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The Chang 7 black shale in the Upper Triassic Yanchang Formation is the principal source rock of Mesozoic oil-bearing system in the southwest Ordos Basin, containing high abundances of organic matter and hydrocarbon potential. Our study discusses the role of lake-bottom hydrothermal activities in the enrichment of organic matter during the deposition of the Chang 7 black shale. A large number of basement faults developed in the interior and margin of the Ordos Basin, which provided channels for the upwelling of deep hydrothermal fluids. Moreover, the strong tectonic activities during the Chang 7 sedimentary period provided dynamic conditions for the activation of the faults and the upwelling of hydrothermal fluids. The occurrence of hydrothermal activities in the Chang 7 sedimentary period is proved by the evidences of mineralogy petrology, stable isotopes, major, and trace elements in the black shale. Abundant nutrients that were transported from the lake-bottom hydrothermal fluids into lake water promoted the lacustrine surface primary productivity, and then increased the supply of sedimentary organic matter. At the same time, the degradation of a large number of organic matters increased consumption of oxygen in the water column, resulting in the formation of bottom-water anoxic environments. The accumulation of organic matter in sediments was controlled by the lake-bottom hydrothermal activities by the means of increasing the lacustrine surface paleoproductivity and promoting the formation of anoxic environments.
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INTRODUCTION
Hydrothermal activity refers to the deposition, crystallization, metasomatism, alteration, and filling of high temperature fluids that rise from the deep earth to the surface. These fluids generally contain ore-forming materials that are important for mineralization, and result in high-grade and large-scale mineral deposits along hydrothermal sedimentary areas (Zhang et al., 2010; Jia et al., 2016). Hydrothermal activity occurs in various environments, including mid-ocean ridges, oceanic inland arcs, back-arc basins, faulted basins, continental margins, and even relatively stable depression lake basins (Rona et al., 1975; Boström et al., 1979; Crerar et al., 1982; Marchig et al., 1982; Adachi et al., 1986; Yamamoto, 1987; Rona, 1988; Cronan et al., 1995; Hodkinson and Cronan, 1995; Zheng et al., 2006; Dekov et al., 2011; Wen et al., 2013; Slack et al., 2015; He et al., 2016; He et al., 2017; Liu et al., 2017; Liu et al., 2021a; Liu et al., 2021b). Hydrothermal sediments are often the focus of geological research due to their enrichment in metallic elements (e.g., Fe, Mn, Cu, Zn, Au, Ag, Sn, etc.) (Dias and Barriga, 2006; Wen et al., 2013; Li et al., 2014; Zhong et al., 2015; He et al., 2016). Many indicators for hydrothermal activity have been proposed and established including a combination of special minerals and rocks, sedimentary structures, major and trace element discrimination diagrams, rare earth element (REE) content and distribution, and stable isotope composition (He et al., 2016; Jia et al., 2016).
Oil-gas exploration has shown that the formation of many black shales (or organic-rich source rocks) is closely related to hydrothermal activities, such as the Lower Cambrian marine source rocks in Tarim Basin, the Neoproterozoic Xiamaling Formation black shale in North China, and the Lower Cambrian Niutitang Formation marine organic-rich shales in Yangtze Platform (Figure 1). This relationship is demonstrated in two ways: 1) hydrothermal activity areas are often accompanied with the occurrence of contemporaneous organic-rich source rocks; and 2) abnormal metal elements caused by hydrothermal activities display linear relationship with the total organic carbon (TOC) contents of organic-rich source rocks (Zhang et al., 2010; Jia et al., 2016). Zhang et al. (2010) suggested that the submarine or sublacustrine hydrothermal activities would significantly change sedimentary environments (e.g., water temperature, redox conditions, and chemical composition of water column), further affecting surface primary productivity and preservation of organic matter. Previous studies on modern hydrothermal systems have observed diverse biological communities near hydrothermal vents, such as hydrothermal areas in the Galapagos, where its biological yield is 3.9 times of the ordinary ocean surface, and the Fiji Basin, where both quantity and metabolic activity are 1–3 orders of magnitude higher than the ocean’s surface (Karl et al., 1980; Van Dever et al., 1996; Pichler and Dix, 1996; Halbach et al., 2001; Tarasov et al., 2005 and references herein; Wang et al., 2006; Hey et al., 2006; Wang et al., 2008; Liang et al., 2014a; Liang et al., 2014b). This level of biological activity suggests that hydrothermal activity may play an important role in promoting marine or lacustrine primary productivity. Prior research has examined the relationship between hydrothermal activity and the formation of organic-rich shales, and has obtained valuable information (Sun et al., 2003; Chen et al., 2004; Zhang et al., 2010; Liang et al., 2014a; Liang et al., 2014b; He et al., 2017). However, our understanding of this relationship is still relatively lacking and the topic itself has not attracted enough attention (Jia et al., 2016). Therefore, it is necessary to continue exploring the potential influence of hydrothermal activity on organic matter accumulation in order to add to existing knowledge of formation mechanisms of organic-rich shale, and oil-gas exploration and development.
[image: Figure 1]FIGURE 1 | Stratigraphic distribution of source rocks related to hydrothermal activity in China (modified after Jia et al., 2016).
The Chang 7 lacustrine black shale in the Upper Triassic Yanchang Formation is an important hydrocarbon source rock and contains high TOC concentrations, providing the main source of oil for the Mesozoic petroleum system in the Ordos Basin (Yang and Zhang, 2005; Yuan et al., 2017). Additionally, several contemporaneous special minerals and rocks, including tuff interval, seismite, seismoturbidite, silicolite, and microcrystalline dolomite lamina, are found within the Chang 7 black shale and associated with significant geological events (Zhang et al., 2017). Therefore, it has been proposed that the accumulation of organic matter during the deposition of the Chang 7 shale is related to these geological events (Zhang et al., 2009; Yang et al., 2010; Zhang et al., 2010; Qiu, 2011; Qiu et al., 2014; Qiu et al., 2015; Zhang et al., 2017). In recent years, there have been significant mineralogical, petrological, elemental, and isotopic evidences of hydrothermal sedimentation in the Chang 7 Member of Yanchang Formation. This suggests that hydrothermal activity may play an important role in the accumulation of organic matter (Zhang et al., 2010; Qiu et al., 2015; He et al., 2016; He et al., 2017). However, we still have a limited understanding of the relationship between hydrothermal activity and the accumulation of organic matter due to the lack of abundant and available data. In this paper, we present mineralogical evidence for hydrothermal activity (as supplementary for previous reports) and a collection of geochemical data (including TOC, major and trace element contents) that together, explores the potential relationship between hydrothermal activity and the accumulation of organic matter during the deposition of the Chang 7 black shale.
GEOLOGICAL SETTING
The Ordos Basin, located in central China (Figure 2A), is a typical multicycle cratonic depression basin developed on Archean granulites and Lower Proterozoic greenschists, consisting of six tectonic units (Figure 2B) (Yuan et al., 2017; He et al., 2017). In the Early-Middle Triassic, the Ordos Basin was part of the North China intracratonic depression (Qiu et al., 2015). By the Late Triassic, the North China landmass collided and integrated with the Yangtze landmass, leading to the closure of the relict of the Youjiang and Qinling Troughs and the uplift of the Qinling Mountains (also called Qinling orogenic movement) (Zhang et al., 2010; Zhang et al., 2017). This was responsible for the formation of many basement faults in the periphery and interior of the Ordos Basin (Figure 2B). The Qinling orogenic movement transformed Ordos Basin into a foreland basin, which was characterized in its asymmetric cross-section by low-gradient northeastern and high-gradient southwestern flanks (Qiu et al., 2015). This tectonic process provided a large depositional space and subsequently deposited a set of clastic sediments in the Late Triassic, known as the Yanchang Formation, with a thickness of about 1,000–1,300 m (Wang et al., 2017). This unit can be divided into 10 members (Chang 1-Chang 10) from top to bottom (Qiu et al., 2014; Qiu et al., 2015; He et al., 2016; Wang et al., 2017; Yuan et al., 2017; Zhang et al., 2017), and the Chang seven Member can be further subdivided into 3 sub-members, Chang 71 to Chang 73, from top to bottom (Wang et al., 2017). In the early stages of the deposition of Chang 7 Member, the lacustrine basin subsided and expanded rapidly due to the intensely tectonic movement coupled with frequent volcanic and seismic activities, which provided the necessary conditions for reactivation of basement faults and the upwelling of deep hydrothermal fluids (Deng et al., 2008; He et al., 2016; Zhang et al., 2017). During this time period, the Chang 7 black shale was deposited and became the predominant oil-source rocks for the Mesozoic of this basin (Yang and Zhang, 2005; Zhang et al., 2010).
[image: Figure 2]FIGURE 2 | Location of the Ordos Basin, its tectonic division, distribution of basement faults, and the location of sample wells (modified after Qiu, 2011). I-Yimeng uplift; II-West margin thrust belts; III-Tianhuan depression; IV-Yishan slope; V-Jinxi flexure belts; VI-Weibei uplift.
SAMPLES AND ANALYTICAL METHODS
Many Chang 7 drill cores were observed and pictures were taken at the Xifeng drill core stores of the PetroChina Changqing Oilfield Company, southeastern Gansu Province, northwest China. A total of 78 Chang 7 black shale samples were collected from 17 wells, which are located in the southwestern Ordos Basin (Figure 2B). To minimize the effect of volcanic ashes, tuffs were carefully avoided when selecting the samples.
Rock thin-sections of the Chang 7 shale samples were made at the State Key Laboratory of Petroleum Resource and Prospecting, China University of Petroleum-Beijing (CUPB), and were observed under an optical microscope (LEICA DM4500P) in order to identify their mineral compositions. A subsample of shale sample fragments with freshly broken surfaces were selected and coated with gold, and then observed using a Quanta 200F field emission scanning electron microscope (SEM) equipped with an energy-dispersive X-ray spectrometer (EDS) at the Microstructure Laboratory for Energy Materials of CUPB.
All of the black shale samples were crushed to powder (less than 200 mesh) in an agate mortar prior to geochemical analyses. TOC contents were measured at the State Key Laboratory of Petroleum Resource and Prospecting of CUPB. Approximately 100 mg of shale powder was gently leached with dilute hydrochloric acid (HCl) and rinsed with distilled water to remove inorganic carbon. After drying, the shale powders were analyzed using an organic carbon analyzer (LECO CS-230) and the analytical uncertainly is <3%.
Major and trace element concentrations of 68 shale samples were measured at the Analytical Laboratory of Beijing Research Institute of Uranium Geology. Major element oxides were determined by a PHILIPS PW2404 X-ray fluorescence spectrometer (XRF), following analytical methods reported by Ma et al. (2015). Trace elements compositions were measured using a Thermo Scientific Element XR inductively coupled plasma-mass spectrometry (ICP-MS) according to Gao et al. (2015). The analytical precision is <5% for all major elements, while the precision and accuracy are estimated to be <10% for the trace elements.
The δ13C and δ18O analyses of bulk carbonates for ten black samples and one carbonate vein were carried out at the State Key Laboratory of Petroleum Resource and Prospecting of CUPB. Approximately 10 mg sample powders were reacted with phosphoric acid (H3PO4) and liberated CO2 were analyzed for δ13C and δ18O using a Therma Fisher MAT 253 isotope ratio mass spectrometer (IR-MS). The results are presented using delta notation in reference to the PDB standard. Repeated measurements of a homogenized sample yielded a standard deviation of ±0.1‰ for δ13C and δ18O measurements.
RESULTS
Mineral Petrography
Outcrop and core observations reveal the occurrence of folds (Figures 3A,B), high angle fractures (Figures 3C,D), structural deformations, and tuff intervals (Figures 3E–G) in the Chang 7 Member of Yanchang Formation, indicating frequent tectonic and volcanic activity. In addition, pyrite veins (Figures 4A–D), carbonate veins, and carbonate laminae (Figures 4E–H) were found in this unit. Microscopic observations of pyrite veins showed heterogeneous and amorphous characteristics (Figures 4C,D), with many impurities (the grey part in Figure 4D). The carbonate veins were characterized by branches (Figure 4H), and a lot of bubbles formed after dilute HCl was added. Some special minerals, such as marcasite (Figure 4I) and gypsum (Figure 4J), were also observed through SEM observations.
[image: Figure 3]FIGURE 3 | Outcrop and core photographs of the Chang 7 Member in the Ordos Basin (A,B) Folds in the Chang 7 black shale in the west of Hejiafang section, Tongchuan (after Qiu, 2011); (C) High angle fracture with residual asphalt, Well Z119, 2241.30 m; (D) Vertical fractures, Well Z140, 1884.70 m; (E–G) Tuff intervals, and structural deformations caused by earthquake, Well W100, the depth is 1914.45 m, 1914.73 and 1914.95 m, respectively.
[image: Figure 4]FIGURE 4 | Photographs of minerals in the Chang 7 black shale of the Ordos Basin (A) Pyrite vein, Well L57, 2350.13 m; (B) Pyrite vein, Well X36, 2188.58 m; (C,D) Microscopic characteristics of pyrite vein in photo B; (E) Carbonate laminae, Well W100, 1907.05 m; (F,G) Microscopic characteristics of carbonate laminae in photo E; (H) Carbonate vein characterized by branches, Well Y56, 3065.24 m; (I) Marcasite, Well Z62, 1938.00 m; (J) Gypsum, Well Y423, 2402.17 m.
TOC, δ13C and δ18O
TOC contents of the 68 Chang 7 black shale samples were very variable, ranging from 0.63 to 29.93% and an average of 13.47% (Table 1). TOC contents were mainly distributed between 2 and 20%, accounting for 75% of the total (Figure 5), indicating a high abundance of organic matter and good to excellent hydrocarbon generation potential.
TABLE 1 | Selected major, trace elements data and geochemical indicators of the Chang 7 black shale in Ordos Basin.
[image: Table 1][image: Figure 5]FIGURE 5 | Frequency distribution of TOC contents in the Chang 7 black shale of Yanchang Formation, Ordos Basin.
The δ13C and δ18O data of carbonates in 11 samples are presented in Table 2. The δ13C and δ18O values of bulk carbonates for 10 black samples varied from −1.4 to 1.6‰ (mean = 0.8‰) and from −11.1‰ to −7.5‰ (mean = −9.4‰), respectively. However, the carbonate vein in Figure 4E showed lower δ13C (−8.2‰) and δ18O (−20.0‰) values than that of bulk carbonates of the Chang 7 black shale.
TABLE 2 | Carbon and oxygen isotopes of carbonate from the Chang 7 black shale of the Upper Trassic Yanchang Formation in Ordos Basin.
[image: Table 2]Major and Trace Elements
Selected major oxides (including TiO2, SiO2, Al2O3, Fe2O3, MnO, and P2O5) are listed in Table 1. SiO2, Al2O3 and Fe2O3 were the dominant components of shale samples, with average contents of 48.95%, 13.35%, and 10.09%, respectively. Contents of TiO2, MnO, and P2O5 were less than 1%, except for a few samples, with average contents of 0.49%, 0.09% and 0.49%, respectively. Contents of Ti, Al, Fe, Mn, and P were calculated based on their molecular formula, with mean values of 0.29%, 7.07%, 7.06%, 0.07% and 0.21%, respectively (Table 1). Concentrations of trace elements are also presented in Table 1. Average trace element contents of the Chang 7 black shale were normalized to the post-Archean Australian shale (PAAS), showing relatively high abundances of Cu, Pb, Zn, U, and Mo (Figure 6), with mean values of 149.8, 57.6, 101.6, 36.2, and 65.6 ppm, respectively.
[image: Figure 6]FIGURE 6 | PAAS standardization of average trace element contents of the Chang 7 black shale of Yanchang Formation, Ordos Basin. The data of PAAS are from Taylor and McLennan (1985).
DISCUSSION
Geological Conditions of Hydrothermal Activity
The occurrence of hydrothermal activity often requires specific geological conditions. There are two preconditions for hydrothermal activity during the Late Triassic Chang 7 sedimentary period, including basement faults and strong tectonic activity. Previous study found that basement faults were widely distributed in the edge and middle of the Ordos Basin (Figure 2) (Qiu, 2011), providing good channels for the upwelling of deep hydrothermal fluids. In addition, strong tectonic activity is supported by the presence of structural deformations, vertical or high angle fractures, seismites, and tuff intervals during the Chang 7 sedimentary period (Xia et al., 2007b; Li et al., 2008; Xia and Tian, 2007a; Zhang et al., 2009; Chen et al., 2011; Qiu, 2011; Yang and Deng, 2013; Yuan et al., 2019), providing kinetic conditions for the activation of basement faults and the invasion of hydrothermal fluids into the bottom of the basin.
Evidences of Hydrothermal Activity
Mineral Petrology
Through the observation of cores and thin-sections, many minerals indicated that lake-bottom hydrothermal activities have been found in the Chang 7 black shale. Below we overview evidence from pyrite and carbonate veins, marcasite, and gypsum.
1) Pyrite veins. In general, sedimentary pyrite is characterized by small particle size, subhedral-euhedral, or framboidal crystal. However, hydrothermal pyrite is massive, porphyritic, or veinlike (Wang et al., 2014). Pyrite veins from the Chang 7 black shale of the Yanchang Formation in this study were characterized as heterogeneous and amorphous, containing a lot of impurities (Figures 4A–D). This suggests that they may be formed by hydrothermal mineralization instead of sedimentation, strongly indicating the occurrence of hydrothermal activity.
2) Carbonate veins or laminae. In the Chang 7 core samples, many carbonate veins or laminae were found in contact with the surrounding rock at a nearly horizontal or very low angle (Figures 4E–H). The main body of a carbonate vein in Figure 4H (the white part) embedded in black shale was relatively thick (∼1 cm) and horizontally distributed. However, those relatively small branches were separated at its edge and intruded into the shale at a low angle, indicating that they may be formed by the intrusion of lake-bottom hydrothermal fluids into black shale before consolidation and diagenesis.
3) Marcasite. The chemical composition of marcasite is the same as that of pyrite (FeS2). Its crystal is generally plate-shaped or sheet-shaped, and aggregated in the shape of a chicken crown or bundle (Figure 4I). Marcasite is an unstable variety of FeS2, which will transform into pyrite when temperatures are >350°C. The occurrence of marcasite usually indicates a relatively low temperature hydrothermal fluid (Zhang et al., 2010; Qiu, 2011).
4) Gypsum. Gypsum generally forms by evaporation or hydrothermal deposition. The Chang 7 sedimentary period was characterized by fresh lake water and a warm-humid climate (Ji and Meng, 2006; Fu et al., 2009), which is not conducive to the formation of evaporating gypsum. The gypsum crystals in the Chang 7 shale were mostly strip or block, and the crystal aggregates are distributed in belts (Figure 4J). These crystal structure characteristics and distribution indicate that gypsum in the Chang 7 Member of the Yanchang formation is a typical product of hydrothermal sedimentation (Li et al., 2016).
5) Other minerals. In addition to those listed above, many other hydrothermal minerals have been found in the Chang 7 black shale, such as siliceous rock (Qiu, 2011), manganese nodules (Qiu, 2011), authigenic albites (Zhang et al., 2010), and independent uranium deposits (Zhang et al., 2011).
There may be other explanations for the above minerals, but the widespread occurrence of various minerals in the Chang 7 Member undoubtedly supports the occurrence of hydrothermal activity.
Isotope
The carbon and oxygen isotope values of carbonate laminae in Figure 4E were −8.2‰ and −20.0‰, respectively, showing an obvious negative shift (Table 2). However, the δ13C and δ18O values of bulk carbonates in the Chang 7 black shale were relatively high, ranging from −1.4 to 1.6‰ (mean = 0.8‰) and from −11.1‰ to −7.5‰ (mean = −9.4‰), respectively (Table 2), showing distinct differences compared to that of carbonate laminae. It is consistent with previous report of the δ13C and δ18O values in hydrothermal carbonates in Ordovician of the Ordos Basin, which were also very negative (Wang et al., 2013). This phenomenon may be caused by the large amount of heavy carbon and oxygen isotope loss in high temperature environments. Therefore, low δ13C and δ18O values of carbonate laminae also indicate that hydrothermal fluids may be involved in their formation.
Zhang et al. (2010) found that the δ34S of pyrite in the Chang 7 black shale varied from 2.4 to 5.9‰, showing positive delta values compared with that of pyrite (mean = −8.4‰) in the overlying Yan’an Formation. They proposed that the positive δ34S in the Chang 7 shale reflected that the sulfur in pyrites may be primarily from deep hydrothermal fluids. Therefore, the δ34S may also support the presence of hydrothermal activity.
Major and Trace Elements
The crossplot of the Chang 7 black shale (Figure 7) shows that most black shale samples demonstrate a positive correlation between SiO2 and TiO2, indicating that they are both almost entirely supplied by terrigenous clastics (Qiu et al., 2015). However, some samples (in the elliptical frame) do not conform to this rule, with abnormally high SiO2 contents (Figure 7), indicating that the SiO2 are not completely provided by terrigenous clasts. Surveys of modern submarine hydrothermal activity found that the content of SiO2 in the hydrothermal fluid is very high, generally 9.3–21.9 mmol/kg, and that amorphous SiO2 tends to precipitate in hydrothermal fields (Sun et al., 2003). In addition, siliceous rocks related to hydrothermal activity have also been found in the Chang 7 Member (Qiu, 2011). Therefore, the lake-bottom hydrothermal fluid may be one of the most likely sources of abnormally high SiO2 in the study area.
[image: Figure 7]FIGURE 7 | The crossplot of SiO2 and TiO2 in the Chang 7 black shale, Ordos Basin.
Al and Ti are good indicators of terrigenous input, while Fe and Mn are usually enriched in hydrothermal fluids, suggesting their patterns can be used to distinguish the hydrothermal deposition in sediments (He et al., 2016). The Al-Fe-Mn triangular diagram of the Chang 7 black shale shows that contents of Mn (< 5.0%) were far less than that of Fe and Al, but the Fe contents of some samples were very rich (Figure 8A). Figure 8A also shows that only part of samples fell into the area of hydrothermal deposition, indicating that these samples may be affected by hydrothermal activity.
[image: Figure 8]FIGURE 8 | Discrimination diagrams of hydrothermal activity based on Al, Fe, and Mn elements. Base maps are after He et al. (2016).
The values of Al/(Al + Fe + Mn) and (Fe + Mn)/Ti in sediments or rocks have also been successfully applied to the identification of hydrothermal activity (Qi et al., 2004; Li et al., 2014; He et al., 2016). Al/(Al + Fe + Mn) values <0.4 and (Fe + Mn)/Ti values >15 usually indicate typical hydrothermal deposition (He et al., 2016). Moreover, the value of Al/(Al + Fe + Mn) is also an important proxy to evaluate the proportion of hydrothermal sedimentary components in sediments. The smaller the value is, the more hydrothermal sedimentary components are present, indicating a stronger influence of hydrothermal activity. On the contrary, a high value of Al/(Al + Fe + Mn) reflects weak influence of hydrothermal activity (He et al., 2016). Values of Al/(Al + Fe + Mn) of the Chang 7 black shale in this study ranged from 0.24 to 0.78, with an average of 0.51, while values of (Fe + Mn)/Ti ranged from 7.24 to 89.60, with an average of 28.51 (Table 1). The crossplot of Al/(Al + Fe + Mn) and (Fe + Mn)/Ti showed similar results to that of Al-Fe-Mn triangular diagram, indicating that part of shale samples fell into the area of typical hydrothermal sedimentation (Figure 8B).
Concentrations of Cu, Pb, and Zn elements are related to deep hydrothermal fluids (Sun et al., 2003) and will be enriched if hydrothermal sedimentation occurs. Average concentrations of Cu, Pb, and Zn in the Chang 7 black shale were 149.8, 57.6, and 101.6 ppm, respectively (Table 1), showing distinct enrichment compared to the PAAS (Figure 6). From this, we can infer that deep hydrothermal activity may have occurred during the deposition of the Chang 7 black shale in the Ordos Basin.
In summary, the occurrence of lake-bottom hydrothermal activity during the Chang 7 sedimentary period is supported by evidence from mineral petrology, isotopics, major and trace elements in the Chang 7 black shale; however, its influence may only be concentrated in partial areas of the Ordos Basin.
Relationship Between Hydrothermal Activity and Organic Matter Enrichment
Most the modern hydrothermal activity occurs at the bottom of the ocean, mainly distributed near mid-ocean-ridges, plate edges, and submarine volcanic craters, while there are relatively few cases of hydrothermal activity found in terrestrial lakes (Li et al., 2014). Several biological communities have been found around the submarine or lake-bottom hydrothermal fields (Karl et al., 1980; Halbach et al., 2001; Zhang et al., 2010). Therefore, hydrothermal activity is likely of great significance to the prosperity of organisms.
The enrichment of organic matter is mainly controlled by the supply and preservation of organic matter (Arthur and Sageman, 1994; Sun, 2013; Ding, 2014; Wang et al., 2017). The former is closely related to primary productivity, while the latter is mainly related to redox conditions and sedimentation rate (Demaison and Moore, 1980; Pedersen and Calvert, 1990; Calvert and Pedersen, 1993; Curiale and Gibling, 1994; Jones and Manning, 1994; Hay, 1995; Parrish, 1995; Algeo et al., 2011; Ding et al., 2015; Wang et al., 2017; Yuan et al., 2020). Previous studies have found that the sedimentation rate of the Chang 7 Member in the Ordos Basin has little effect on the enrichment of organic matter (Yuan et al., 2016, 2020). Therefore, the enrichment of organic matter in the Chang 7 shale is mainly related to paleoproductivity and redox conditions.
P, Ni, Cu, and Zn, which have been successfully used to elevate the primary paleoproductivity, are critical nutrient elements (Algeo and Maynard, 2004; Tribovillard et al., 2006; Algeo et al., 2011; Wang et al., 2017; Yuan et al., 2020). To eliminate the influence of terrigenous clastics, palaeoproductivity indicators (P, Ni, Cu, and Zn) were normalized to Ti, which is largely supplied in association with terrigenous minerals (Arthur and Dean, 1991; Calvert and Pedersen, 2007; Qiu et al., 2015; Wang et al., 2017; Yuan et al., 2020). The palaeoproductivity indicators (P/Ti, Ni/Ti, Cu/Ti, and Zn/Ti) of the Chang 7 black shale samples showed strong correlations with hydrothermal indicators, including Al/(Al + Fe + Mn) and (Fe + Mn)/Ti (Figure 9). High values of palaeoproductivity indicators reflected high primary productivity co-occurred in areas of hydrothermal sedimentation, which is characterized by low values of Al/(Al + Fe + Mn) (< 0.4) and high values of (Fe + Mn)/Ti (> 15) (Figure 9). Our results indicate that the high paleoproductivity observed during the deposition of the Chang 7 shale may be affected by lake-bottom hydrothermal fluids, which could transport abundant nutrients into the lake water and futherly promote surface productivity.
[image: Figure 9]FIGURE 9 | Crossplots of paleoproductivity indicators (P/Ti, Ni/Ti, Cu/Ti, and Zn/Ti) vs. Al/(Al + Fe + Mn) and (Fe + Mn)/Ti of the Chang 7 black shale in the Ordos Basin.
Redox conditions during the deposition of the Chang 7 shale were oxic-suboxic accompanied by intermittent anoxic environments (Yuan et al., 2017; Chen et al., 2020). The crossplots of V/Cr and U/Th versus Al/(Al + Fe + Mn) and (Fe + Mn)/Ti showed that the anoxic environments may be related to hydrothermal activity (Figure 10). As mentioned above, hydrothermal activity could increase primary productivity. This would transport large amounts of organic matter to the water column and lake-bottom, and lead to the formation of anoxic environments due the degradation of organic matter and consumption of oxygen.
[image: Figure 10]FIGURE 10 | Crossplots of V/Cr and U/Th vs. Al/(Al + Fe + Mn) and (Fe + Mn)/Ti of the Chang 7 black shale in the Ordos Basin. The threshold values of anoxic are from Jones and Manning (1994).
TOC contents of the Chang 7 black shale showed a strong correlation with values of Al/(Al + Fe + Mn) and (Fe + Mn)/Ti (Figure 11), indicating that enrichment of organic matter in the Chang 7 shale may, to some extent, be influenced by hydrothermal activity. This process played an important role in controlling the formation of high lacustrine primary productivity and anoxic environments.
[image: Figure 11]FIGURE 11 | Relationship of TOC contents with Al/(Al + Fe + Mn) and (Fe + Mn)/Ti in the Chang 7 black shale of the Ordos Basin.
CONCLUSION

1) Basement faults in the margin and interior of the Ordos Basin along with strong tectonic activities provide the precondition for the occurrence of lake-bottom hydrothermal activity during the Chang 7 sedimentary period.
2) The existence of lake-bottom hydrothermal activity during the Chang 7 period is supported by mineral petrology, isotopes, major and trace elements in the Chang 7 black shale.
3) Hydrothermal activities transported a large amount of nutrients to the lake water and then promoted the surface primary productivity, leading to the formation of anoxic bottom-water environment to a certain extent. Hydrothermal activities controlled the accumulation of organic matter in the Chang 7 shale by affecting the primary paleoproductivity and redox environments.
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