogenic silica content of the shale. (2) During the deposition of the Qiong 2 Member, the extensional rifting weakened, and the sea level continued to drop. The upwelling currents, terrigenous input, and redox conditions were all important factors controlling the organic matter enrichment in the region. From the slope to the shelves, the conditions favorable for organic matter enrichment gradually worsened, and the TOC content gradually decreased, with the lithofacies gradually transitioning from biogenic siliceous shale to clayey shale or clayey-calcareous shale. (3) During the deposition of the Qiong 3 Member, the Yangzi Platform underwent a filling and leveling-up process, and the redox conditions played a major role in controlling the organic matter enrichment. The entire region was dominated by an oxygen-rich environment, and the conditions were no longer favorable for organic matter preservation, leading to a low average TOC content. Overall, the spatial variability of the TOC content was closely associated with changes in the depositional paleoenvironment caused by sea-level changes.
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1. Introduction


The Early Cambrian marked the beginning of the Phanerozoic and was one of the important turning points in geological history, covering the transition from the Neoproterozoic glacial event to the Neoproterozoic snowball Earth events [1], with dramatic changes in the global paleoclimate, paleo-ocean environment, and paleo-community [2,3,4,5]. During the Early Cambrian period, large-scale global transgression events and regional extensional rifting occurred [6,7], leading to extensive deposition of a black shale sequence in the Yangzi region, which is given different names in different areas. For example, it is known as the Niuqitang Formation in Huan, Chongqing, and Guizhou; the Shuijingtuo Formation in western Hubei; the Qiongzhusi Formation in Western Sichuan; and the Guojiaba Formation in southern Shaanxi. In this study, this shale sequence is collectively referred to as the Qiongzhusi Formation. The shale sequence has significant characteristics, such as a large thickness, high organic matter content, and abundant biogenic fossils [8], and it is another essential shale gas exploration sequence in the Yangzi region after the Wufeng Formation-Longmaxi Formation [9,10,11].



The dark mud shale of the Lower Cambrian Qiongzhusi Formation is a hydrocarbon source rock that was deposited during the important Ediacaran–Cambrian transition. It was deposited continuously and is well preserved in the western Middle Yangtze Block, providing an excellent opportunity to study the relationship between changes in the marine environment and organic matter enrichment during this critical period in Earth’s history [5]. Previous studies of the main factors controlling the organic matter enrichment in this set of hydrocarbon source rocks are limited, and they mainly focused on areas where the Lower Cambrian outcrops are well developed and drilling wells are present, such as northern Guizhou and western Hunan. These studies reported five organic matter enrichment-controlling factors. First, the high sea level and low terrigenous inputs caused by the rapid transgression in the Early Cambrian favored organic matter enrichment [9,12]. Second, the high paleo-productivity and anoxic bottom-water conditions jointly controlled the organic matter enrichment [13,14,15]. Third, the organic matter enrichment model is mainly a preservation model, with anoxic bottom water conditions serving as the main controlling factor [5,16,17,18]. Fourth, the upwelling currents on the slope were the main cause of organic matter enrichment [19,20,21]. Lastly, local seafloor hydrothermal activity provided the necessary materials and preservation conditions for organic matter enrichment [22,23,24,25]. In summary, the organic matter enrichment of the Lower Cambrian shale in the western Middle Yangzi Block was controlled by a variety of geological processes. However, because its depositional environment spans the slope-shelf region (Figure 1a) and varies greatly in the different depositional environments, no systematic comparative analysis was conducted in previous studies to determine the factors controlling organic matter enrichment in the different environments, thereby leading to a large discrepancy in our understanding.




2. Regional Geologic Setting


The study region geographically covers northern Guizhou Province, western Hunan Province, and western Hubei Province (Figure 1a), and it is tectonically located in the trough-like fold belt in western Hunan and Hubei and in the western margin of the Jianghan Basin [26]. After the breakup of the Neoproterozoic Rodinia supercontinent, the Yangzi Block gradually evolved from a rift basin to a craton basin during the Ediacaran–Cambrian transition [8,15,19], during which the internal rift troughs experienced five stages. The first stage is pre-extension at the end of the deposition of the Dengying Formation. The second stage is the initial extension during the deposition of the Yanjiahe/Maidiping FormationThe third stage is the maximum extension during the early stage of the deposition of the Qiongzhusi Formation, i.e., when a large-scale transgression occurred in the Yangzi region, forming a large area of anoxic bottom-water conditions, and the subsequent upwelling currents supplied large amounts of nutrients, leading to extensive deposition of black shale. The fourth stage is the weakening of the extension during the late stage of the deposition of the Qiongzhusi Formation-Shippai/Canglangpu Formation, which was accompanied by a large-scale marine regression in the Yangtze region and increased the supply of detrital materials from the surrounding ancient land, leading to rapid filling of the rift troughs and the gradual disappearance of the uplift and depression pattern in the Yangtze region. The last stage is the cessation of extension during the deposition of the Tianheban/Longwangmiao Formation, i.e., when the rift troughs were completely filled and leveled up, leading to the complete disappearance of the uplift and depression pattern and the start of carbonatite platform development [27,28,29,30,31].
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Figure 1. (a) Map showing the location of the study area and the lithofacies of the Early Cambrian Qiongzhusi Formation in the middle and upper Yangzi region in southern China (adapted from [31]); (b) NE-SW cross-section of the Qiongzhusi Formation in the study area from the ancient land to the deep-water basin; and (c) stratigraphic histogram of the Qiongzhusi Formation in the study area (in well EY1). 
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From bottom to top, the Lower Cambrian strata in the region include the Yanjiahe Formation, Qiongzhusi Formation, Shipai Formation, and Tianhepan Formation (Figure 1c). The Yanjiahe Formation is primarily composed of siliceous-phosphorus dolomite and siliceous rocks intercalated with lime mudstone, which conformably overlies the algal dolomite of the underlying Sinian Dengying Formation. However, its distribution is quite limited, and it mainly occurs at the center of the intra-land rift. The Qiongzhusi Formation unconformably overlies the Dengying Formation or conformably overlies the Yanjiahe Formation (Figure 2) [8,32], which can be divided into three members from the bottom to the top according to the lithology, electrical properties, and geochemical characteristics. (1) The Qiong 1 Member (Q1) is mainly composed of gray-black organic-rich carbonaceous-siliceous shale with high Gamma Ray (GR) values. (2) The Qiong 2 Member (Q2) is mainly composed of dark gray carbonaceous shale and gray shale with intermediate organic matter content and GR values. (3) The Qiong 3 Member (Q3) is mainly composed of gray to gray-white siltstone and gray shale with low organic matter contents and low GR values. The Shipai Formation is mainly composed of clayey/sandy shale and marl deposits and conformably overlies the Qiongzhusi Formation (Figure 2). The Tianhepan Formation is mainly composed of marl and conformably overlies the Shipai Formation [7,17]. The depositional sequence of the Qiongzhusi Formation is well developed in the study area, i.e., from shallow-water shelf facies to deep-water shelf facies to slope facies from northeast to southwest (Figure 1a) [9,30].



In this study, the Qiongzhusi Formation in the western Middle Yangtze Block was taken as the study area, and samples were collected from the slope (Duodingguan, Weng’an), the deep-water shelf (Baizhuling, Changyang), and from wells YY3 and YT2 in the shallow-water shelf. The samples were subjected to sedimentological, mineralogical-petrological, and geochemical analysis (Figure 1a,b) to systematically explore the changes in the lithofacies and depositional paleoenvironment of the Qiongzhusi Formation along the slope → deep-water shelf → shallow-water shelf continuum in the western Middle Yangzi Block in order to clarify the main factors controlling the shale organic matter enrichment during the different periods of the deposition of the Qiongzhusi Formation and to develop an organic matter enrichment models.




3. Materials and Methods


3.1. Samples


In this study, a total of 163 samples were collected from the black shale of the Qiongzhusi Formation, including 34 from well YT2, 23 from well YY3, 52 from Baizhuling, and 54 from Duodingguan. The samples were analyzed to determine their organic carbon contents, mineral compositions, and lithological characteristics, and micropaleontological identification was conducted. Based on the analysis results, 13, 17, and 13 of the samples from wells YY3, Baizhuling, and Duodingguan, respectively, were selected for elemental analysis.




3.2. Analytical Methods


All analyses conducted in this study were performed in the Geological Laboratory of the PetroChina Southwest Oil and Gas Field Company. The organic carbon content was measured using a CS-344 carbon and sulfur analyzer with an analytical accuracy of ±0.5%. The thin sections of the samples were stained with a mixture of alizarin red and potassium ferricyanide. X-ray diffraction analysis was performed using a Phillips Xpert-MPD X-ray diffractometer. The major elements were analyzed using the fusion method. First, aliquots (approximately 1 g) of the sample were calcined in a muffle furnace at 920 °C for 3–4 h to remove the organic matter and carbonate, and then they were weighed to record the weight loss. Aliquots (approximately 0.5 g) of the calcined sample powder were uniformly mixed with Li2B4O7 (approximately 4.0 g), and the mixture was melted into a glass disk, which was subjected to X-ray fluorescence measurements using a Rigaku 100e wavelength dispersive X-ray fluorescence spectrometer (XRF). The trace and rare earth elements were measured using a Thermo Scientific Element XR inductively coupled plasma mass spectrometer (ICP-MS). Specifically, accurately weighed aliquots (50 mg) of the powdered rock samples were placed in a 25 mL polytetrafluoroethylene sample container and dissolved in a mixture of 2 mL of HNO3, 1 mL of HCl, and 3 mL of HF. The resulting solution was evaporated on a 150 °C hot plate until dry, followed by the addition of 1 mL of HNO3 and 3 mL of HF to the container. The container was sealed and heated at 180 °C for 48 h until the residue was completely dissolved. Finally, the concentrated solution was transferred to a polyethylene bottle and diluted to 100 mL with 2% HNO3, followed by ICP-MS measurements.




3.3. Data Presentation


The degree of enrichment of element X in sediment was described by its enrichment factor (XEF) [15,17]:


XEF = (X/Al)sample/(X/Al)PAAS



(1)







Here, X and Al represent the contents of element X and Al in the sediment sample, respectively. The X/Al content ratio of the sample was normalized to the Post Archean Australian Shale (PAAS).



The content of a biogenic element can be calculated using the following formula:


Xxs = Xsample − A1sample (X/A1)PAAS



(2)




where X and Al denote the contents of a given element X and Al in the sample, and the ratio of X/Al is normalized to PAAS.





4. Results and Discussion


4.1. Organic Carbon Content and Basic Geological Characteristics of the Shale


The total organic carbon (TOC) contents, sedimentological characteristics, and mineralogical-petrological characteristics of the dark mud shale of the Lower Cambrian Qiongzhusi Formation in the study area were determined and compared along the slope → deep-water shelf → shallow-water shelf continuum based on core and outcrop observations, thin-section observations, and whole-rock X-ray diffraction analysis (Figure 2, Figure 3 and Figure 4).



4.1.1. Organic Carbon Content


The TOC content varies significantly in the different zones and within the different periods. The TOC is highest in the slope zone, ranging from 0.2% to 9.5%, with a mean of 3.2%. The average values for Q1, Q2, and Q3 are 5.1%, 3.6%, and 0.8%, respectively. The TOC content is second highest in the deep-water shelf, ranging from 0.4% to 8.5%, with a mean of 2.8%. The average values for Q1, Q2, and Q3 are 4.1%, 1.8%, and 0.9%, respectively. The TOC content is the lowest in the shallow-water shelf, ranging from 0.1% to 7.3%, with a mean of 1.5%. The average values for Q1, Q2, and Q3 are 3.7%, 1.1%, and 0.7%, respectively (Figure 2).



In general, the TOC contents of the different zones gradually decrease vertically in the order of Q1 → Q2 → Q3. Horizontally, the TOC contents of Q1 and Q2 gradually decrease in the order of slope → deep-water shelf → shallow-water shelf. The TOC contents of the different zones are relatively low in Q3 and do not vary significantly.




4.1.2. Sedimentological and Mineralogical-Petrological Characteristics


Q1: Both the slope and shelf are dominated by gray–black biogenic siliceous shale deposits (Figure 2) without internal laminae (Figure 3A,G,M). In these zones, the skeletal grains are mainly radiolarians and sponge spicules, and abundant small, yet visible, shell fossils are present and are generally filled with siliceous minerals in the slope zone (Figure 3B,H,N). The content of the siliceous minerals (quartz + feldspar) is the highest among the three members, averaging 66.1%, and it is dominated by quartz (mean of 51.8%), which is mostly in the form of biogenic microcrystalline-powder crystalline grains with a rounded-subrounded shape [15]. The quartz contents of the different zones decrease in the following order: slope (mean 75.3%) > deep-water shelf (mean 48.8%) > shallow-water shelf (mean 31.8%). The contents of both the carbonatite and clay minerals are low and gradually increase in the order of slope (means of 0.1% and 18.4%, respectively) → deep-water shelf (means of 19.6% and 16.4%, respectively) → shallow-water shelf (means of 24.0% and 22.5%, respectively) (Figure 2), reflecting a gradual increase in the terrigenous input from Central Hubei ancient land.



Q2: The petrographic types and characteristics of the different zones vary greatly. (1) The slope is still dominated by gray–black biogenic siliceous shale deposits with a high quartz content (mean 62.7%). Abundant siliceous bioclasts and radiolarian skeletal grains are visible under the microscope (Figure 2 and Figure 3C,D). The clay mineral content is low (average of 24.8%), and the carbonatite content is extremely low (average of only 0.1%). (2) The petrographic types in the deep-water shelf zone are dominated by clayey-siliceous shale interbedded with calcareous-siliceous shale. The quartz content is low (mean of 28.2%) and is dominated by biogenic sub-rounded grains and spicules, most of which are metasomatized by calcite. The average clay mineral content is 30.4%, and the average carbonatite content is 31.0%. The profile contains apparent calcareous laminae intercalated in the black shale, while the laminae are not clearly visible under the microscope, and the calcareous materials are mainly in the form of speckles along the laminae in an organic matter-rich clay matrix (Figure 2 and Figure 3I,J). (3) The lithology of the shallow-water shelf is dominated by clayey shale (average clay mineral content of 58.2%) interbedded with clayey-calcareous shale (average carbonatite content of 40.0%), and it has a low quartz content (mean of 26.1%) (Figure 2 and Figure 3O). From the slope to the shallow-water shelf, both the carbonatite and clay mineral contents tend to gradually increase, while the quartz content decreases, reflecting a gradual increase in the terrigenous input from the Central Hubei ancient land.



Q3: (1) The slope is dominated by dark gray silty shale, which has a bamboo leaf-like shape after field weathering (Figure 2 and Figure 3E). The quartz content is high (mean of 56.8%) and is dominated by sub-angular fine-powder crystal grains, which mainly came from terrigenous recharge [15] and are often granularly dispersed in the clay-rich matrix. Biogenic quartz grains are rare (Figure 3F). The mean clay mineral content is 34.7%, and the carbonatite content is still low (average of 1.5%). (2) The deep-water shelf is dominated by calcareous shale (Figure 2), which has low contents of both quartz (mean of 16.8%) and clay minerals (mean of 17.9%) but high content of carbonatite (mean of 57.2%). The outcrop contains a large number of ~5 cm thick calcareous beds (Figure 3K), and calcareous laminae were observed under the microscope (Figure 3L). (3) The shallow-water shelf is dominated by continuous tuff and gray dolomite deposits (Figure 2). The carbonatite content significantly increases from the slope to the shallow-water shelf, while the quartz and clay mineral contents decrease, reflecting a gradual increase in the terrigenous input from the Central Hubei ancient land.





4.2. Evolutionary Features of the Depositional Paleoenvironment


4.2.1. Paleo-Redox Conditions


Trace elements such as U and Mo are considered redox-sensitive elements and are readily soluble under oxidizing conditions but not under reducing conditions [33]. Their enrichment in sediments is generally described using their Enrichment Factors (EFS), which are free of interferences from the terrigenous input and other factors and thus are considered to be a reliable indicator of the redox environment of the water column.



In addition, trace element indicators, such as Ni/Co and V/Cr, are also commonly used to determine the redox environment of water bodies. Ni/Co > 7 and V/Cr > 4.25 indicate an anoxic environment, Ni/Co ratios of 5–7 and V/Cr ratios of 2–4.25 indicate an oxygen-poor environment, and Ni/Co < 5 and V/Cr < 2 indicate an oxygen-rich environment [34].



Based on the Ni/Co, V/Cr, U-EF, and Mo-EF values in the study area during the deposition of Q1, the slope (mean values of 24.9, 11.0, 17.8, and 98.5, respectively) and the deep-water shelf (mean values of 7.5, 5.9, 12.7, and 80.1, respectively) were both predominantly anoxic, and the bottom water of the slope had the strongest reducing conditions, while the shallow-water shelf (mean values of 7.3, 4.0, 18.6, and 71.0, respectively) was predominantly an anoxic to oxygen-poor environment. During the deposition of Q2, the values of all indicators decreased significantly in the different zones. The slope was still predominantly by an anoxic environment (mean values of 9.7, 4.4, 23.3, and 58.5, respectively), but the reducing conditions of the bottom water weakened significantly. The deep-water shelf (mean values of 4.2, 1.7, 3.9, and 18.1, respectively) was predominantly an oxygen-poor environment in the early stage (samples BZL16-1 and BZL17-2) and an oxygen-rich environment in the middle to late stages, while the shallow-water shelf (mean values of 2.9, 1.3, 2.2, and 7.7, respectively) was an oxygen-rich environment. During the deposition of Q3, the values of the various indicators in the different zones decreased further, indicating that the study region as a whole was an oxygen-rich environment (Figure 4, Table 1).



During the deposition period of Q1, the bottom water in the study region was generally strongly reducing, which was favorable for the preservation of organic matter. Due to the influence of the deposition environment, the strength of the reducing conditions of the bottom water gradually weakened in the order of slope → deep-water shelf → shallow-water shelf. During the deposition of Q2, the sea level continuously fell [9,17], which led to the gradual destruction and eventual disappearance of early-stage oxygen-poor conditions that were favorable for the preservation of organic matter.




4.2.2. Degree of Water Restriction


The ratio of the redox-sensitive element Mo to the TOC is often used as an indicator of the degree of seawater restriction, with lower Mo/TOC values indicating stronger water restriction (Figure 5). However, this method is only applicable to anoxic environments with a certain degree of water mass restriction [35]. During the deposition of Q1, the water column was predominantly an anoxic environment with Mo/TOC values of mostly around 9 in both the slope (7.6–12.5 with a mean of 9.6) and the deep-water shelf (8.3–13.4 with a mean of 9.8) zones (Figure 5, Table 1). This indicates that the water environment was semi-restricted in both zones, and the degree of water restriction did not differ significantly, which is obviously inconsistent with the actual geologic setting, i.e., the slope is located in the passive continental margin, and thus the degree of water restriction should be weaker. Studies have shown that open-ocean environments at passive continental margins provide conditions favorable for the simultaneous enrichment of both organic matter and Mo, but simultaneous enrichment of Mo and TOC leads to low Mo/TOC values, and thereby, this ratio cannot be used to effectively evaluate the degree of water restriction under these conditions. Thus, the plot of Co−EF×Mn−EF versus Al may be a more effective discriminatory tool in this case [36,37] (discussed in detail in Section 4.2.3). In the shallow-water shelf zone, the Mo/TOC values are mostly around 4.5 (3.2–6.3, mean of 4.8), indicating a moderately to strongly restricted water environment (Figure 5, Table 1), with a much higher degree of water restriction compared to the slope and deep-water shelf. During the deposition of Q2, the water column on the slope was still predominantly anoxic, with Mo/TOC values ranging from 8.9 to 44.3 (average of 19.7), indicating relatively weak water restrictions. The deep-water shelf was dominated by an oxygen-poor environment in the early stage, with a mean Mo/TOC value of 8.6, indicating a much higher degree of water restriction compared to the slope. The higher degree of water restriction in the deep-water shelf zone was presumably due to the drop in sea level, which ended the conditions that were favorable for the simultaneous enrichment of organic matter and Mo. Thereafter, the water column was enriched in oxygen, and the Mo enrichment was mainly controlled by the redox conditions; thus, the Mo/TOC ratio was no longer a valid indicator of the degree of water restriction (Figure 5, Table 1).



The tectonic movement and sea level rise/fall significantly affected the degree of water restriction and, in turn, the degree of nutrient exchange in the water column, which is important for organic matter enrichment. As was found in this study, the degree of water restriction was significantly higher in the shallow-water shelf zone (moderate to strong restriction) than in the deep-water shelf zone (moderate restriction) and the slope zone, suggesting that the shallow-water shelf had the weakest connectivity to the ocean. However, the Mo/TOC ratio has limitations as an indicator of the degree of water restriction in the slope.




4.2.3. Upwelling Currents


The upwelling environments at continental margins (such as the Peruvian Margin and Namibian Margin in the modern oceans) are characterized by high primary productivity. This is mainly due to the massive upwelling of deep water driven by upwelling currents, which supply large amounts of nutrients. However, this deep water is often deficient in Co and Mn, so the Co and Mn enrichment of sediments in upwelling environments is limited by their resupply [38]. In restricted basins, the supply of Co and Mn is dominated by fluvial inflow, which makes it unlikely that Co and Mn enrichment will be limited by their supply [38]. Given the above-mentioned differences in the water column properties of the two types of water environments, Sweere et al. reported that the Co-EF × Mn-EF value is greater than 2 in restricted water environments, less than 0.5 in open/upwelling environments, and 0.5–2 in seasonally upwelling environments (Figure 6) [38].



The upwelling currents during the deposition of the Qiongzhusi Formation on the Yangtze Platform mainly affected the slope depositional environment on the southeastern margin (in northern Guizhou), where the high contents of phosphorus, silicon, and iron group elements, bacteria, and other biologically beneficial nutrients supplied by the upwelling currents promoted organic matter enrichment [9,10,11,18,19,20,21,22,23]. However, previous studies have not systematically analyzed the influence of ocean currents, resulting in a poor understanding of organic matter enrichment models. Under the above context, in this study, the characteristics and effects of ocean currents in the different depositional periods and different zones in the western Middle Yangtze Block were compared. For the ocean currents during the deposition of Q1, the following results were obtained: (1) The Co−EF×Mn−EF values in the slope zone ranged from 0.007 to 0.09, with a mean of 0.04. The slope was in an open/upwelling current environment with a strong current (Figure 6a, Table 1). (2) The Co−EF×Mn−EF values in the deep-water shelf zone range from 0.04 to 2.29, with a mean of 0.75. The deep-water shelf was in the transition zone from an open/upwelling environment to a seasonal current environment, where the current was significantly weakened and the water restriction was significantly enhanced compared with the slope zone (Figure 6b, Table 1). (3) The Co−EF×Mn−EF values ranged from 0.24 to 2.15, with a mean of 0.81 in the shallow-water shelf, where the current was even weaker (Figure 6c, Table 1) and water restriction was greater than in the deep-water shelf zone. During the deposition of Q2, the Co−EF×Mn−EF values in the slope ranged from 0.005 to 0.03, with a mean of 0.02, and the ocean current remained strong. In contrast, the deep-water shelf and shallow-water shelf were in a seasonally upwelling environment, where the ocean current was significantly weaker (Figure 6, Table 1), and the water restriction was significantly greater. During the deposition of Q3, the Co−EF×Mn−EF values in the slope zone ranged from 0.04 to 0.52, with a mean of 0.27, and the ocean current was significantly weaker than during the deposition of Q1 and Q2. During this period, the ocean current decreased from the slope to the deep-water shelf (Figure 6a,b, Table 1).



As discussed above, the plot of Co−EF×Mn−EF versus Al provides an effective means of identifying oxygen-rich waters and open ocean waters at passive continental margins, and it overcomes the limitations of the Mo/TOC ratio as an indicator in this regard [36,37]. On the slope, the upwelling currents were always active, and the water restriction was weak. This allowed a large amount of nutrients to be introduced from the deep ocean waters, which promoted organic matter production. As the sea water gradually shallowed from the deep-water shelf to the shallow-water shelf, the intensity of the ocean currents gradually weakened and the water restriction gradually increased, leading to a gradual decrease in the promotion effect on organic matter production.




4.2.4. Paleo-Productivity


Elements such as Ba and Si in marine sediments are the most commonly used paleo-productivity indicators, with higher contents reflecting higher primary paleo-productivity. It should be noted that in an oxidizing water environment, barium sulfate is in a saturated state, and Ba can be well preserved. In a reducing water environment, Ba is lost since barium sulfate is reduced and decomposed by sulfur-reducing bacteria, and thus, the Ba content cannot truly represent the paleo-productivity [39,40]. Since elements of biogenic and terrestrial origin coexist in most sedimentary rocks, paleo-productivity is often evaluated in terms of the content of a biogenic element or the Ba content after normalization to Al to remove the interference of the terrigenous input [14,17,39].



The study area was a reducing environment during the deposition of Q1. The Sixs (×10−4), Baxs (×10−2), and Ba/Al (×104) values indicate that the slope (means values of 17.1 ppm, 24.1 ppm, and 478.9, respectively) had the highest paleo-productivity, followed by the deep-water shelf (mean values of 13.3 ppm, 16.0 ppm, and 362.0, respectively) and the shallow-water shelf (mean values of 2.7 ppm, 0.3 ppm, and 66.0 ppm, respectively) (Figure 4). During the deposition of Q2, the sea level began to drop gradually [9], and the values of all indicators decreased significantly in the different zones. The Sixs (×10−4) and Baxs (×10−2) values were higher in the anoxic slope zone (mean values of 6.3 ppm and 8.8 ppm, respectively) than in the oxygen-rich deep-water shelf zone (mean values of 4.4 ppm and 7.4 ppm, respectively), while the Ba/Al (×104) values were lower in the slope zone (mean of 171.7) than in the deep-water shelf zone (mean of 210.4). The lower Ba/Al (×104) values of the slope zone were mainly due to the loss of Ba caused by sulfate reduction [9]. The paleo-productivity was higher in the slope zone than in the deep-water shelf. The shallow-water shelf, which was an oxygen-rich environment, had the lowest Ba/Al (×104) values (mean of 53.6), and accordingly, it had the lowest paleo-productivity (Figure 4). During the deposition of Q3, the terrigenous input increased as the sea level dropped further [9], and the entire study area was an oxygen-rich depositional environment. The shallow-water shelf was dominated by marl deposits, which had the weakest ability to exchange nutrients with the ocean, leading to the lowest paleo-productivity. Compared with the deep-water shelf, the slope was closer to the passive continental margin and was thus affected by the more active ocean currents (Figure 6), implying that its paleo-productivity should have been higher than that of the deep-water shelf. However, this implication contradicts the fact that the Baxs (×10−2) and Ba/Al (×104) values of the deep-water shelf (mean values of 5.0 ppm and 164.8 ppm, respectively) were higher than those of the slope (mean values of 2.4 ppm and 90.4 ppm, respectively) (Figure 4). This contradiction may be due to the failure to eliminate the interference of the Ba contained in the source carbonatite imported from the Central Hubei ancient land. As shown in Figure 2 and Figure 3 and Table 1, in Baizhuling, the Al2O3 content of Q3 is lower than those of Q1 and Q2, while the carbonatite content of Q3 is higher than those of Q1 and Q2.



As discussed above, the slope was close to the passive continental margin, where the upwelling currents were active and the water restriction was weak, leading to the strongest exchange of nutrients with the ocean and thereby the highest paleo-productivity during the deposition periods of all three members. In contrast, the upwelling currents gradually weakened, and the degree of water restriction gradually increased from the slope to the shelf, leading to a gradual decrease in the nutrient exchange with the ocean and thereby a gradual decrease in the paleo-productivity.





4.3. Main Controlling Factors and Models of Organic Matter Enrichment


Previous studies reported that the production and preservation conditions of organic matter in the marine environment are the fundamental controlling factors of organic matter enrichment [13,14,15,39,40,41]. As shown in Figure 7, the TOC content is positively correlated with the Ni/Co, V/Cr, U-EF, Mo-EF, Sixs (×10−4), Baxs (×10−2), and Ba/Al (×104) values, suggesting that both the redox conditions and the paleo-productivity affected the enrichment of the organic matter in the study area.



4.3.1. Deposition of Q1


During the early stage of the deposition of Q1 (Figure 8A), the extensional rifting in the study area was at its strongest [27,28,29]). The sea level in the Yangzi region is rising rapidly due to climate warming [37], and the accommodation space is rapidly increasing [7,8,9,31]. The shallow-water carbonate terraces developed on the Yangze Platform were extensively flooded and had low terrigenous inputs [9,12,42]. The entire study area was an under-compensated, anoxic water environment dominated by biogenic silica-rich shale deposits. The slope was close to the passive continental margin, where the water restriction was intermediate, and the upwelling currents transported a large amount of nutrients from the deep ocean waters, allowing vital elements such as Ba and Si to enter the water column rapidly. This provided the basis for the growth of algae, small shell organisms, radiolarians, and sponges [7]. The proper preservation conditions and high paleo-productivity in the slope zone were conducive to large-scale organic matter enrichment, thereby leading to the high TOC contents of the black shale deposited in this zone. The deep-water shelf was far from the passive continental margin, and its distribution was significantly controlled by the intra-platform rift trough (Western Hubei Trough). Compared with the slope, the deep-water shelf had a shallower water depth, stronger water restriction, and weaker upwelling currents, which led to lower paleo-productivity and thus lower TOC contents. The shallow-water shelf was close to the Central Hubei ancient land, where the upwelling currents were even weaker than on the deep-water shelf, leading to a further decrease in the paleo-productivity and thus the TOC content. During this period, the upwelling currents were the main factor controlling organic matter enrichment. The intensity of the upwelling currents affected the paleo-productivity and thus the organic matter enrichment, while the terrigenous input (low) and preservation conditions (anoxic) had little effect on the organic matter enrichment.



During the middle to late stages of the deposition of Q1, the Yangzi region was in the early stage of a slow marine regression, and the sea level was still high in the study area. The organic matter enrichment conditions in the different zones, as well as the zone-to-zone variations, remained consistent during the early deposition stage of Q1.




4.3.2. Deposition of Q2


During the deposition of Q2 (Figure 8B), the sea level in the Yangzi region slowly fell [42,43], and the extensional rifting weakened. The rift basins transitioned from the expansion stage to the filling stage, while the depositional pattern basically remained the same as during the deposition of Q1 [27,28,29]. However, the accommodation space was somewhat reduced. The slope still remained deep below sea level, the water column was mainly anoxic, and the upwelling currents were still active, allowing for good connectivity with the ocean. The decrease in sea level led to an increase in the dissolved oxygen content of the seawater and weakened the reducing conditions of the bottom water, thereby worsening the conditions required for organic matter preservation. The sea level rise led to an increase in the terrigenous input from the central Sichuan uplift [42], which manifested as a decrease in the biogenic silica content and an increase in the clay mineral content (described in Section 4.1.2). The increased terrigenous input not only diluted the organic matter but also decreased the nutrient content of the water column, which led to a lower paleo-productivity and thus significantly lowered the TOC content in the slope zone compared to during the deposition of Q1. Compared with the slope, the water depth on the deep-water shelf was shallower. In this zone, the water column mainly transitioned from an oxygen-poor environment to an oxygen-rich environment, worsening the conditions required for organic matter preservation. In addition, the terrigenous input and the degree of depositional filling increased, and the intensity of the upwelling currents weakened, leading to a decrease in the paleo-productivity and thus a decrease in the TOC content of the shale being deposited. In the shallow-water shelf zone, the organic matter preservation conditions further worsened, leading to a further decrease in the TOC content. As the sea level continued to drop during this period, the upwelling currents, terrigenous input, and redox conditions all played significant roles in controlling organic matter enrichment in the study area.




4.3.3. Deposition of Q3


During the deposition of Q3 (Figure 8C), the sea level in the Yangzi region continued to drop, the extensional rifting weakened further, and the terrigenous input continued to increase [42]. The Yangtze Platform underwent a filling and leveling-up process. As a result, the uplift and depression patterns in the study area gradually disappeared [27,28,29], and the accommodation space continued to decrease. The entire region was an over-compensated, oxygen-rich environment in which the paleo-productivity was low and the organic matter preservation conditions worsened, leading to the lowest TOC contents. As the sea level dropped further during this period, the redox conditions were dominantly controlling the organic matter enrichment, followed by the terrigenous input, and the upwelling currents had little effect on the organic matter enrichment.



In summary, the organic matter enrichment in the study area was generally controlled by the redox conditions of the water column, water restriction, upwelling currents, terrigenous input, and paleo-productivity, among which the main controlling factors varied greatly throughout the deposition period. This variation was mainly due to the variations in the sea level during the different deposition periods, which ultimately led to heterogeneity in the spatial and temporal distributions of the organic matter content in the Qiongzhusi Formation.






5. Conclusions


The TOC content of the mud shale of the Qiongzhusi Formation in the study area varied greatly spatially. (1) The TOC content in the different zones gradually decreases from bottom to top. The organic-rich shale (TOC > 2%) is mainly distributed in Q1 and Q2 in the slope zone, as well as in Q1 in the deep-water and shallow-water shelf zones. (2) Horizontally, the TOC contents of Q1 and Q2 gradually decrease along the slope → deep-water shelf → shallow-water shelf continuum, while the TOC content of Q3 is low in all zones (<1%), with no significant variation between zones.



The petrographic characteristics of shale vary greatly among the different periods and zones. (1) During the deposition of Q1, both the slope and shelf zones were dominated by biogenic siliceous shale. From the slope to the shelves, terrigenous input gradually increased, leading to a gradual increase in carbonatite and clay mineral contents and a gradual decrease in biogenic silica content. (2) During the deposition of Q2, the terrigenous input increased significantly, and the slope was still dominated by biogenic siliceous shale, but the silica content decreased significantly. The lithofacies gradually transitioned to clayey shale and clayey-calcareous shale on the shallow-water shelf. (3) During the deposition of Q3, the Yangtze Platform underwent a filling and leveling-up process, and the slope was dominated by silty shale, while the shelves were dominated by lime mudstone and marl.



The main factors controlling organic matter enrichment varied greatly among the different periods. (1) During the deposition of Q1, the extensional rifting was strong, and the sea level was high. The entire study area received a low terrigenous input and had anoxic bottom-water conditions. The upwelling currents were the main factor controlling the organic matter enrichment, and their intensity gradually weakened from the slope to the shelves, leading to a decrease in paleo-productivity and thus a decrease in the TOC content. (2) During the deposition of Q2, the extensional rifting weakened, and the sea level continued to drop. The upwelling currents, terrigenous input, and redox conditions are the key factors in controlling the organic matter enrichment in the region, with the conditions favoring organic matter enrichment worsening and the TOC content gradually decreasing from the slope to the shelves. (3) During the deposition of Q3, the extensional rifting weakened further, and the sea level continued to drop. The redox conditions played a major role in controlling organic matter enrichment. The entire study area was mainly an oxygen-rich environment, and conditions favoring organic matter enrichment no longer existed, leading to a low TOC content in general.
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Figure 2. The stratigraphy of the Lower Cambrian Qiongzhusi Formation in the western Middle Yangtze Block and the depositional filling characteristics during the different periods. The locations of the wells and outcrops are shown in Figure 1a. Natural gamma data (in counts per second or cps) for the Duodingguan and Baizhuling outcrops, which were measured using an HD-2000 handheld radiometer produced by the Instrument Research and Development Institute of the Beijing Research Institute of Uranium Geology, with a testing range of 0.2–0.5 m. 
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Figure 3. Sedimentological and mineralogical-petrological characteristics of the Qiongzhusi Formation in the western Middle Yangtze Block along the slope → deep-water shelf →shallow-water shelf continuum. Slope (A–F): (A) gray-black siliceous shale in bed 3 of the Qiong 1 Member (Q1) in Duodingguan; (B) siliceous shale rich in siliceous radiolarians and small shell fossils (with a shell wall composed of a single siliceous layer) collected from the bottom of bed 3 of Q1 in Duodingguan and observed under plane polarized light, with a magnified image of radiolarians under cross-polarized light in the lower right inset; (C) gray-black siliceous shale from bed 18 of the Qiong 2 Member (Q2) in Duodingguan; (D) siliceous shale rich in siliceous radiolarians and siliceous bioclasts collected from Q2 in Duodingguan and observed under cross-polarized light; (E) gray silty shale with a bamboo leaf-like shape after weathering, from the boundary of beds 23 and 24 of the Qiong 3 Member (Q3) in Duodingguan; (F) silty shale from the middle of bed 23 of Q3 in Duodingguan and observed under plane polarized light, containing fine-powder crystal grains of quartz dispersed in a clay-rich matrix with a small amount of bioclasts. The deep-water shelf (G–L): (G) gray-black siliceous shale from the boundary between beds 11 and 12 of Q1 in Baizhuling; (H) siliceous shale containing massive radiolarians, from the bottom of bed 12 of Q1 in Baizhuling, observed under plane polarized light; (I) gray-black calcareous-siliceous shale with calcareous laminae, from bed 20 of Q2 in Baizhuling; (J) calcareous-siliceous shale incompletely metasomatized by calcite, from the bottom of bed 18 of Q2 in Baizhuling, containing visible radiolarians (yellow arrows) and spicules (red arrows) under cross-polarized light, with a magnified image of the tangential section of a radiolarian in the upper left inset; (K) gray calcareous shale with interbedded dark gray clayey laminae and gray-white calcareous laminae of unequal thickness, from bed 27 of Q3 in Baizhuling; (L) calcareous shale with interbedded calcareous laminae and clay-rich laminae of unequal thickness in the longitudinal direction, from the bottom of bed 27 of Q3 in Baizhuling and observed under plane polarized light. The shallow-water shelf (M–O): (M) gray-black siliceous shale, 3050–3051 m, well YY3, Q1; (N) siliceous shale rich in radiolarians (yellow arrows) and sponge spicules (red arrows), 3049.7 m, well YY3, Q1, observed under cross-polarized light; (O) clayey-calcareous shale, 3046 m, well YY3, Q2, observed under plane-polarized light. 
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Figure 4. Variations in the TOC content, paleo-redox conditions, paleo-productivity, and sea level in the different zones during the deposition of the Qiongzhusi Formation in the study area (see Figure 2 for lithology legend). 
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Figure 5. The relationship between Mo and TOC in the different zones during the deposition of the Qiongzhusi Formation in the study area after exclusion of data from the oxygen-rich environment. The Mo/TOC data for the four modern basins are from [35]. 
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Figure 6. The relationship between Co−EF×Mn−EF and Al in the different zones of the Qiongzhusi Formation in the study area [38]). Co−EF and Mn−EF are the enrichment coefficients of Co and Mn, respectively, which were calculated using Equation (1). 
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Figure 7. (a–d) The relationships between the redox indicators (Ni/Co, V/Cr, U-EF, and Mo-EF) and the TOC content; and (e–g) the relationships between the paleo-productivity indicators (Sixs×10−4, Baxs×10−2, and Ba/Al×104) and the TOC content. 
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Figure 8. Organic matter enrichment models for the different deposition periods of the Lower Cambrian Qiongzhusi Formation in the western Middle Yangtze Block. 
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Table 1. Calculated major and trace element compositions of the slope, deep-water shelf, and shallow-water shelf zones in the Qiongzhsi Formation in the western Middle Yangtze Block.
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Section

	
Fm.

	
Sample No.

	
Depth

(m)

	
TOC

(%)

	
Al(×10−4)

/ppm

	
V/ppm

	
Cr/ppm

	
Co/ppm

	
Ni/ppm

	
U/ppm

	
Mo/ppm

	
Ba/ppm

	
Si/ppm

	
Mn/ppm

	
V/Cr

	
Ni/Co

	
U-EF

	
MO-EF

	
Sixs(×10−4)/ppm

	
Baxs(×10−2)/ppm

	
Ba/Al(×104)

	
Mo/TOC

	
Co-EF

	
Mn-EF

	
Co-EF×

Mn-EF






	
Duodingguan

	
Q3

	
DDG33-1

	
131.6

	
0.4

	
10.0

	
171.7

	
104.2

	
5.0

	
20.6

	
5.9

	
2.9

	
810.5

	
295,631.8

	
143.4

	
1.6

	
4.2

	
1.9

	
2.9

	
/

	
1.6

	
80.9

	
7.5

	
0.22

	
0.17

	
0.036




	
DDG31-1

	
124.8

	
0.9

	
9.5

	
150.4

	
91.5

	
17.8

	
53.2

	
6.0

	
2.8

	
684.2

	
281,383.1

	
508.5

	
1.6

	
3.0

	
2.0

	
3.0

	
/

	
0.7

	
72.4

	
3.2

	
0.82

	
0.63

	
0.517




	
DDG27-1

	
112.9

	
0.4

	
9.3

	
176.2

	
101.6

	
14.0

	
55.3

	
6.6

	
5.4

	
1101.0

	
284,998.2

	
325.5

	
1.7

	
3.9

	
2.3

	
5.8

	
/

	
4.9

	
117.9

	
13.2

	
0.65

	
0.41

	
0.268




	
Q2

	
DDG22-2-1

	
96.3

	
3.7

	
8.5

	
229.0

	
91.0

	
2.5

	
19.6

	
52.4

	
40.9

	
1653.0

	
318,533.9

	
93.1

	
2.5

	
7.8

	
19.9

	
48.1

	
5.4

	
11.0

	
194.4

	
11.1

	
0.13

	
0.13

	
0.017




	
DDG20-2

	
76.9

	
3.2

	
8.2

	
447.3

	
85.4

	
1.0

	
16.4

	
78.0

	
28.9

	
1857.1

	
331,124.8

	
62.9

	
5.2

	
16.1

	
30.9

	
35.5

	
7.7

	
13.3

	
227.7

	
8.9

	
0.05

	
0.09

	
0.005




	
DDG18-1

	
68.9

	
3.0

	
8.2

	
126.0

	
82.7

	
1.5

	
9.5

	
35.4

	
42.8

	
971.4

	
312,648.4

	
167.3

	
1.5

	
6.2

	
13.9

	
52.1

	
5.7

	
4.4

	
118.2

	
14.3

	
0.08

	
0.24

	
0.020




	
DDG13-2

	
58.1

	
1.8

	
8.0

	
844.8

	
103.6

	
1.3

	
11.3

	
70.7

	
78.5

	
1171.2

	
313,615.5

	
290.2

	
8.2

	
8.9

	
28.6

	
98.2

	
6.5

	
6.5

	
146.6

	
44.3

	
0.07

	
0.43

	
0.029




	
Q1

	
DDG11-2

	
41.0

	
3.9

	
6.8

	
1631.5

	
311.1

	
3.3

	
90.0

	
21.3

	
30.1

	
3540.9

	
317,090.1

	
24.0

	
5.2

	
27.2

	
10.2

	
44.5

	
10.7

	
31.0

	
523.9

	
7.7

	
0.21

	
0.04

	
0.009




	
DDG10-1

	
37.6

	
4.7

	
6.2

	
2443.3

	
112.4

	
2.1

	
44.3

	
24.2

	
52.2

	
4558.9

	
341,145.9

	
131.4

	
21.7

	
21.2

	
12.6

	
83.9

	
14.8

	
41.5

	
732.5

	
11.1

	
0.15

	
0.25

	
0.036




	
DDG9-1

	
32.0

	
5.0

	
6.1

	
2686.9

	
244.6

	
2.1

	
53.5

	
28.4

	
44.4

	
3676.2

	
313,543.2

	
24.6

	
11.0

	
25.4

	
15.0

	
72.6

	
12.3

	
32.8

	
600.9

	
8.8

	
0.15

	
0.05

	
0.007




	
DDG8-1

	
25.1

	
4.4

	
5.8

	
2383.7

	
319.5

	
3.0

	
92.7

	
27.7

	
33.1

	
1847.6

	
319,580.7

	
31.6

	
7.5

	
30.5

	
15.4

	
57.1

	
13.9

	
14.7

	
318.8

	
7.6

	
0.23

	
0.06

	
0.015




	
DDG7-1

	
19.6

	
8.2

	
4.7

	
3197.6

	
171.3

	
2.1

	
71.7

	
43.8

	
102.3

	
2273.2

	
355,965.7

	
161.5

	
18.7

	
34.7

	
29.9

	
216.6

	
20.9

	
19.7

	
481.6

	
12.5

	
0.19

	
0.40

	
0.077




	
DDG4-2

	
14.5

	
3.8

	
3.2

	
1869.7

	
967.5

	
0.5

	
5.6

	
15.7

	
36.8

	
680.0

	
397,625.2

	
349.0

	
1.9

	
10.6

	
16.0

	
116.5

	
29.9

	
4.7

	
215.5

	
9.6

	
0.07

	
1.30

	
0.094




	
Baizhuling

	
Q3

	
BZL 33-1

	
172.1

	
1.1

	
7.6

	
159.0

	
101.6

	
15.8

	
43.6

	
5.1

	
5.2

	
1557.6

	
270,315.6

	
318.7

	
1.6

	
2.8

	
2.2

	
6.8

	
3.4

	
10.6

	
205.3

	
4.7

	
0.91

	
0.49

	
0.449




	
BZL 31-1

	
164.9

	
0.9

	
2.9

	
68.2

	
27.2

	
4.9

	
29.4

	
4.7

	
5.8

	
457.7

	
135,932.7

	
259.1

	
2.5

	
6.0

	
5.2

	
19.8

	
4.5

	
2.7

	
156.7

	
6.2

	
0.73

	
1.04

	
0.758




	
BZL 30-1

	
160.3

	
0.8

	
3.1

	
68.0

	
30.9

	
4.5

	
21.4

	
3.5

	
3.7

	
459.0

	
136,097.0

	
296.8

	
2.2

	
4.7

	
3.6

	
12.0

	
3.9

	
2.6

	
147.7

	
4.8

	
0.63

	
1.12

	
0.712




	
BZL 27-1

	
144.1

	
0.8

	
5.1

	
129.8

	
59.2

	
9.2

	
37.9

	
5.4

	
7.2

	
740.8

	
187,866.1

	
612.3

	
2.2

	
4.1

	
3.4

	
14.2

	
3.0

	
4.1

	
145.8

	
8.7

	
0.78

	
1.42

	
1.110




	
BZL 26-1

	
142.5

	
0.4

	
4.6

	
89.2

	
49.0

	
8.2

	
31.7

	
3.4

	
2.7

	
774.9

	
138,352.9

	
757.9

	
1.8

	
3.9

	
2.4

	
5.9

	
/

	
4.8

	
168.7

	
6.1

	
0.78

	
1.94

	
1.512




	
Q2

	
BZL 23-1

	
120.4

	
1.1

	
7.3

	
168.2

	
96.4

	
14.9

	
53.0

	
5.4

	
5.7

	
1219.3

	
245,900.9

	
480.6

	
1.7

	
3.6

	
2.4

	
7.9

	
1.9

	
7.5

	
167.2

	
5.4

	
0.89

	
0.78

	
0.689




	
BZL 21-1

	
110.3

	
1.0

	
4.2

	
92.0

	
48.8

	
7.2

	
32.6

	
4.9

	
4.6

	
688.7

	
159,232.8

	
628.0

	
1.9

	
4.5

	
3.8

	
11.0

	
2.9

	
4.2

	
164.3

	
4.6

	
0.75

	
1.76

	
1.320




	
BZL 20-2

	
106.6

	
1.3

	
6.9

	
134.6

	
84.3

	
13.5

	
48.2

	
5.7

	
6.7

	
1156.3

	
254,604.6

	
417.1

	
1.6

	
3.6

	
2.7

	
9.7

	
4.2

	
7.1

	
168.8

	
5.0

	
0.85

	
0.72

	
0.612




	
BZL 19-1

	
78.0

	
0.9

	
5.9

	
97.6

	
61.5

	
10.3

	
39.1

	
5.6

	
9.2

	
1275.4

	
202,240.5

	
795.9

	
1.6

	
3.8

	
3.1

	
15.7

	
1.9

	
8.9

	
217.1

	
10.2

	
0.76

	
1.59

	
1.210




	
BZL 18-1

	
71.7

	
2.0

	
5.4

	
90.5

	
63.0

	
10.8

	
42.7

	
8.0

	
8.4

	
1041.2

	
216,304.0

	
490.9

	
1.4

	
3.9

	
4.8

	
15.5

	
4.8

	
6.9

	
192.4

	
4.1

	
0.87

	
1.07

	
0.928




	
BZL 17-2

	
70.0

	
1.0

	
3.1

	
50.9

	
28.8

	
5.6

	
29.9

	
5.4

	
9.3

	
1096.4

	
134,365.2

	
300.7

	
1.8

	
5.3

	
5.6

	
29.8

	
3.8

	
8.9

	
353.1

	
9.6

	
0.79

	
1.14

	
0.898




	
BZL 16-1

	
53.9

	
2.8

	
5.7

	
111.6

	
59.0

	
10.2

	
50.7

	
8.8

	
21.0

	
1191.1

	
290,578.3

	
484.9

	
1.9

	
5.0

	
5.0

	
37.1

	
11.4

	
8.2

	
210.1

	
7.5

	
0.79

	
1.01

	
0.791




	
Q1

	
BZL 14-1

	
43.6

	
3.3

	
6.1

	
139.2

	
67.2

	
12.3

	
61.4

	
12.0

	
29.4

	
1457.9

	
292,940.7

	
239.1

	
2.1

	
5.0

	
6.4

	
48.6

	
10.4

	
10.6

	
240.5

	
8.9

	
0.88

	
0.46

	
0.408




	
BZL 12-2

	
37.0

	
3.2

	
5.1

	
80.1

	
41.7

	
9.6

	
31.0

	
11.9

	
10.3

	
2103.2

	
242,641.5

	
325.0

	
1.9

	
3.2

	
7.6

	
20.4

	
8.5

	
17.7

	
414.6

	
3.2

	
0.83

	
0.75

	
0.623




	
BZL 9-1

	
15.7

	
4.5

	
5.4

	
1035.5

	
96.4

	
17.1

	
164.9

	
21.1

	
59.8

	
2365.2

	
338,772.7

	
135.7

	
10.7

	
9.7

	
12.5

	
110.0

	
17.0

	
20.1

	
435.3

	
13.4

	
1.37

	
0.29

	
0.402




	
BZL 7-1

	
11.2

	
5.6

	
5.7

	
676.2

	
85.9

	
2.6

	
29.2

	
17.0

	
46.6

	
2135.1

	
346,623.7

	
101.6

	
7.9

	
11.3

	
9.6

	
81.8

	
16.9

	
17.6

	
374.6

	
8.3

	
0.20

	
0.21

	
0.041




	
BZL 3-3

	
8.0

	
7.9

	
4.9

	
448.0

	
65.0

	
26.0

	
211.6

	
41.6

	
69.1

	
1706.4

	
291,914.9

	
420.4

	
6.9

	
8.1

	
27.2

	
139.7

	
13.8

	
13.9

	
345.2

	
8.8

	
2.29

	
1.00

	
2.287




	
Y3

	
Q2

	
YY3-29

	
3034.9

	
0.2

	
10.1

	
139.1

	
137.0

	
24.8

	
56.7

	
4.0

	
1.0

	
516.1

	
240,246.7

	
538.6

	
1.0

	
2.3

	
1.3

	
1.0

	
/

	
/

	
51.2

	
6.7

	
1.07

	
0.63

	
0.673




	
YY3-27

	
3035.7

	
0.1

	
10.1

	
143.3

	
136.7

	
27.2

	
64.9

	
4.6

	
2.7

	
465.7

	
220,548.0

	
736.9

	
1.0

	
2.4

	
1.5

	
2.7

	
/

	
/

	
46.3

	
19.5

	
1.18

	
0.86

	
1.013




	
YY3-25

	
3037.0

	
0.3

	
9.7

	
140.7

	
132.6

	
27.1

	
73.4

	
3.8

	
1.6

	
443.2

	
232,434.1

	
748.9

	
1.1

	
2.7

	
1.3

	
1.6

	
/

	
/

	
45.7

	
6.1

	
1.22

	
0.91

	
1.104




	
YY3-21

	
3038.7

	
0.5

	
10.4

	
147.8

	
166.4

	
26.2

	
70.3

	
3.8

	
2.7

	
460.1

	
241,036.1

	
550.0

	
0.9

	
2.7

	
1.2

	
2.6

	
/

	
/

	
44.2

	
5.6

	
1.09

	
0.62

	
0.680




	
YY3-19

	
3040.1

	
1.1

	
7.4

	
114.4

	
114.5

	
13.9

	
49.2

	
4.8

	
2.5

	
450.3

	
218,631.3

	
829.4

	
1.0

	
3.5

	
2.1

	
3.4

	
/

	
/

	
61.2

	
2.3

	
0.82

	
1.33

	
1.088




	
YY3-17

	
3041.3

	
0.7

	
9.3

	
126.2

	
106.7

	
19.6

	
54.3

	
7.7

	
1.0

	
508.5

	
231,066.8

	
859.9

	
1.2

	
2.8

	
2.7

	
1.0

	
/

	
/

	
54.7

	
1.5

	
0.92

	
1.09

	
0.997




	
YY3-13

	
3046.0

	
3.1

	
7.5

	
185.5

	
96.5

	
20.0

	
59.7

	
8.3

	
19.1

	
402.8

	
197,958.7

	
398.3

	
1.9

	
3.0

	
3.6

	
25.6

	
/

	
/

	
53.9

	
6.2

	
1.16

	
0.63

	
0.729




	
YY3-11

	
3047.3

	
2.4

	
7.2

	
138.3

	
81.6

	
18.8

	
56.3

	
7.7

	
12.9

	
381.4

	
185,817.4

	
437.4

	
1.7

	
3.0

	
3.4

	
17.8

	
/

	
/

	
52.6

	
5.4

	
1.13

	
0.71

	
0.802




	
YY3-14

	
3048.0

	
2.8

	
7.3

	
201.5

	
94.1

	
16.2

	
53.7

	
5.4

	
9.8

	
531.8

	
191,480.7

	
467.6

	
2.1

	
3.3

	
2.4

	
13.5

	
/

	
0.6

	
73.1

	
3.5

	
0.97

	
0.76

	
0.731




	
Q1

	
YY3-8

	
3048.8

	
7.3

	
6.4

	
266.0

	
95.2

	
11.8

	
97.2

	
25.2

	
45.9

	
424.0

	
235,535.5

	
308.1

	
2.8

	
8.2

	
12.6

	
71.5

	
3.6

	
0.1

	
66.0

	
6.3

	
0.80

	
0.56

	
0.450




	
YY3-6

	
3049.7

	
5.3

	
4.8

	
317.0

	
105.5

	
19.7

	
83.2

	
41.0

	
73.2

	
390.1

	
173,473.1

	
481.1

	
3.0

	
4.2

	
27.8

	
154.1

	
2.6

	
0.8

	
82.1

	
13.7

	
1.81

	
1.19

	
2.151




	
YY3-4

	
3051.4

	
5.6

	
7.0

	
1386.0

	
175.0

	
14.2

	
168.8

	
51.9

	
27.8

	
500.4

	
237,564.7

	
265.1

	
7.9

	
11.9

	
23.8

	
39.5

	
1.9

	
0.4

	
71.1

	
4.9

	
0.88

	
0.44

	
0.389




	
YY3-2

	
3052.8

	
4.8

	
8.1

	
303.3

	
133.0

	
15.7

	
75.8

	
25.7

	
15.3

	
533.9

	
248,859.8

	
191.9

	
2.3

	
4.8

	
10.3

	
18.9

	
/

	
0.1

	
66.1

	
3.2

	
0.84

	
0.28

	
0.236








Note: / indicates that the calculation result is negative and was excluded from the subsequent analysis.
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