[image: image1]Geochemistry of Formation Water and Its Implications for Petroleum Source Rocks in the Fengcheng Formation, Mahu Depression, Xinjiang, China

		ORIGINAL RESEARCH
published: 02 March 2022
doi: 10.3389/feart.2021.774501


[image: image2]
Geochemistry of Formation Water and Its Implications for Petroleum Source Rocks in the Fengcheng Formation, Mahu Depression, Xinjiang, China
Jian Wang1,2,3, Lu Zhou1,3*, Jin Liu2, Xinji Zhang5, Xiaojing Luo6, Rong Zhu4, Yong Wu1,3, Zhaoyan Ren2 and Jeffrey Dick7*
1State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Southwest Petroleum University, Chengdu, China
2Research Institute of Experiment and Detection, Xinjiang Oilfield Company PetroChina, Karamay, China
3School of Geosciences and Technology, Southwest Petroleum University, Chengdu, China
4Institute of Hydrology and Water Resource Engineering, Zhejiang University, Hangzhou, China
5Exploration and Development Research Institute, Xinjiang Oilfield Company PetroChina, Karamay, China
6Fengcheng Oilfield Operation Area, Xinjiang Oilfield Company Petrochina, Karamay, China
7School of Geosciences and Info-physics, Central South University, Changsha, China
Edited by:
Jingqiang Tan, Central South University, China
Reviewed by:
Youliang Ji, China University of Petroleum, China
Wu Kongyou, China University of Petroleum, China
* Correspondence: Lu Zhou, Zhoulu9@126.com; Jeffrey Dick, jeff@chnosz.net
Specialty section: This article was submitted to Economic Geology, a section of the journal Frontiers in Earth Science
Received: 12 September 2021
Accepted: 07 December 2021
Published: 02 March 2022
Citation: Wang J, Zhou L, Liu J, Zhang X, Luo X, Zhu R, Wu Y, Ren Z and Dick J (2022) Geochemistry of Formation Water and Its Implications for Petroleum Source Rocks in the Fengcheng Formation, Mahu Depression, Xinjiang, China. Front. Earth Sci. 9:774501. doi: 10.3389/feart.2021.774501

Geochemical properties of formation water reflect the sedimentary environments and the sealing conditions of the formation, which are of great significance for oil and gas exploration. In this research, the formation waters in the deep Permian Fengcheng Formation in the Mahu Depression were studied by analysis of chemical composition, stable isotopes, and the homogenization temperatures and salinities of fluid inclusions. The results show that the formation water is NaHCO3-type with high salinity, high HCO3-, low concentrations of Ca2+ and Mg2+ and high pH. The overall sealing of the formation is well maintained. Na2SO4-type water was found in some places with poor preservation of oil and gas. The fluid geochemistry and alkaline mineral distribution in the strata, which are dominated by deep fine-grain mixed deposits, indicate that the main body of the Fengcheng Formation was deposited in an alkaline lake sedimentary environment. The isotopic signatures are characterized by high δ13C, negative δ18O, and light strontium and heavy boron isotopes in the strata near the deep fault zone, which indicate that the Fengcheng formation may have been affected by deep hydrothermal fluids. From the first member to the third member of the formation, the salinity first increases and then decreases. This low-high-low trend corresponds to the initial stage of alkaline lake development followed by strong alkali formation and a final stage of water retreat. The coincidence between the spatial distribution of alkaline minerals, high-salinity formation water and source rocks indicates that the alkaline lake environment can form high-quality source rocks with good petroleum generation capacity.
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INTRODUCTION
Formation water is a geological fluid that exchanges material and energy with surrounding rocks and preserves much information about original sedimentary water. In petroleum reservoirs, formation water coexists with oil and gas in different phases. Formation water consequently can record the processes of formation, migration, accumulation, preservation, and alteration of petroleum. In fact, the type, salinity and ionic composition of formation water have been widely used to elucidate the source of formation water, the dynamic environment of water, the strength of water-rock interaction, and in the exploration of oil and gas reservoirs (Garven, 1989; Zhang et al., 2021). In essence, the composition of formation water is the result of the alteration and mixing effect of flow processes as well as water-rock interactions that occur during sedimentation and burial (Jin et al., 2006). Previous studies on formation water in sedimentary basins have focused on the origin of formation water through flowing and mixing, the mechanism of formation water concentration and desalination, and the origin of ions in formation water in the process of water-rock interaction (Meng et al., 2018). The chemical characteristics, dynamic field characteristics, and significance to petroleum exploration have been widely documented (Si, 2019; Lou et al., 2006; Lou et al., 2005; Lou et al., 2009). In particular, formation water can provide information about the conditions of petroleum generation and preservation in alkaline sedimentary environments, such as the Mahu Depression, which is an area of intense exploration for petroleum resources.
The Mahu Depression, also known as the Mahu Sag, is located in the northwest margin of the Junggar Basin in Xinjiang, northwestern China. The depression is separated from Mount Zaire and Mount Haraalt by the Wuxia and Kebai fault zones in the west and is bounded by the Zhongguai uplift in the southwest, the Xiayan uplift, Dabasong uplift and Yingxi Depression in the southeast, and an uplift in the north (Figure 1). The deep sediments of the Permian Fengcheng Formation in the Mahu Depression are important petroleum source rocks and shale oil targets (Kuang et al., 2012; Wang M et al., 2018; Zhang Y et al., 2018). The Junggar Basin experienced six tectonic stages, i.e., Carboniferous fault-depression, Early Permian fault-depression, Middle Permian-Triassic foreland basin, Jurassic extensional fault-depression and compression-torsion basin, Cretaceous-Paleogene intracontinental depression, and Neogene-Quaternary intracontinental foreland basin. At the end of the Early Permian uplift, an unconformity developed at the top of Fengcheng Formation, and the tectonic regime changed from extension to compression (He et al., 2018).
[image: Figure 1]FIGURE 1 | Geological map of the Mahu Depression and sample locations.
The Fengcheng Formation contacts conformably or unconformably at a low angle with the Lower Jiamuhe Formation, and can be subdivided into Member I (P1f1), Member II (P1f2), and Member III (P1f3) in an ascending order. Member I (P1f1) is interbedded with gray mudstone, sandy conglomerate and sandstone, Member II (P1f2) is volcanic basalt, and Member III (P1f3) is gray sandstone, pebbly sandstone, mudstone and siltstone. At present, the influence of the sedimentary environment on the source rocks of the Fengcheng Formation is still uncertain: in particular, the evidence that the Fengcheng Formation can form high-quality source rocks in an alkaline sedimentary environment is not adequate (Yang et al., 2014; Xia et al., 2017). The lithology of the Fengcheng Formation is complex, showing mixed sedimentary characteristics, including dolomite, clastic rock and volcanic rock (Feng et al., 2011; Zhi et al., 2016). There are different concepts about the genesis of dolomite in alkaline lake sedimentation and hydrothermal activities (Zeng et al., 2002; Xian et al., 2013; Qin et al., 2016). The deep lacustrine sedimentary rocks of the Fengcheng Formation are rich in many types of evaporitic minerals, including sodium borosilicate, calcium carbonate, bischofite, rock salt, anhydrite, natural alkali and sodalite (Mello and Maxwell, 1990; Jiang et al., 2012; Wang X et al., 2018).
Whether the stratigraphic sealing of the Mahu Sag is intact and whether a considerable amount of sedimentary water is preserved in the formation are of great significance for reconstructing the sedimentary environment and for oil and gas exploration. In this paper, by collecting core and formation water samples from typical wells of the Fengcheng Formation, and analyzing the ionic and isotopic composition, fluid inclusion properties, and geochemical characteristics, the factors influencing the composition of formation water in the Mahu Sag are systematically studied. The sedimentary environments of source rocks in the Fengcheng Formation are integrated with large-scale geological characteristics.
SAMPLES
A total of 27 core samples were collected from 8 wells (i.e., Feng 15, Fengnan 1, Fengnan 5, Feng 26, Feng 8, Fengnan 7, Xia 40 and Aike 1), including members Feng 1, Feng 2 and Feng 3 (Table 1). The sample locations are mainly to the east and southeast of the town of Wuerhe (Figure 1). The carbon, oxygen, and strontium isotopes were analyzed for carbonate samples such as dolomite or argillaceous dolomite, while boron was analyzed from well-developed dolomite and layered tuff samples. The samples for fluid inclusion analysis were obtained from carbonate and evaporitic minerals, which have a linear or zonal distribution in dolomite fractures, and calcite fillings and sodium borosilicate minerals.
TABLE 1 | Carbon, oxygen, strontium, and boron isotopic compositions of samples from the Permian Fengcheng Formation in the Mahu Depression. The paleosalinity index (Z) is defined in the text.
[image: Table 1]A large number of samples of formation water of the study area were collected from different horizons, including 6915 formation water samples obtained from different depths Formation. In total, the geochemistry of 6915 formation water samples was analyzed including 1,071 samples from the Fengcheng Formation, 400 samples from other Permian formations, and 5,444 samples from formations of other geological ages (Carboniferous, Triassic, Jurassic, Cretaceous, Eocene, and Neogene). Measurements of hydraulic head are available for 626 piezometric wells in the study area (Jian et al., 2020).
METHODS
Thin sections for all samples were used for petrological identification using a Zeiss optical microscope. In order to accurately distinguish dolomite from calcite under the microscope, all thin sections were stained with alizarin red.
The most uniform part of the fresh surface of each sample was used for elemental and isotopic analyses. Fresh sample powder was obtained from an area with a diameter of about 1 cm by using micro-drilling to avoid the interference of impurities and carbonate texture differences on the subsequent analyses. The powder was then ground in an iron mortar and an agate mortar successively until the particle diameter was less than 200 mesh. The ground powder was used for elemental and stable isotope analyses.
Whole rock carbon and oxygen isotopic compositions were determined in the State Key Laboratory of Oil and Gas Resources and Exploration, China University of Petroleum (Beijing). The analysis was carried out by using the McCrea orthophosphoric acid method. The sample was reacted with anhydrous phosphoric acid in a water bath at 25°C for 24 h. Isotope abundances were analyzed on a Finnigan-MAT 252 gas isotope mass spectrometer with analysis error of ±0.1‰ and reported relative to the VPDB standard. The working standard sample for the carbon and oxygen isotopes was calcium carbonate reference material (GBW04405 from PetroChina Exploration and Development Research Institute).
Boron isotopes were measured by ICP-MS on a PGS-Ⅱc0006 mass spectrometer in the Laboratory of Chengdu Univerisity of Technology (Chengdu, China).
Homogenization and freezing point temperature measurements of fluid inclusions were carried out in Zhejiang University, Hangzhou, China. The instrument used was LINKAM THMS600 cold and hot table no. 7035. The temperature and humidity in the laboratory were 25°C and 40%, respectively, and standard method EJ/T 1105-1999 was used for determination of mineral fluid inclusion temperature.
Formation water analyses were performed in the Research Institute of Experiment and Detection, Xinjiang Oilfield Company PetroChina, according to standard SY/T 5523-2016 (oilfield water analysis method). SO42- analysis was performed with a 7230G visible light spectrophotometer from Shanghai Precision Scientific Instrument Co., Ltd., with an analysis wavelength of 420 nm and measurement accuracy of ±1 nm. CO32-, HCO3- and pH were analyzed by chemical titration using a magnetic PHS-3E pH meter with resolution of 0.01 pH unit. Ca2+ and Mg2+ were analyzed by chemical titration. The sum of Na+ and K+ was calculated by chemical charge balance.
RESULTS
Carbon and Oxygen Isotopes
The δ13C (PDB) values of carbonate in the Fengcheng Formation range from –1.5 to 5.8‰, with an average value of 3.1‰ (Table 1). Previously, it was found that the δ13C (PDB) values of Carboniferous rocks range from –17.9 to 2.3‰, with an average of –7.6‰ (Cao et al., 2007). Compared with the Carboniferous, the Fengcheng Formation is enriched in heavier carbon, indicating that it is significantly affected by deep hydrothermal fluids (Zhi et al., 2016). The carbon in the Carboniferous carbonates is isotopically lighter, reflecting a strong influence by atmospheric water (Cao et al., 2007) (Figure 2). We used formula Z = 2.048 × (δ13C + 50) + 0.498 × (δ18O+ 50) (Keith and Weber, 1964) to calculate the paleosalinity index (Z-value) for fluid inclusions in calcite veins in the Fengcheng Formation. It is generally believed that Z > 120 is characteristic of marine carbonate and Z < 120 is characteristic of freshwater carbonate (Keith and Weber, 1964). The paleosalinity indexes for the Fengcheng Formation and Carboniferous are very different (Table 1). The Z-values of the Fengcheng Formation are all greater than 120, which indicates that the carbonate cements were formed in a high salinity marine sedimentary environment and were weakly affected by atmospheric water infiltration. The paleosalinity is highest in the second member of the Fengcheng Formation. The Z-value for Carboniferous carbonates is generally less than 120, which indicates that carbonate cements were formed in a freshwater diagenetic environment.
[image: Figure 2]FIGURE 2 | Carbon and oxygen isotope relationship (A) and Z-value ∼ carbon isotopic relationship (B) for the Permian Fengcheng Formation and Carboniferous strata in the Mahu Depression. Abbreviations: P1f1, P1f2, P13—Members I, II, and III of the Fengcheng Formation; C–Carboniferous. Data for Carboniferous rocks are from Cao et al. (2007).
In general, the δ13C and δ18O values increase as salinity increases, whereas δ18O decreases with increasing temperature; in addition, during diagenesis, fresh water leaching and biodegradation can result in lower δ13C and δ18O (Liu et al., 2006). Because the carbon isotope fractionation effect is relatively insensitive to temperature, the δ13C value of carbonate cements can be used as an indicator of the source of carbon in the fluids. During diagenesis, infiltration of atmospheric water along unconformities and phreatic seepage zones dissolves the underlying carbonates or replaces the carbonates formed in the early stage. In this process, a negative value of δ18O will be observed in the carbonate cement or filling, while the δ13C values can be traced to their original carbon source. Therefore, the lower values of δ18O and δ13C of secondary carbonates than those of primary minerals indicate that atmospheric fresh water was involved in diagenesis.
The oxygen isotopes are more sensitive to alteration processes than carbon isotopes and are easily affected by both the “age effect” and “diagenesis effect”. The δ18O is also affected by temperature. With the increase of burial depth and temperature, the isotopic fractionation of oxygen is more extensive, and the δ18O of calcite cement becomes more negative. The δ18O values of the Fengcheng Formation range from -11.866 to 2.494‰ (Table 1). The low δ18O value indicates that carbonate was formed in hydrothermal conditions (Zeng et al., 2002). At the same time, isotopic exchange between diagenetic fluid and atmospheric gases or fresh water cannot be ruled out, which would result in lower δ18O values. Although older carbonates have more time to exchange with atmosphere and free water, there is no significant difference in the carbon and oxygen isotope values among the first, second and third members.
Strontium Isotopes
The two major reservoirs for strontium in rocks are crust and mantle. The strontium input from crust via continental weathering has a higher ratio of 87Sr/86Sr, with an average value of 0.7119 (Palmer and Edmond, 1989). However, mantle-derived strontium, which is mainly derived from hydrothermal fluids at mid-ocean ridges, has a lower 87Sr/86Sr, with an average value of 0.7035 (Gieskes et al., 1986; Palmer and Edmond, 1989; Liu et al., 2017). Therefore, the 87Sr/86Sr can be used to trace the characteristics of fluids.
Table 1 shows that the 87Sr/86Sr of the Fengcheng Formation ranges from 0.705833 to 0.710084, which is between the values for crust and mantle, suggesting that the fluids might be affected by a combination of mantle and crustal sources. However, most samples have values of 87Sr/86Sr close to that of the mantle, which indicates that the fluid might have a deep hydrothermal fluid origin.
Boron Geochemistry
The Fengcheng Formation was deposited in a volcanic-alkaline lake evaporitic environment. Because boron is a reactive element, which often forms volatile, fusible and soluble complexes, it can migrate and accumulate during magmatism and is related to volcanic and hydrothermal activities (Wei et al., 2021). The abundance of boron in the upper crust is very low, so it is difficult to form boron-rich minerals. In tectonically active areas, boron is easily leached by hot water and migrates. Therefore, the source of boron-rich minerals is often related to hot springs or volcanism (Chang et al., 2016). Boron isotope composition (δ11B value) is usually determined by sample extraction, boron separation and purification, and computer determination. Boron extraction, separation and purification include:1. Decomposition of solid samples: Prior to the determination of B content and δ11B value, the solid sample needs to be dissolved into liquid, and after the decomposition of the sample, boron can be separated and extracted. According to the physical and chemical characteristics of the solid sample and the components to be extracted, different dissolution methods can be used:1) Acid dissolution; 2) hot water leaching method; 3) ashing method; 4) High temperature hydrolysis; 5) high temperature alkali fusion method.2. Boron separation and purification: after the solid liquefaction treatment, the matrix is very complex, and it must be partially purified to separate boron from other elements. The common methods for separation and purification of boron include:1) methyl borate distillation; 2) Chromatographic separation; 3) gas phase separation; 4) High temperature hydrolysis technology; 5) Ion exchange method and microsublimation technology.3. Determination of boron concentration: In nature, the content of B in various plastids is usually small, so boron is an element that is difficult to be accurately analyzed. Boron samples with different substance types and occurrence environments also have different requirements for analysis and testing methods. Common trace boron analysis methods include:1) Inductively coupled plasma emission spectrometry (ICP-OES); 2) Inductively coupled plasma mass spectrometry (ICP-MS); 3) spectrophotometry; 4) fluorescence spectrophotometry; 5) Titration; 6) Isotope dilution method.
The formation water in the Fengcheng Formation is rich in boron. In the northwestern margin of the Fengcheng area, the boron content ranges from 1.73 mg/L to 1,619.12 mg/L, with an average of 662.43 mg/L. The boron content of the Wuerhe area is 2.59 mg/L to 2,330.95 mg/L, with an average of 314.31 mg/L (Zhao et al., 2020), which is much higher than other areas in the basin. The δ11B values of the Fengcheng Formation range from 0.33 to 2.13‰, with an average value of 1.08‰ (Table 1).
Boron isotope fractionation during water-rock interactions makes boron a good tracer of the hydrological cycle. In general, the δ11B value of sedimentary rocks and magmatic rocks is about –40‰ ∼ +30‰, the δ11B value of continental crust is about –10 ± 2‰, and the δ11B value of sea water is a constant +39.5‰ (Xiao et al., 2012). The δ11B value of evaporate minerals varies greatly, and for non-marine evaporates δ11B ranges from –32‰ to +8‰ (Xiao et al., 2012). This suggests that boron in the Fengcheng Formation originated from a deep hydrothermal source.
Fluid Inclusions
The inclusions were selected from calcites and searlesites. Under the microscope, the searlesite is colorless and transparent, coexisting with carbonate minerals, the interference color is gray to hoary, its particle size is 0.4–2.8 mm, and crystals are wedge-shaped or plate-like. Inclusions in searlesite occur as dispersed masses and veinlets. The fluid inclusions were mainly selected from primary inclusions in mineral growth zones and secondary inclusions in long healed cracks, that is, fluid captured during fracture healing after mineral growth. The types of inclusions included liquid-rich two-phase oil inclusions and liquid-rich two-phase saline inclusions. The homogenization temperature of saline inclusions in the growth zone was 65–114°C. In the long healed cracks, there were four oil inclusions with homogenization temperatures of 45–85°C, with an average of 60°C, while the freezing point temperatures could not be measured. The homogenization temperatures of saline inclusions in long healed cracks had a range of 110–175°C (Table 2). The homogenization temperatures of inclusions in each member of the Fengcheng Formation vary widely. The homogenization temperatures of Member I of the Fengcheng Formation are mainly from 100 to 180°C. The homogenization temperatures of Member II are in the range of 40–200°C, with two peaks at 60–100°C and 140–180°C. The homogenization temperatures of Member III are mainly at 60-100°C and 160–180°C (Figure 3). The peak homogenization temperature of inclusions decreases gradually from Member I to Member III, indicating that the fluids may be related to hydrothermal activity in the Early Permian. In a simple brine system the salinity (wt% NaCl eq) can be obtained by referring to the salinity freezing temperature conversion table in the standard method for determination of homogenization temperature and salinity of sedimentary rock inclusions (oil and gas industry standard of the people’s Republic of China SY/T 6010-94). Salinities in the saline inclusions ranged from 0 to 23.2 wt%. The freezing points of fluid inclusions in the Fengcheng Formation range from -1.1 to −19.5°C, with an average value of −11.1°C. The freezing point of inclusions in Member I is less than −8°C, and the salinity is generally less than 12%, with highest frequency at 4–6% and 8–10%. The freezing point of inclusions in Member II has a wide range, but the temperature ranges from -19.2 to −19.6°C. Most salinity values are between 22 and 24%, with secondary peaks at 6–10% and 16–18%. The freezing point and salinity of Member III are second only to Member II. The freezing point of inclusions in Member III ranges from −14.2 to −19.2°C, and the frequency of salinity values peaks at 18–20%, followed by smaller peaks at 6–8% and 22–24% (Figure 3). From the perspective of stratigraphy, salinity first increases and then decreases, showing a trend of low (Member I), high (Member II), low (Member III). A previous study also found that Member II has fluid inclusions with the highest salinity (Wang et al., 2003).
TABLE 2 | Selected data for fluid inclusion analysis of the Fengcheng Formation. The complete dataset is provided in Supplementary Table S1.
[image: Table 2][image: Figure 3]FIGURE 3 | Frequency diagrams for (A) homogenization temperature and (B) salinity of inclusions in the Fengcheng Formation.
Geochemistry of Formation Water
All the formation water samples were collected from the wellhead or production pipeline. The water types and concentrations of major cations are listed in Table 3.
TABLE 3 | Geochemistry of formation water of representative samples from wells in the Fengcheng Formation. The sodium chloride coefficient is [Na+/Cl−], the desulfurization coefficient is 100*SO42-/Cl−, and the metamorphic coefficient is [(Cl−-Na+)/Mg2+]. Data for all samples are in Supplementary Table S2.
[image: Table 3]Overall, the formation water becomes more saline in the deeper and older horizons in the northwest margin of the Junggar basin, which indicates that the preservation conditions of deep formation water are better. The formation water of the Permian rocks is mainly NaHCO3-type and CaCl2-type, and the dissolved mineral content increases with depth. CaCl2-type formation water is more common in deeper rocks, which suggests that the strata are well sealed and the formation water is continuously concentrated. This occurs because with increasing salinity, Na+ in the water gradually exchanges with Ca2+ in the surrounding rock, which increases the Ca2+ in the solution and forms CaCl2-type water. This process is called albitization. The formation water of the Fengcheng Formation is mainly NaHCO3-type with high salinity, high HCO3− concentration, low Ca2+ concentration, low Mg2+ concentration and high pH, which is similar to the chemical composition of alkaline lake brine (Table 3). The salinity of formation water in the Fengcheng Formation is significantly higher than that of other Permian formations, with an average of 56.85 g/L, and nearly half of the samples are higher than that of modern seawater (35 g/L) (Figure 4). The correlation between salinity and Cl− content of formation water in the Fengcheng Formation, especially at high salinity, is relatively poor. With increasing salinity, Cl− concentration does not strongly increase, but HCO3− concentration increases significant (Table 3; Figure 5). This shows that the high salinity of formation water in the Fengcheng Formation is the result of abnormally high HCO3− concentrations.
[image: Figure 4]FIGURE 4 | Relationship between formation water mineralization degree and depth in (A) different horizons of the northwest margin of the Junggar Basin and (B) the Permian Fengcheng Formation. Abbreviations: C–Carboniferous, P–Permian, T–Triassic, J–Jurassic, K–Cretaceous, E–Eocene, N–Neogene.
[image: Figure 5]FIGURE 5 | Variation of (A) salinity, (B) Cl−, and (C) HCO3− with depth in the Fengcheng Formation.
DISCUSSION
High HCO3− Source of the Fengcheng Formation
High-salinity NaHCO3-type formation water is relatively rare in sedimentary basins. Some typical high-salinity NaHCO3-type formation waters occur in the Huanghua Depression and Dongying Depression, and they are believed to be related to CO2 from a mantle source or natural gas that migrated along large deep basement faults (Zhang Z et al., 2018). There are two deep source types for CO2, i.e., mantle-magmatic origin and metamorphic origin (Zhao L et al., 2017). The high concentration of CO2 in the deep layer results in increased concentrations of HCO3− and CO32- in the water. Subsequently, some of the CO32- combines with Ca2+ and Mg2+ in the water to precipitate CaCO3 and CaMg(CO3)2, which greatly reduces the concentration of Ca2+ and Mg2+ content in water and makes the Na+ and K+ content dominant. The concentration of HCO3− in the study area is highest near the fault zone. The characteristics of carbon and oxygen isotopes and strontium isotopes of fluid inclusions indicate that the fluids near the fault zone have deep hydrothermal sources, and that volcanism contributes significantly to the source of CO2. In addition, the boron concentration is abnormally high in the deep Permian and Carboniferous strata with high salinity. These sites are mainly distributed in the Wuerhe-Fengcheng area, so we speculate that these strata were affected by deep faults.
Another source of CO2 is petroleum generation. In the Cenozoic strata in the Bohai Sea Area, large-scale petroleum generation and expulsion caused CO2 gas to dissolve in water, which increases the concentration of HCO3− in aqueous solution and produces NaHCO3-type water with high salinity (Zhao Z et al., 2017). Consequently, it is possible that in the process of migration and accumulation of light oil and gas generated by high and overmature petroleum source rocks in the northwest margin of the Junggar basin, the associated CO2 entered into the formation water, and under certain conditions, high salinity NaHCO3 formation water was formed. However, for reservoirs with high salinity NaHCO3 formation water as bottom water, the density of crude oil is usually light (Chen et al., 2000). The petroleum-generating source rocks in the Fengcheng Formation in the Mahu Sag have mature organic matter, and a large amount of petroleum was generated and discharged, which may be another main reason for the high HCO3− content in the formation water.
Sealing of Deep Strata in the Fengcheng Formation
Previous studies have shown that, in general, reservoirs with greater degree of sealing have higher total salinity, Cl− content and K+ + Na+ content, and lower HCO3− content (Zhao et al., 2020). The sealing effect is judged to be better when the sodium chloride coefficient is less than 0.85, the desulfurization coefficient is closer to 0, and the metamorphic coefficient [(Cl-Na)/Mg] is large and positive. The data for these coefficients (Table 3) indicate that the sealing of the Fengcheng Formation in wells Baiquan 1, Fengnan 8, and Fengcheng 1 is relatively good.
The Permian strata in Junggar basin are very deeply buried (generally between 3,000 and 5,000 m), the formation is relatively closed, and the formation water salinity is high. The average formation water salinity of the Permian Fengcheng Formation in the Mahu area exceeds 50 g/L, and the formation water salinity is highest at depths of 4,424–4,437 m in well Mahu 16, with an average value of 241.87 g/L in this interval. In some areas, due to seepage of fresh water along the fault, formation water becomes less saline and changes to Na2SO4- type. The decrease of salinity and changes of water type in this area suggest that the preservation conditions of oil and gas have worsened, which could mean that the oil has been thickened. For example, in wells Ke 78 and Ke 79, the salinity of the Permian Fengcheng Formation water is 6.58 g/L (3,347–3,355 m) and 4.94 g/L (3,423–3,436 m), and the crude oil density is 0.9495 g/cm3 and 0.9362 g/cm3, respectively. Relatively shallow wells near the margin of basin are affected by meteoric water, and the conditions for oil and gas preservation are poor. For example, in well Baiwu 28 (1,410–1,448 m), the formation water salinity is only 5.90 g/L and the crude oil density is 0.9019 g/cm3. The mineralization of the high part of the structure is affected by the infiltration of atmospheric water, and the influence of meteoric water weakens at greater depths. The infiltration of atmospheric water leads to desalination of formation water, lower dissolved mineral content, oxidation and biodegradation of crude oil, and thickening of oil, which is not conducive to the accumulation and preservation of oil and gas. Heavy oil in the northwest margin of Junggar basin is mostly distributed at depths of less than 1,000 m (Figure 6), which is basically consistent with the distribution of formation water with low salinity and low chloride concentration.
[image: Figure 6]FIGURE 6 | Maps of dissolved mineral content. (A) Total dissolved minerals in the Permian system and (B) HCO3−concentration and (C) total dissolved minerals of the Fengcheng Formation in the northwestern margin of Junggar Basin.
On the map view, high salinity NaHCO3 water is dominant in the Baikouquan-Wuerhe-Fengcheng area around the Mahu Sag. The dissolved mineral content of formation water in these areas reaches 200 g/L and higher, and is mainly concentrated in the Fengcheng Formation (Figure 6). Due to the infiltration of meteoric water at the margin of the basin, the formation water types are mostly NaHCO3 or Na2SO4 with low salinity, whereas the other areas are mostly CaCl2 water, indicating that the overall condition of oil and gas preservation is good (Figure 5).
The overall hydrodynamic state of the Permian is overpressure. The hydraulic head gradually decreases from the Mahu Sag to the northwest margin. The hydraulic head gradient near Wuerhe in the north section is relatively high, and the hydrodynamic effect is relatively strong, which is not conducive to petroleum accumulation and preservation. The Baikouquan, Karamay and Che Guai areas are low pressure potential areas, and the gradient of hydraulic head becomes more gradual, which is favorable for oil and gas accumulation (Jian et al., 2020).
Sedimentary Environment and Significance of the Fengcheng Formation
The carbon, oxygen, strontium, and boron isotopes show that the Fengcheng Formation in the Mahu Depression may be affected by deep hydrothermal fluids. Previous studies suggested that the Fengcheng Formation was deposited in an alkaline lake characterized by a closed environment, dry climate, and intense evaporation (Zhang Y et al., 2018; Zhao et al., 2020). Both volcanism and petroleum generation and expulsion from source rocks can provide abundant CO2, which dissolves in the water and results in a high concentration of HCO3− and high pH and alkalinity. The areas of high salinity and HCO3− in formation water in the Fengcheng Formation are mainly in the southwestern slope area (Figure 6). Fluid inclusion salinity data also show that high salinities occur in wells Fengnan 7, Feng 26, Feng 5, and Aike1, and the distribution is generally consistent with the high salinity area. In addition, alkaline minerals in these areas are also prevalent. Therefore, the highest alkalinity in the study area appears to occur in the southwest slope of the Mahu Depression.
The evolution of alkaline lakes frequently includes a complete sequence: alkali-preparation, primary alkali, strong alkali formation, weak alkali formation and termination phase, and this evolutionary sequence is well recorded in the Fengcheng Formation (Zhang Z et al., 2018). The different geochemical characteristics of formation water in each member of the Fengcheng Formation can reflect its evolutionary stages. Data from the chemical analysis of formation water and fluid inclusion analysis show that the salinity is low in Member I, gradually increases in Member II, then decreases in Member III. Together with salinity, the Cl− concentration increases in Member II, and the HCO3− concentration is highest in Member III (Figure 5).
The mineralogy of the Fengcheng Formation also provides clues about the depositional environment. By using microscopic observation, we found abundant reedmergnerite (NaBSi3O8) and shortite (Na2Ca2(CO3)3), especially in Member II of the Fengcheng Formation. In recent years, some studies (Jagniecki et al., 2013; Guo et al., 2021) have suggested that the temperature of formation of shortite is greater than 52 ± 2°C, which cannot occur in a subaerial alkaline evaporative lake environment. Most of the shortite in the study area occurs in reticular veins. There are two possible scenarios for the formation of shortite: 1) the hydrothermal fluid from the deep crust mixes with the formation water enriched in CO32- and Ca2+, resulting in the precipitation of gaylussite in the fracture, which gradually dehydrates to form shortite as temperature and pressure increase along with burial; 2) a pulse of hydrothermal fluid releases pressure along a fault under intense tectonic and volcanic action, which makes the recently consolidated fine sediment rapidly burst into fragments. The mixing of the deep hydrothermal fluid and lake water at the bottom of the lake leads to changes in pressure and concentration. The first mineral to precipitate in the fissure network is gaylussite, and then the increase of formation temperature and pressure in the later deep burial process leads to the formation of shortite. This indicates that the occurrence in the study area of the hydrothermal sedimentary minerals reedmergnerite and shortite may be related to magmatic activity. This scenario is further supported by the location of reedmergnerite and shortite mostly in wells near faults and the occurrence of volcanic rocks in these drill cores (Figure 7).
[image: Figure 7]FIGURE 7 | Alkaline minerals of the Permian Fengcheng Formation, Mahu Depression. (A) Fengnan 1, P1f2, 4,192.65 m, cross-polarized light x10; (B) Fengnan7, P1f2, 4,595.3 m, plane-polarized light x5; (C) Feng 8, P1f2, 3,091.78 m, plane-polarized light x10; (D) Feng 8, P1f2, 3,091.78 m, cross-polarized light x10; (E) Fengnan 7, P1f2, 4,595.3 m, plane-polarized light x5; (F) Fengnan, P1f2, 4,595.3 m, cross-polarized light x5; (G) Aike1, P1f1, 5,666.4 m, plane-polarized light x5; (H) Aike 1, P1f1, 5,666.4 m, cross-polarized light x5; (I) Fengcheng 1, P1f1, 4,273.75 m, cross-polarized light. (Re: Reedmergnerite, No: Northupite, Se: Searlesite, Sh: Shortite, We: Wegscheiderite).
The alkaline minerals of the Fengcheng Formation mainly occur in the east and southeast of the Wuerhe area in the Mahu Depression. The highest concentrations of alkaline minerals are in Member II of the Fengcheng Formation. It can be inferred that Member I represents the initial stage of alkaline lake formation, corresponding to a high lake level and relatively low salinity. Member II represents the strong alkali forming stage, corresponding to falling lake levels. During this stage, the lake level dropped, salinity increased, and alkaline minerals were precipitated. Member III represents the expansion of the alkaline lake, corresponding to the early stage of lacustrine transgression, and both the salinity and the concentration of alkaline minerals decreased gradually. Therefore, Member II was deposited in the most alkaline stage of the lake’s evolution.
In map view, the area of greatest alkaline mineral deposition coincides with the area of highest formation water salinity, indicating that the alkaline lake was formed in a semi closed basin (Zhang Z et al., 2018). The distribution of alkaline lake source rocks in the Fengcheng Formation in the Mahu Sag is uniform, and the cumulative thickness is more than 200 m, which indicates a good potential for petroleum generation. The addition of exhalative hydrothermal solution and volcanic materials in the lake basin likely promoted the periodic growth of bacteria and algae. Petrographic examination performed in another study shows that laminate structures formed by microorganisms and layered algae are interbedded in striate form with inorganic minerals in the source rocks of Fengcheng Formation (Cao et al., 2019).
The alkaline lake source rocks have typical characteristics of high-quality source rocks. The Fengcheng Formation has high content of organic matter that is mainly Type Ⅰ-Ⅱ1 and sapropel type (Figure 8C). This type of organic matter is oil-generative, which is consistent with the greater quantity of oil than gas found in the study area. Organic geochemical analysis of Fengcheng Formation source rocks shows that the total organic carbon content is good to excellent (Figure 8A, Figure 8B), which, when combined with the oil-generative organic matter type, indicates a good oil generation potential. This is consistent with the discovery of large oil and gas reservoirs in the study area. Most of the analyzed samples have low maturity (Figure 8D), but the maturity of source rocks in the sag is relatively high. In general, the Fengcheng Formation source rocks have high total organic carbon concentrations, are mainly oil-generative, and within the sag area they are mature to highly mature. These properties indicate good petroleum generation potential and the potential for the formation of large oil and gas fields (Cao et al., 2015).
[image: Figure 8]FIGURE 8 | Organic geochemical profiles of source rocks in the Fengcheng Formation in the Mahu Sag (Cao et al., 2015. (A) TOC-depth profile of source rock of the Fengcheng Formation. (B) PG-depth profile of source rock of the Fengcheng Formation. (C) HI-depth profile of source rock of the Fengcheng Formation. (D) Tmax-depth profile of source rock of the Fengcheng Formation. (E) SI-depth profile of source rock of the Fengcheng Formation).
Hydrothermal activities increase the maturity of kerogen and result in an abnormal petroleum generation evolution curve and lengthening of the oil generation window. Early alkaline minerals promote the condensation dehydrogenation of kerogen and increase the yield of liquid petroleum (Wang et al., 2015). Alkaline minerals are lipophilic (Hu et al., 2015), and a large amount of crude oil accumulates to form overpressure, which can delay petroleum generation. In fact, due to the protection and inhibition of organic matter by environmental factors, the measured organic geochemical parameters of alkaline lacustrine source rocks are lower, so the actual petroleum generation potential of the Fengcheng Formation may be far better than that seen from geochemical indicators. This may also be the reason why the exploration results of Fengcheng Formation petroleum system are much better than the results of resource evaluation based on the indicators of source rocks.
CONCLUSION

(1) The Fengcheng formation is characterized by NaHCO3-type formation water with high salinity, high HCO3− concentration, low Ca2+ concentration, low Mg2+ concentration and high pH, indicating that the formation sealing is good. In the shallow wells near the edge of the basin in which meteoric water has infiltrated along the fault, the amount of dissolved minerals decreases and Na2SO4-type water evolves, so the oil and gas preservation conditions are relatively poor.
(2) The fluid geochemistry and distribution of alkaline minerals in the strata dominated by deep fine-grained mixed sediments, which indicates that the Fengcheng Formation was deposited in an alkaline lake environment. The isotopic compositions of carbon, oxygen, strontium and boron all indicate that the deposition of the Fengcheng Formation in the Mahu Sag may be affected by deep hydrothermal activity. The paleosalinity is low in Member I, high in Member II, and low in Member III, corresponding to the stages of initial alkaline lake development, high alkaline mineral concentrations, and decreasing alkalinity.
(3) The spatial coincidence of alkaline minerals, high salinity of formation water and source rocks indicates that the alkaline lake environment can form high-quality source rocks with good petroleum generation potential.
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mg/L

20573
26107
26264
2,140
7496
5708
13611
13,208
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11872
36,047
17253

381936
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219123
8206
67427
110871
269354
255967
118218
12255
146.44
130583
61276
1,164.48
151647
1885.52
43934
84355
585
25274
84147
184.28
42714

cr/
mg/L

62172
22,059
o111
118755
13,493
5676
24,795
24790
0,405
33543
20052
28520
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48216.08
3520781
3527574
30399.88
30674.47
2334999
2250894
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10413.79
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mg/L
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39675

109807

1545.08

1007.52
86333

1952.98
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Mg

0
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3

o

0
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5711.40
198224
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1,418.23
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3,608.99
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212238
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Mg*
Mg/
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0
0
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000
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000
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000
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K'sNa®
g

70,154
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85801
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12885
9025

25051
25110
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20316
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24628.40
21127.34
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784852
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Sodium
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101
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060
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056
080
o2
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1.06
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-008
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-005
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007
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4,266.14
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044
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4.266.14
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26684
90.17

36678

11925
25445
9104

21934
151.48
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185.42
S

Total
dissolved
solids/
mg/L

200110
17618
20129
2ua251
7%
21910
71508
71599
o238
81490
196806
188640

161493.06
8515077
50797.07
58505.66
52152.83
5187422
4191687
a1847.07
41767.89
33432.00
3117051
26907.99
26503.19
24007.47
22140.16
20621.09
19547.08
18692.10
13978
1013720
950318
892530
501174
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Well Member Depth/ Mineral Mineral Inclusion Size/ Homogenization Freezing

m type texture type um temperature/'C temperature/
‘c
Fengcheng1 Py 3,970.50 caldite growth zone A 13 65 -40
Fengcheng Pify 4,208.26 searlesite growth zone A 4 10 -6.2
Fengcheng1 Py, 3,805.52 searlesite growth zone A 12 14 -192
Fengcheng Pify 3,743.60 searlesite long healed A i 110 -16.8
orack
Fengcheng1 Pyfy 4,208.35 caldite long healed A 6 170 -36
orack
Fengcheng1 Pify 4,208.35 searlesite growth zone A 6 100 -149
Fengnan2 Pifs 4,226.62 searlesite growth zone A 7 106 -192
Fengnan2 Pify 4,226.62 searlesite long healed 8 6 52 -
crack
Fengnan2 Pify 4,226.62 caldite long healed A 6 168 -48
crack
Fengnan5 Pif 4,130.20 searlesite growth zone A 8 106 =191
Fengnan5 Pif, 4,130.20 searlesite growth zone A 12 100 -16.6
Fengnan5 Pif 4,130.20 searlesite growth zone A 10 100 -16.8

Note: A is liquid-rich gas-liquid two-phase saline inclusions, B is liquid-rich two-phase oil inclusions.
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