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The paleoenvironment during the Early Cambrian is closely related to the accumulation mechanism of organic matter (OM) from the Lower Cambrian black shales. However, paleoenvironment remains a controversial issue. Here, we reported a lot of detailed data of sedimentary stratigraphy and geochemistry of the Lower Cambrian Yuertusi Formation in the Aksu area, Tarim Basin. The Yuertusi Formation from the Yutixi outcrop consists mainly of silicalite at the base, two sets of black shales, and crystalline dolostone. Based on the redox conditions traced by U/Th, V/Cr, Ni/Co, and V/Sc, the hydrothermal activity traced by Ce/Ce*, Cr/Zr, U/Th, Fe/Ti, and (Fe + Mn)/Ti ratios, as well as paleo-productivity traced by Ba, Cu, Rb/Sr, and other parameters, variations were observed in the depositional environments of the Yuertusi Formation: 1) the silicalite at the base was deposited under an euxinic condition and intense hydrothermal activity. Mo-U co-variation analysis revealed that the north margin of Tarim Basin belonged to the unrestricted marine during the Early Cambrian, 2) the lower black shales were deposited under an oxygen-poor condition and weak hydrothermal activity, and 3) the upper black shales were deposited under oxygen-poor, sub-oxic conditions and almost no hydrothermal activity. Although the hydrothermal activity improved paleo-productivity, the TOC values were low on the whole, which may be due to the intense hydrothermal activity that damaged the formation of source rocks. Comprehensive studies showed a gradually oxidizing environment and weakening paleo-productivity during the Yuertusi Formation deposited. The anoxic conditions were conducive to the preservation of OM, and the high-quality source rocks represented by the black shales of the Yuertusi Formation were formed, especially the first set of black shales. However, the enrichment of OM may be affected by the intense hydrothermal activity.
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1 INTRODUCTION
The black shales of the Lower Cambrian were widely distributed in the Tarim Basin (e.g., Lan et al., 2017; Li et al., 2018; Zhao et al., 2019; Kun Zhang et al., 2020; Zhang et al., 2022). With the expansion of hydrocarbon exploration to deep and ultra-deep formations in the Tarim Basin, ancient formations are increasingly attracting attention (Yu et al., 2009; Yao et al., 2014; Guo et al., 2017; Yao et al., 2017; Zhu et al., 2018), especially the deep Cambrian (Yun et al., 2014; Zhu et al., 2016; Zhu et al., 2019). The Cambrian source rock is considered to be the main contributor of the huge reserves of hydrocarbon (Jin et al., 2020; Chunyu Zhang et al., 2020). In particular, the black shales of the Lower Cambrian Yuertusi Formation have been confirmed as the highest quality marine source rocks discovered in China (Zhu et al., 2016).
In previous studies, the depositional environment of the Lower Cambrian source rocks in the study area had been studied by organic geochemistry, paleontology, petrology, and other methods (He et al., 2005; Dong et al., 2009; Liu et al., 2011; Chen et al., 2015; Hu et al., 2018). Due to the high degree of thermal evolution of source rocks of the Yuertusi Formation, some samples could not be effectively detected, resulting in strong multi-solution of data (Yao et al., 2011; Yang et al., 2017). More research works are required on the analysis of paleoenvironment. Jiang et al. (2007) believed that the Lower Cambrian black shales in the study area deposited in a complete anoxic environment. Yao et al. (2011) proposed that the oxygen-bearing surface water and the sub-oxidized/anoxic bottom water co-existed in Early Cambrian marine. The water body gushing from the bottom of paleo-marine was the main factor changing the sedimentary environment of the source rocks. Yang et al. (2017) deducted that the sedimentary environments of the two sets of black shales in the Yuertusi Formation were different. The first set was deposited in an anoxic (even euxinic) environment, while the second set was deposited in an anoxic environment and gradually transformed into a sub-oxidation environment. It can be seen that the depositional environment of the Lower Cambrian source rocks has been still controversial, especially the redox state of the Early Cambrian marine, which limited the study of the OM accumulation mechanism of source rocks in the target layers and brought difficulties to the evaluation of source rocks in the study area.
In this study, we generated an integrated geochemical dataset consisting of major and trace element data for black shales of the Lower Cambrian Yuertusi Formation in the Yutixi outcrop, combined with organic geochemical methods. The controlling effects of the paleo-marine redox state and hydrothermal activity on OM accumulation in the target layer were analyzed, which provided help for studying the OM accumulation mechanism of source rocks from the Lower Cambrian.
2 GEOLOGICAL SETTING AND SAMPLING SITE
2.1 Geological Setting
Tarim Basin is a multi-cycle superimposed basin composed of Paleozoic craton basin and Meso-Cenozoic foreland basin, which experienced a long and complex process of formation, evolution, and transformation. It is one of the largest intracontinental basins containing hydrocarbon in the world and the only craton basin with high productivity of marine hydrocarbon in China (Jia and Wei, 2002; Liu et al., 2011; Pan et al., 2015; Zhu et al., 2016; Zhu et al., 2019). With relatively complex structural evolution, Tarim landmass experienced three structure–sedimentary cycles and deposited multiple sets of structural sequences (Dong et al., 2009; Liu et al., 2011; Wu et al., 2012; Zhu et al., 2016; Guo et al., 2017; Zhu et al., 2018) (Figure 1).
[image: Figure 1]FIGURE 1 | (A) Geographic location of the Tarim Basin in northwestern China; (B) location map showing the tectonic units of the Tarim Basin and the Aksu area located in the northwest part of the Tarim Basin; (C) the field profile location of Aksu area, Tarim Basin (modified from Turner, 2010; Wen et al., 2015; Shen et al., 2022).
During the Early Cambrian, the Tarim Basin was situated at the southern margin of the nascent South Tianshan Ocean (Yu et al., 2009). The Aksu area in the northwestern margin of the Tarim Basin was deposited in a marine shelf sedimentary environment during the Early Cambrian. The Tarim Basin experienced post-rift subsidence and large-scale transgression, forming maximum sea flooding and transforming into epi-continental sea, and then deposited the Yuertusi Formation in the Early Paleozoic. In the extensional and weak extensional tectonic stress field, the Lower Cambrian Yuertusi Formation unconformably overlay the Qigebulake Formation dolomite as well as integrated contacts with the Xiaoerbulake Formation, and widely distributed the layered silicalite and black shales (Zhou et al., 2014; Zhou et al., 2015), The deposition of the Yuertusi Formation was influenced by tectonic paleo-geomorphology, and the sedimentary lithologic characteristics varied greatly in different outcrops.
2.2 Sampling Site
The Yutixi outcrop is located in the southwest of the Aksu area, about 105 km away from Aksu City. The Yuertusi Formation at the Yutixi outcrop can be divided into six layers (Figure 2). The first layer is gray-black thin layered silicalite, interbedded with several layers of phosphorous block; the second layer is a set of black shales interbedded with phosphorous block; the third layer is gray-yellow silty dolomite with erosion structures, which had not been sampled; the fourth layer is a set of gray-green silty dolomite containing glauconite without sampling; the fifth layer is a set of black shales, interbedded with gray-black thin marlstone; and the sixth layer is gray thin micritic limestone, which is seriously weathered and has not been sampled. This study mainly focused on the first layer silicalite group (SG), the second layer black shales group (BG1), and the fifth layer black shales group (BG2), which can be regarded as a complete transgression–regression sedimentary cycle.
[image: Figure 2]FIGURE 2 | Lithostratigraphic columns of the Yutixi outcrop in the Aksu area.
3 METHODS
Major elements in the samples were tested using an Axios mAX XRF spectrometer. The major elements in the samples were tested following the method described by Ryu et al. (2011). Whole rock powders were ground below 2 μm grainsize.
Trace element concentrations were obtained using inductively coupled plasma mass spectrometry (ICP-MS). Trace element compositions of whole-rock samples were determined with analytical uncertainties generally better than 5% (2σ). The data qualities were monitored by the Chinese National standards (GSR-1, GSR-2, GSR-4, GSR-10, and GSR-16) for trace element concentrations. The main steps are as follows: 1) weigh 50 mg sample (<200 mesh grain size) and put them into a clean and dry Teflon tank for sample dissolution; 2) add 1 ml HF, and heat to 150°C to remove Si from the samples; 3) after 1.0 ml HF and 0.6 ml HNO3 were added, the Teflon tank should be placed in a steel jacket keeping at 190°C for more than 96 h. Then, the samples are evaporated into emulsion droplets to remove excess HF; 4) after 1.6 ml HNO3 is added, keep it at 140°C for 3–5 h; 5) the sample solution is transferred into a 50-ml centrifuge tube after cooling. Finally, 1 ml 500 PPB Rb (internal standard) is added into the centrifuge tube and diluted to 50 ml scale, and 6) sent to ICP-MS for testing.
The rock powder (10 mg) was treated with 5% HCL at 80°C to remove inorganic carbon from samples. Then, these treated samples were washed with distilled water to fully remove the residual acid in the crucible, and these washed samples were dried in an oven at 70°C for 8 h. Finally, the iron powder and tungsten tin alloy were added to each sample as a combustion improver, and the total organic carbon (TOC) contents of samples were detected using the LECO CS230 elemental analyzer.
4 RESULTS
4.1 Major Elements
The major elements of the samples from the Yuertusi Formation in the Yutixi outcrop vary widely. The SiO2 contents of the samples from the Yuertusi Formation are relatively high, ranging from 4.10 to 95.12% (average of 47.12%). The contents of SiO2 in SG are higher, ranging from 85.04 to 95.12%, with an average of 90.85%. The SiO2 contents of BG1 are mostly above 50%, ranging from 7.28 to 58.19%, with an average of 49.35%. The SiO2 contents of BG2 are relatively lower, ranging from 4.10 to 50.44%, with an average of 16.87%. In addition, the Al2O3 contents of SG are generally high, with an average of 9.62%, and those of BG1 are between 2 and 13%. The Fe2O3T contents of the samples range from 0.22 to 4.34%, and the average value is 2.77%. The P2O5 contents of the samples from the Yuertusi Formation range from 0.01 to 3.55% (average of 0.53%), and the P2O5 contents of SG are generally higher than those of BG2. In addition, the contents of TiO2, MnO, K2O, PbO, and NaO are generally low.
4.2 Trace Elements
Trace elements in sediments were mainly derived from terrigenous clastic, authigenic minerals deposited by sediments or sedimentary water through chemical precipitation, etc. The presence of minerals of biogenic origin may dilute the abundance of trace elements in a sample. To eliminate this effect, it is customary to normalize the trace-element concentrations in terms of the Al or Th content, and express them as enrichment factors (EFs) (Riquier et al., 2006). The EFs of trace elements in each group are as follows: 1) SG: Ba > V > U > Mo > Cu > Sr > Cr > Zn > Pb; 2) BG1: Mo > Ba > U > V > Li > Cs > Cr > Ga > Rb; and 3) BG2: Mo > U > Zn > Pb > Sr > Li > Ba > Bi > Cu. Therefore, redox-sensitive elements such as Ba, Mo, V, U, Sr, Cr, Zn, and Cu are relatively enriched in the Yuertusi Formation.
4.3 Rare Elements
The total rare earth contents REE + Y of the Yuertusi Formation range from 12.61 μg/g to 265.47 μg/g, with an average value of 126.06 μg/g. The REE + Y of BG1 range from 160.09 μg/g to 265.47 μg/g, with an average value of 203.75 μg/g, which are much higher than those of SG and BG2. The REE + Y of SG range from 12.61 μg/g to 121.43 μg/g, and the average value is 53.90 μg/g. LREE/HREE (the ratio of the heavy rare earth elements and the light rare earth elements) of BG1 ranges from 4.09 to 9.24, with an average of 6.37, which are much higher than those of SG and BG2. The LREE/HREE of SG is relatively lower, ranging from 0.86 to 1.28, with an average of 1.12.
5 DISCUSSION
5.1 The Paleo-Productivity
Marine paleo-productivity reflects the ability of organisms to produce or accumulate OM through assimilation, and it is impossible to measure the paleo-productivity directly (Algeo et al., 2012; Zhang et al., 2016). Mostly, indirect measurements were carried out by establishing relations between parameters related to productivity. Barite in marine sediments and suspended particle is the main carrier of barium. According to its source, it can be divided into terrigenous clastic, biological (authigenic) genesis, hydrothermal precipitation, etc. Barium in biogenic barite is related to marine paleo-productivity (Tribovillard et al., 2006; Schoepfer et al., 2015), which is one of the reliable indicators for the reconstruction of paleo-productivity.
The significant correlation between total barium and biogenic barium in the Yuertusi Formation indicated that the changes of total barium were mainly caused by the biogenic barium (Figure 3). It showed obvious changes of biogenic barium (Figure 3); that is, the biogenic barium of SG is significantly higher than that of other groups. The samples are enriched with biogenic barium to varying degrees. In particular, the contents of biogenic barium in SG samples of the Yuertusi Formation are very high. The barium contents of BG1 and BG2 in the Yuertusi Formation indicate that there existed high paleo-productivity at the beginning of the Early Cambrian, but decreased at the end of the Early Cambrian. Although there are few samples with high TOC and Ba-bio, possibly due to the diluting, the high Ba-bio values suggest a high level of paleo-marine productivity in the Early Cambrian.
[image: Figure 3]FIGURE 3 | Correlation between Ba-bio and Ba of the Yuertusi Formation samples in the Yutixi outcrop.
In addition to barium, other indicators including Cu, P, and Ba/Ti are also intuitive and effective for the reconstruction of paleo-productivity (Calvert and Pedersen, 2007). The Ba/Ti ratios vary with depths of the samples from the Yuertusi Formation, mainly ranging widely from 788.82 to 1666666.67, with an average value of 138854.75. The Ba/Ti ratio of the SG are relatively higher, with an average value of 758049.60; those of BG1 are moderate, with an average value of 7919.56; and those of BG2 decrease compared with SG and BG1, with an average value of 3021.20 (Figure 4). In general, the variations of the paleo-productivity indicators reflect a regular gradient from high paleo-productivity at its base to low paleo-productivity at its top, suggesting an upward-increasing paleo-productivity of the Yuertusi Formation. In addition, the parameters such as Cu and P also showed the same stratigraphic variations (Figure 4).
[image: Figure 4]FIGURE 4 | Variations of Cu, P, Ba/Ti, and Ba-bio with depth.
5.2 Mo–U Co-Variation and Mo/TOC
Mo–U co-variation and Mo/TOC are new indicators for paleo-environmental studies in recent years, which have been widely used to quantitatively study the retention and openness degree of paleo-marine (Tribovillard et al., 2008; Algeo et al., 2012). The EFs of Mo and U in paleo-marine were controlled by redox conditions and water circulation efficiency (Algeo and Maynard, 2004; Tribovillard et al., 2006; Algeo and Tribovillard, 2009). Due to their long retention time, Mo and U elements have similar concentrations in global oceans (Algeo and Tribovillard, 2009; Algeo et al., 2012). Mo exists in the form of stable MoO42- in oxidized water. However, under anoxic conditions, Mo6+ will be reduced to activated Mo4+ (Zheng et al., 2000). In particular, in the presence of H2S/HS−, Mo4+ can combine with it to form highly activated thiomolybdate, which is eventually captured by ferromangous hydroxide or forms metal complexes with humic acid (Helz et al., 1996; Helz et al., 2011). Under the same reduction conditions, U can be activated in the Fe3+-Fe2+ reduction band without the presence of H2S/HS−. Therefore, the differences of the chemical behavior of Mo and U elements under the reduction conditions can distinguish the sulfide degree in anoxic water (Tossell, 2005; Algeo and Tribovillard, 2009; Dellwig et al., 2010).
The black shales of the Yuertusi Formation in the study area show a variety of Mo–U co-variant modes, and all represent the positive co-variant characteristics of MoEF and UEF (Figure 5A). Mo and U elements of SG samples show high degree of enrichment, and Mo/U values change greatly. The Mo/U values of BG1 samples are mainly between 1SW and 0.3SW; however, a few Mo/U values less than 0.3SW. It indicated that BG1 may be deposited in an anoxic environment, but sometimes, BG1 may be deposited in a hypoxic environment. The Mo/U values of BG2 samples are mainly between 1SW and 0.3SW; however, a few Mo/U values greater than 1SW, indicating that BG2 samples may be deposited in anoxic and sub-oxic environments. Mo concentration in sediments is consistent with the average value of Mo concentration of the global seawater. However, in restricted basins, the enhancement of seawater retention will increase the update time of Mo reservoir in seawater, which will lead to migration and loss of Mo ion (Tribovillard et al., 2008). The Mo–U co-variant chart showed that the Yuertusi Formation mainly belonged to the unrestricted marine, and no samples consisted with a “particulate shuttle” (PS) trend (Figure 5A), indicating the high water circulation efficiency. Briefly, the Mo–U co-variant mode of the Yuertusi Formation in the study area had not corresponded to a modern ocean mode, but it roughly showed a trend parallel to the normal seawater covariant trend and fluctuated greatly.
[image: Figure 5]FIGURE 5 | (A) U–EF vs. Mo–EF for samples of the Lower Cambrian paleoenvironment. Samples are taken from the Yuertusi formation of the Yutixi outcrop [modified from Algeo and Tribovillard (2009)]. (B) Total organic carbon contents vs. Mo concentration ([TOC] vs. [Mo]) diagrams drawn for the Yuertusi formation studied in this paper. Such diagrams are designed to assess the paleodegree of water mass restriction in oxygen-limited marine basins (Algeo and Lyons, 2006; Algeo et al., 2007). The solid lines represent four present-day basins characterized by some restriction of the water mass circulation. The restriction severity increases from the Sannich bay to the Black Sea (see explanations in Algeo and Lyons (2006) and Algeo et al. (2007)).
In addition, Mo/TOC can be used to indicate the circulation efficiency and retention degree of paleo-marine (Algeo et al., 2012). The analysis shows that the Yuertusi Formation in the study area is characterized by Mo enrichment and low TOC (Figure 5B). There is a positive correlation between Mo and TOC, indicating that Mo was deposited in an anoxic environment. The ratios indicate that the circulation efficiency and retention degree of paleo-marine in the study area are mainly between those of the Sanich Gulf and Framvaren Fjord (Algeo and Lyons, 2006; Algeo et al., 2007). Therefore, as shallow water deposited under anoxic conditions and slight-moderate restriction, the black shales in the study area deposited in a semi-restricted bay lagoon environment with a small amount of seawater exchange.
5.3 Hydrothermal Activity
Studies suggest that REEs are mainly affected by different input sources such as river, weathering, and submarine hydrothermal, as well as the particle–solution interaction (Van Kranendonk et al., 2003; Nothdurft et al., 2004; Slack et al., 2007; Zhou et al., 2014). Compared with modern seawater, marine hydrothermal sediments generally show negative Ce/Ce* anomalies (Ce/Ce* = CeN/(LaN×PrN)1/2), low ΣREEs, and significant enrichment of heavy rare earth elements (Bau and Dulski, 1996) (Figure 6).
[image: Figure 6]FIGURE 6 | Variations of Ce/Ce*, ΣREEs, LREE, and LREE/HREE with depth.
Generally, the LREE/HREE ratios of SG are significantly lower than those of BG1 and BG2. The average LREE/HREE ratios of SG, BG1, and BG2 are 1.12, 6.37, and 3.92, respectively (Figure 6), indicating that the REE of samples from SG is relatively depleted in LREE and enriched in HREE. The ΣREEs of SG are low, with an average value of 33.04 μg/g, which is much lower than that of the other two groups. SG shows a weak–moderate negative Ce anomaly, with an average Ce/Ce* value of 0.57, while the average values of the other two groups are all greater than 0.90. According to the distribution diagram of ∑REEs, Ce/Ce*, and LREE/HREE, it can be seen that the SG of the Yuertusi Formation is of hydrothermal origin (Figure 6).
The seafloor hydrothermal solution can bring large amounts of Sb to the sediments (Rudnick and Gao, 2003). The contents of Sb in the SG and the BG1 are significantly higher, with an average of 2.45 μg/g, which are much higher than the average content of Sb in the upper crust (0.2 μg/g). The Rb/Sr ratios of the SG are extremely low, close to the silicalite of hydrothermal origin (0.002) (Yu et al., 2004), and much lower than that of the upper crust (0.19) (Rudnick and Gao, 2003). In addition, hydrothermal activities are often closely related to life activities and microbial reproduction. The Cr/Zr values of SG are significantly higher than those of the other two groups, indicating obvious hydrothermal effects in the early deposition stage of the Yuertusi Formation. In addition, high U/Th is also considered as an important indicator for hydrothermal activities (Rudnick and Gao, 2003). Sediments with U/Th > 1 indicate hydrothermal origin, and sediments with U/Th < 1 indicate normal sedimentary origin (Rudnick and Gao, 2003). The U/Th ratio of marine silicalite is generally low, while the U/Th ratio is very high when the siliceous fluid comes from the deep crust or upper mantle. The U/Th ratios of SG in the Yuertusi Formation range from 4.01 to 49.69, with an average of 24.76, which are significantly higher than the U/Th ratio of the upper crust (0.23) (Rudnick and Gao, 2003), indicating the submarine hydrothermal origin.
In addition, the Fe/Ti and the (Fe + Mn)/Ti ratios of the sediments can also be used as indicators to distinguish seafloor hydrothermal fluids. When Fe/Ti > 20 or (Fe + Mn)/Ti > 20 ± 5, the sediments are considered as hydrothermal deposits (Boström, 1983). The average values of Fe/Ti and (Fe + Mn)/Ti of the SG are 55.17 and 55.75, respectively, which are significantly larger than those of the SG and BG1 (Figure 7), indicating obvious submarine hydrothermal deposition.
[image: Figure 7]FIGURE 7 | Variation of Sb, Cr/Zr, U/Th, Fe/Ti, and (Fe + Mn)/Ti with depth.
The characteristics of trace elements of the SG in the Yuertusi Formation indicate that they were deposited by hydrothermal origin. The low TOC values of the SG (average of 0.24) may be caused by the intense hydrothermal activity, which brought a large amount of siliceous fluids and diluted the OM in the sediments. In other words, the intense hydrothermal activity damaged the development of the source rocks in the lower part of the Yuertusi Formation.
5.4 Trace Elements and Paleoenvironment
Trace elements are often absorbed on the surface of metal sulfides, insoluble oxides, phosphates, organometallic complexes, or organic compounds, and the enrichment degree of redox-sensitive trace elements is controlled by the redox state of seawater (Elderfield and Pagett, 1986; Sageman et al., 2003; Rimmer, 2004; Algeo and Lyons, 2006; Algeo and Rowe, 2012; Tribovillard et al., 2006; Robbins et al., 2016). Therefore, the redox state of the sedimentary environment can be judged by the contents or relative ratios of redox-sensitive elements such as Cr, V, U, and Ni (Jones and Manning, 1994; Kimura and Watanabe, 2001; Rimmer, 2004). The Th/U ratios of SG of the Yuertusi Formation are relatively lower, and all less than 1.33, with the average of 0.106. The Th/U ratios gradually increased upward in the Yuertusi Formation. The average Th/U ratios of BG1 and BG2 are 1.30 and 1.31, respectively. It generally indicated that the SG of the Yuertusi Formation was deposited in an obvious anoxic environment (Wignall and Twitchett, 1996; Kimura and Watanabe, 2001), and the seawater gradually oxidized upward (Figure 8). However, the Th/U values of the lower part of BG1 and BG2 are generally less than 1.33, but the values of the upper part of BG1 are generally more than 0.8, and even more than 1.33 at the top of the BG1 and the middle part of BG2. It reflected that the BG1 and BG2 of the Yuertusi Formation were deposited in an anoxic–suboxic environment with local oxidation. Similarly, the average V/Cr value of the samples from SG and the base of the BG1 was close to 4.0, and the V/Cr values of some samples reached 7.9 (Figure 8), indicating an intense reductive environment (Elderfield and Pagett, 1986). In addition, the results of Ni/Co and V/Sc values of the SG and the BG2 prove that it was deposited in a sulfide reduction environment (Rimmer, 2004) (Figure 8). In general, the silicalite of SG and the black shales at the base of BG1 were deposited in euxinic conditions, and the reduction degree was gradually weakened upward. The sedimentary paleoenvironment of the BG2 was more oxidized than that of BG1.
[image: Figure 8]FIGURE 8 | Distribution diagram of trace element-related parameters in the Yuertusi Formation along with depth in the Yutixi outcrop.
5.5 Formation Mechanism of the Source Rock
5.5.1 Paleoenvironment Controlling the OM Accumulation
TOC is usually used to evaluate the OM abundance of black shales (Guo, 2014). The range of TOC in the Yuertusi Formation is 0.18–2.83%. In general, TOC of black shales in BG1 is the highest, and the values of some samples reach 2.83%. The correlation between TOC and hydrothermal indicator shows that OM accumulation is not significantly related to hydrothermal activity (Figure 9), which has not reflected that hydrothermal activity can promote the accumulation of OM in sediments.
[image: Figure 9]FIGURE 9 | Correlation between TOC and hydrothermal action indexes of the Yuertusi Formation samples in the Yutixi outcrop.
There existed intense hydrothermal activity in the sedimentary period of SG, weak hydrothermal activity in the sedimentary period of the middle-lower part of BG1, and almost no hydrothermal activity in the sedimentary period of the BG2 and upper part of BG1. Although hydrothermal activity in the SG contributed to the increase of paleo-productivity, the TOC value was relatively low, ranging from 0.07 to 0.57%, with an average of 0.25%. BG1 is the main source rock with the highest TOC of the Yuertusi Formation. Previous studies (Chu et al., 2016) showed that the silicalite associated with hydrothermal activity in the Yuertusi Formation contained a large number of algae. The intense hydrothermal activity brought a large number of silica-rich fluids and diluted the OM in the sediments, which destroyed the formation of source rocks. Through the study on the geochemistry of the Yuertusi Formation, Ouyang et al. (2022) found that the weak hydrothermal activity was more conducive to the accumulation of OM than the intense hydrothermal activity and the non-hydrothermal activity. BG1, the first set of black shales, was deposited in a weak hydrothermal environment, which was more conducive to the accumulation of OM.
According to the correlation diagram analyses of Ni/Co, V/Cr, V/(V + Ni), V/Sc, and TOC, enrichment degrees of OM in different layers of the Yuertusi Formation are different under the influence of redox conditions (Figure 10). The Ni/Co, V/Cr, V/(V + Ni), and V/Sc redox indexes of SG have no significant correlation with TOC, and the redox indexes of SG indicate that the deposition environment of SG is the most reductive. However, this did not result in a large TOC of SG. The Ni/Co, V/Cr, V/(V + Ni), and V/Sc redox indexes of BG1 and BG2 are positively correlated with TOC, indicating that OM accumulation in two sets of black shales was affected by redox conditions, and the enhanced reducibility of paleoenvironment was conducive to OM accumulation. The depositional environment of BG1 is more reductive than that of BG2, which is more conducive to OM accumulation, so the TOC of BG1 is higher than that of BG2.
[image: Figure 10]FIGURE 10 | Correlation between TOC and redox indexes of the Yuertusi Formation samples in the Yutixi outcrop.
5.5.2 OM Accumulation Model
In general, OM accumulation of the Yuertusi Formation in the Yutixi outcrop is controlled by hydrothermal activity and paleo-marine redox conditions. Based on the redox conditions traced by U/Th, V/Cr, and Ni/V; the hydrothermal activity traced by Ce/Ce*, Cr/Zr, U/Th, Fe/Ti, and (Fe + Mn)/Ti ratio; and paleo-productivity traced by Ba, Cu, Rb/Sr, and other parameters, variations were observed in the depositional environments of the Yuertusi Formation.
In the sedimentary period of SG, the paleo-marine was dominated by euxinic environment, and the reduction degree of the paleo-marine during the sedimentary period of SG was the strongest. However, the TOC values of SG were very low. When the SG of the Yuertusi Formation was deposited, the study area began transgression with intense hydrothermal activity, which greatly improved the marine paleo-productivity. However, the intense hydrothermal activity brought a large amount of silica-rich fluids and diluted the OM in the sediments, leading to the destruction of source rocks. The results showed that although the SG was deposited in a highly reductive environment, the dilution of hydrothermal activity obviously destroyed the accumulation of OM in SG.
During the sedimentary period of black shales in the BG1, the paleo-marine was dominated by oxygen-poor environment, and the redox indexes and TOC show good positive correlations, indicating that the anoxic environment provided effective conditions for the preservation of OM. The hydrothermal activity in the study area was relatively weak during the sedimentary period of BG1, which was more conducive to the accumulation of OM than the intense hydrothermal activity and not hydrothermal activity. Therefore, as the layer with the maximum TOC value of the Yuertusi Formation in the study area, the OM accumulation of SG may be controlled by the comprehensive control of biological productivity and redox state.
During the sedimentary period of black shales in the BG2, the paleo-marine began to retreat and the sedimentary water became shallower. The reduction degree of seawater decreased, which was characterized by poor to partial oxidation environment, and it was not conducive to the preservation of OM. The hydrothermal activity was further weakened relative to the SG and BG1, and the paleo-productivity continued to decline. Therefore, low productivity and oxidizing environment led to the low TOC in this period.
6 CONCLUSION

1) The Yuertusi Formation from the Yutixi outcrop in the Aksu area can be divided into six layers, from old to young: gray-black thin silicalite, black shales interbedded with silica thin bedded, gray-yellow silty dolomite, gray-green silty clastic dolomite, black shales interbedded with gray-black thin bedded marl, and gray thin micritic limestone, forming a complete transgression–regression sedimentary cycle.
2) Seawater oxygenation and decreasing-upward primary production were recorded in the Yuertusi Formation: 1) the silicalite at the base was deposited in the unrestricted marine environment with euxinic conditions and intense hydrothermal activity, 2) the lower black shales were deposited in oxygen-poor conditions with weak hydrothermal activity, and 3) the upper black shales were deposited in oxygen-poor and sub-oxidized conditions with local oxic conditions, and there was almost no hydrothermal activity.
3) An “integrated model” for OM accumulation in the Yuertusi Formation can be established: 1) Primary production provided material source for OM accumulation; 2) redox conditions were conducive to OM preservation. The anoxic conditions, controlling the preservation of OM, and the appropriate hydrothermal activities, improving primary production, jointly controlled the formation of high-quality source rocks represented by the black shales of the Yuertusi Formation, especially the first set of black shales.
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