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The chemical and isotopic compositions of the natural gas and the co-produced flowback water from the XJC 1 well in Junggar Basin, China, were analyzed to determine the origin of gases in the Permian Lucaogou Formation (P2l) and the Triassic Karamay Formation (T2k) in the Bogda Mountain periphery area of the Southern Junggar Basin. The value of carbon isotope composition of the P2l lacustrine shale gas in the Junggar Basin was between the shale gas in Chang 7 Formation of Triassic (T1y7) in the Ordos Basin and that in the Xu 5 Formation of Triassic (T3x5) in the Sichuan Basin. The difference in gas carbon isotope is primarily because the parent materials were different. A comparison between compositions in the flowback water reveals that the P2l water is of NaHCO3 type while the T2k water is of NaCl type, and the salinity of the latter is higher than the former, indicating a connection between P2l source rock and the T2k reservoir. In combination with the structural setting in the study area, the gas filling mode was proposed as follows: the gas generated from the lacustrine source rocks of the Permian Lucaogou Formation is stored in nearby lithological reservoirs from the Permian. Petroleum was also transported along the faults to the shallow layer of the Karamay Formation over long distances before it entered the Triassic reservoir.
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INTRODUCTION
Shale gas is a growing part of global unconventional energy, and the development of hydraulic fracturing technologies has paved the way for increasing gas production. China possesses the largest shale gas reserves worldwide, with a geological resource volume of 80.45 trillion m3. In 2019, China’s annual shale gas production reached 15.4 billion cubic meters, the second-highest in the world. However, many environmental concerns are associated with hydraulic fracturing for shale gas. Two major geochemical fields related to shale gas are currently focused on: 1) the composition and isotopes of shale gases and the related issues such as the gas origin and generating mechanism (Jenden et al., 1993; Hill et al., 2007; Martini et al., 2008; Burruss and Laughrey, 2010; Strąpoć et al., 2010; Hunt et al., 2012; Zumberge et al., 2012; Hao and Zou, 2013; Tilley and Muehlenbachs, 2013; Dai et al., 2014; Feng et al., 2016); and 2) the geochemistry of water coproduced with the shale gas and related environmental issues (Chapman et al., 2012; Warner et al., 2013, 2014; Vengosh et al., 2014; Vengosh et al., 2017; Lauer et al., 2016; Zheng et al., 2017; Ni et al., 2018; Zou et al., 2018; Liu et al., 2020).
Most global gas resources are located in marine shale. As a result, marine shale gas geochemistry has been extensively studied in the United States, Canada (Jenden et al., 1993; Hill et al., 2007; Martini et al., 2008; Burruss and Laughrey, 2010; Strąpoć et al., 2010; Hunt et al., 2012; Zumberge et al., 2012; Tilley and Muehlenbachs, 2013), and the Sichuan Basin of China (Hao and Zou, 2013; Dai et al., 2014; Feng et al., 2016). Moreover, the majority of studies on water geochemistry and the environmental issues related to shale gas exploration are about marine shale (Chapman et al., 2012; Vengosh et al., 2014, 2017; Warner et al., 2014; Ni et al., 2018; Zou et al., 2018; Liu et al., 2020). Few studies have been conducted on the geochemical characteristics of terrestrial shale gas (Dai et al., 2016) and the impact of hydraulic fracturing in terrestrial shale (Zheng et al., 2017).
From the Precambrian to the Neogene, abundant organic-rich shale strata developed in China. The shale formed in three major sedimentary environments, namely marine facies, marine-terrestrial transitional-lacustrine coal facies, and lacustrine facies. The recoverable shale gas generated from continental shale (marine-terrestrial transitional shale and lacustrine shale) reached 4.03 trillion m3, accounting for 31% of the recoverable shale gas resources in China. The gas geochemistry of the continental shale differs from that of marine shale, and the water chemistry and water-rock reaction process of the two kinds of shale are also quite different. The origin of shale gas and wastewater treatment plans both require further studies.
In 2019, the completion of Well XJC 1 in the Bogda Piedmont of Junggar Basin marked a significant breakthrough (Figure 1), with the daily gas production of 1.8 × 104 m3 and daily oil production of 0.41 t in the Permian Lucaogou Formation. Later, in the same well, gas was detected in the overlying Triassic Karamay Formation. This is the first time that the industrial gas flow of Lucaogou Formation and the Karamay Formation on the southern margin of the Junggar Basin have been obtained, and the result highlights the shale gas exploration potential in the Bogda piedmont of the Junggar Basin. The Lucaogou shale is of lacustrine facies and the continental shale is widely distributed in Western China.
[image: Figure 1]FIGURE 1 | Distribution of source rocks of Lucaogou Formation in the periphery of Bogda Mountain.
In this work, the composition and isotope of gas in the Lucaogou Formation of Permian (P2l) was analyzed for well XJC 1. The source rock of the Lucaogou Formation in the periphery of Bogda Mountain was evaluated to establish future areas for shale gas exploration in the study area. The geochemical data of marine shale gas in the Longmaxi Formation and swamp shale gas in the Xu 5 Formation (both situated in the Sichuan Basin), and lake shale gas in the Chang 7 Formation (situated in the Ordos Basin) were obtained from the literature (Dai et al., 2016) to compare with the Lucaogou shale gas. The gas in the Karamay Formation of Triassic (T2k) could not be obtained; thus, the flowback water from the T2k reservoir and P2l shale was compared, in combination with the geological setting, to study the T2k and P2l gas origin and the gas filling mode. Additionally, the flowback fluid of unconventional shale reservoirs in the Lucaogou Formation and that of conventional reservoirs in the Karamay Formation were compared to analyze the unconventional flowback water and establish water environmental protection measures that should be implemented during shale gas exploration and development in the area.
GEOLOGICAL CHARACTERISTICS OF THE STUDY AREA
Regional Setting
The Bogda Mountain periphery includes two secondary structural units, the Fukang Fault Zone on the northern margin and the Chaiwopu Sag on the southern margin, located in the eastern part of the southern Junggar thrust belt in the Junggar Basin (Figure 1). The Fukang Fault Zone and the Chaiwopu Sag are divided by the uplift of the Bogda Mountains, structural evolution, and hydrocarbon generation. The accumulation area is structurally too complex for oil and gas exploration in northern Xinjiang. Well XJC 1 is located in the Fukang Fault Zone. This area has complex structural deformations, highly developed faults, and diverse trap types. Insufficient research on the source rocks of the Permian Lucaogou Formation limits the evaluation of the oil and gas resource potential for this formation.
Structural Characteristics
The tectonic evolution of the Bogda Mountain periphery is divided into five stages: 1) Early Permian-Middle Permian when the basin was in the extensional rift stage. The whole area experienced the tectonic setting of crustal extension, and the basin was typically a rift or fault basin. 2) Late Permian-Triassic, the compression and flexure stage. In the Late Permian period, the basin entered the intra-continental evolution stage, the entire Triassic sedimentary depression continued to expand, and the continental deposits developed further in the southern Junggar. During this stage, the sedimentary depression was primarily braided river delta facies and semi-deep lake facies. 3) The Jurassic extension stage, when the early Yanshan movement caused substantial uplift and denudation of a wide range of the Jurassic deposits. These coal-measure strata evolved into the current scattered deposits in the Bogda Mountains and Tianshan Mountains. 4) The foreland stage of the Cretaceous depression. During the Cretaceous sedimentation period, the southern Junggar Basin was generally uplifted in a state of denudation. The basin was in the early Cretaceous compression depression with depositing filling after the late Jurassic denudation. The Late Cretaceous deposit was generally absent in the southern Junggar thrust belt. 5) During the Cenozoic compression foreland stage, the tectonic load generated by the thrust of the orogenic belt into the basin caused the crust of the orogenic belt to sink rapidly, forming the current structure of the basin (Figure 2A).
[image: Figure 2]FIGURE 2 | (A) The tectonic evolution of the periphery of the Bogda Mountain; (B) Chronostratigraphy of southern Junggar Basin.
Stratigraphic Characteristics
From bottom to top, the lower Permian includes the Shirenzigou Formation (P1l) and the Tashikula Formation (P1t), the Middle Permian includes the Wulabo (P2w), the Jingjingzigou (P2j), and the Lucaogou (P2l) Formation. The upper Permian is composed of the Hongyanchi (P3h) and Wutonggou (P3w) Formation. This study focused on the Permian Lucaogou Formation, which is composed of upward blackening mudstone interbedded with gray argillaceous sandstone in the lower section. The upper section of the Lucaogou Formation is dominated by fine-grained sediments, primarily dark gray sandy mudstone, mudstone, gray-black mudstone, and silty mudstone (Figure 2B). The Triassic is divided into the Lower Triassic Jiucaiyuan (T1l), the middle Triassic Karamay Formation (T2k), and Upper Triassic Huangshanjie Formation (T3h) from bottom to top. The lithology of the Karamay Formation is mainly gray, gray-green, yellow sandstone, compound sandstone, lithic sandstone, mixed with mudstone and conglomerate (Figure 2B).
SAMPLE COLLECTION
Three shale gas samples were collected from well XJC 1 in the Lucaogou Formation. The natural gas composition and carbon isotope characteristics were analyzed at the Xinjiang Oilfield Research Institute. Moreover, geochemical data of marine shale gas in the Longmaxi Formation and swamp shale gas in the Xu 5 Formation (both situated in the Sichuan Basin), and lake shale gas in the Chang 7 Formation (situated in the Ordos Basin) were obtained from the literature for comparison. Flowback water was collected from the well XJC 1 in the Karamay Formation from the first day after hydraulic fracturing. A total of 34 samples were collected during a 66–days period after the hydraulic fracturing of well XJC 1. The fracturing fluid for the Karamay Formation was also collected. The flowback fluid samples from the Lucaogou Formation in well XJC 1 were collected from day 14 to day 20 after fracturing, and a total of five samples were collected. Major element, trace element, and cation analyses of the water samples was conducted at the Beijing Institute of Geology of Nuclear Industry.
EVALUATION OF LUCAOGOU SHALE
Geological Characteristics of Shale in the Lucaogou Formation
According to the comparison results of the drilling strata in the XJC 1, ZY 4, BC 1, MC 2, and CS 1 wells, the Permian source rock of the Lucaogou Formation is a set of deep lake-semi-deep lake deposits on the periphery of the Bogda Mountain (Fukang Fault Zone and Chaiwopu Sag, Figure 1). The deposition center is situated close to Bogda Mountain. The lithology is mainly organic-rich black-gray-black shale and mudstone, with silty mudstone and dolomite mudstone, representing a thick set of high-quality lacustrine argillaceous source rocks.
Distribution of Lucaogou Shale
The source rocks of the Lucaogou Formation are distributed throughout the region in the Fukang Fault Zone at the northern foot of the Bogda Mountain, with a thickness of approximately 260–50 m (Figure 1). The thicknesses of the Lucaogou Formation’s source rocks determined from the XJC 1, BC 1, and ZY 4 wells were 410 m, 330 m, and 270 m, respectively (Figure 1). In the Chaiwopu Sag at the southern foot of the Bogda Mountain, five wells, including Xiao1, Da1, and CS 1, revealed varying thicknesses of the Lucaogou Formation (Figure 1). Using well Xiao 1 as a representative, the source rock thickness of the Lucaogou Formation revealed is 284 m. From a horizontal perspective, the thickness of the Lucaogou Formation’s source rock in the Dahuangshan Piedmont is approximately 376 m and shows a trend of gradually increasing thickness from west to east.
Shale Geochemical Characteristics
The source rock of the Lucaogou Formation is rich in organic matter. Four wells were drilled in the source rock in the Fukang Fault Zone at the northern foot of the Bogda Mountain, namely XJC 1, BC 1, ZY 2, and ZY 4. The total organic carbon (TOC) contour map was drawn based on the TOC data of these wells (Figure 3). The average TOC content of the 161 source rock samples from well XJC 1 was 1.03%, and the highest TOC value was 5.45%. (Figure 4A). The average content of chloroform bitumen "A" of the 66 samples was 0.05%, and the highest was 0.16% (Figure 4B).
[image: Figure 3]FIGURE 3 | Contour map of organic carbon content in the source rocks of Lucaogou Formation.
[image: Figure 4]FIGURE 4 | (A) TOC content frequency distribution and (B) chloroform bitumen “A”(%) content frequency distribution of source rock of Lucaogou Formation in Well XJC one.
Moreover, microscopic kerogen analysis of the Lucaogou Formation indicated that algae and amorphous bodies account for 60–83% of the kerogen composition, with trace concentrations of vitrinite and inertite. Most of the source rocks belong to type I-II1 kerogen, and their primary parent material was sourced from lower aquatic organisms dominated by algae (Figure 5).
[image: Figure 5]FIGURE 5 | Distribution of kerogen microscopic composition in XJC 1 well.
The organic matter maturity of the shale in the Lucaogou Formation around the Bogda Mountain varies. The Lucaogou Formation in Quanzijie, where well XJC 1 is located, is deeply buried and has a high degree of thermal maturity. Light oil and wet gas are mainly produced in this region. The outcrop areas of the Dahuangshan and Fukang faults are shallow-buried and the thermal maturity degree is low. Moreover, significant quantities of oil shale occur in this region. The Chaiwopu and Jimsar sags display a moderate degree of thermal maturity and generate significant oil quantities (Figure 6).
[image: Figure 6]FIGURE 6 | Ro contour map of source rock of Lucaogou Formation.
The source rock maturity of the Lucaogou Formation encountered in well XJC 1 was generally high. The vitrinite reflectance (Ro) of 13 samples collected from this well ranged from 1.31 to 1.83, with an average of 1.71. Moreover, 12 of the samples exhibited Ro greater than 1.5, indicating that these rocks have entered a high-maturity stage (Figures 6, 7). Therefore, the production of gas instead of oil from well XJC 1 was attributed to the high maturity of the source rocks.
[image: Figure 7]FIGURE 7 | Histogram of Ro distribution of source rock in XJC 1 Well.
ORIGIN AND FILLING MODE OF THE GASES
In this study, we used analysis data from lacustrine Lucaogou Formation shale gas in the Junggar Basin and data from several marine and terrestrial shale gas samples obtained from the literature (Dai et al., 2016; Feng et al., 2016), namely the continental Chang 7 shale gas in the southeastern Ordos Basin, marine Wufeng-Longmaxi shale gas in the southern Sichuan Basin, and swamp Xu 5 shale gas in the Xinchang gas field, to compare the alkane gas components and carbon isotopes in the lacustrine shale gas of the Lucaogou Formation with other marine and terrestrial shale gas samples, and to discuss the origin of the Lucaogou shale gas. Furthermore, we compared the flowback water of the Karamay Formation and the Lucaogou Formation to ascertain the origin and migration pathway of the gases. In combination with the geological setting, the filling mode of Permian and Triassic gas in the periphery of Bogda Mountain of the Junggar Basin was then proposed.
Origin of the Lucaogou Gas
Alkane Gas Composition
The methane, ethane, propane, and butane contents in the shale gas of well XJC 1 ranged from 72.32 to 77.12%, 7.92–8.92%, 2.01–2.21%, and 1.90–2.03%, with average contents of 74.14%, 8.49%, 2.13%, and 1.96%, respectively. Therefore, shale gas from the Lucaogou Formation is characterized by a high content of heavy hydrocarbon gas and is classified as wet gas, similar to that of the mature Ordos Chang 7 shale and the Barnett shale, one of the largest onshore natural gas fields in the United States (Figure 8).
[image: Figure 8]FIGURE 8 | Triangular diagram of CH4-C2H6-C3H8 components of major shale gas in China and the United States (modified after Dai et al., 2016).
The sequence of heavy hydrocarbon gas (C2-5) content in shales from the study area is as follows: Lucaogou shale in the Junggar Basin > gas in the Lower Triassic Chang 7 (T1y7) shale of the Ordos Basin > gas in the Upper Triassic Xu 5 (T3x5) Shale of the Sichuan Basin. Moreover, the maturity of the Lucaogou Formation shale exceeded that of the other two sets of continental shale, indicating that the Lucaogou shale gas should be drier. Therefore, the variation in the alkane gas composition of these shale gases is predominately affected by the parent source rock and not the maturity of the shale rock. Although the source rocks for the Lucaogou and Chang 7 gases are both sapropel shale rocks, the Lucaogou shale contains more saprolite components that are prone to generate heavy hydrocarbons. Conversely, the Chang 7 shale gas, which is derived from humic parent material, is wetter than the Xu 5 shale gas, which is sourced from a sapropel parent material.
As can be seen from Figure 8, the marine Wufeng-Longmaxi shale gas has a high methane content, with an average of 98.00%, and a low heavy hydrocarbon gas content, while the continental Lucaogou, Chang 7, and Xu 5 shale gas all have low methane contents and high heavy hydrocarbon gas contents. These variations primarily arise from differences in the source rock maturity.
Carbon Isotopic Composition of Alkane Gas
The δ13C1 and δ13C2 compositions of the Lucaogou Formation gas ranged from −41.0‰ to −41.9‰ and 30.7‰ to −31.3‰, with averages of −41.5‰ and −31.1‰, respectively. The δ13C3 content ranged from −28.1‰ to −29.0‰, with an average of −28.6‰, and a δ13C4 range of −29.4‰ to −29.5‰ was recorded, with an average of −29.4‰.
Compared to the other continental shale gas samples, the carbon isotope values of shale gas in the Lucaogou Formation was higher than those of the Chang 7 shale gas, with δ13C1, δ13C2, δ13C3, and δ13C4 averages of −48.7‰, −36.4‰, −31.3‰, and −31.6‰, respectively. Moreover, the carbon isotope values of shale gas in the Lucaogou Formation were lower than those of the Xu 5 (T3x5) shale gas, which recorded δ13C1, δ13C2, δ13C3, and δ13C4 averages of −36.2‰, −25.1‰, −22.9‰, and −22.4‰. A maturity comparison of the three sets of shale revealed that the thermal maturity of the Lucaogou Formation shale exceeded that of the Chang 7 and Xu 5 shales. The higher the maturity, the heavier the carbon isotope composition of the alkane gas. The Luchaogou and Chang 7 shales have a similar parent material type. Therefore, the heavier alkane gas isotopes of the Lucaogou Formation gases are predominately caused by source rock maturity. The Xu 5 shale gas is derived from coal source rocks dominated by swamp facies in the Xujiahe Formation (Dai et al., 2014). The carbon isotopes of methane and the homologs produced by humic source rocks are heavier than those produced by saprophytic source rocks of similar maturity (Stahl and Carey, 1975; Dai and Qi, 1989). Zheng and Chen (2000) pointed out that the δ13C1 value of methane formed by marine sapropelic source rock is approximately 14‰ lower than that of terrestrial humic source rocks at the same maturity. Therefore, differences between the carbon isotope composition of alkane gas from the Lucaogou and Xu 5 shales can be attributed to different source rocks.
Figure 9 indicates that the continental shale gas from the Lucaogou, Chang 7, and Xu 5 formations displayed a predominately positive carbon isotope series (δ13C1＜δ13C2＜δ13C3＜δ13C4). Conversely, the Wufeng-Longmaxi Formation shale gas samples recorded a negative carbon isotope series (δ13C1>δ13C2>δ13C3>δ13C4). The variations in the carbon isotope composition between the continental shale formations and the marine shale formation were attributed to varying degrees of shale maturity. The continental shale gases are in the mature to the high-mature stage, while the Wufeng-Longmaxi Formation marine shale is in the over-mature stage when carbon isotope reversal occurs.
[image: Figure 9]FIGURE 9 | Comparison of carbon isotope series types of alkanes in Chang 7, Xu 5 (A) and Wufeng-Longmaxi Formation (B) (modified after Dai et al., 2016).
Overall, the geochemical analysis of well XJC 1 indicated that the gas was generated from the mature lacustrine source rock. The anomalous gas production of this well compared to other wells in the vicinity could be attributed to the high maturity of the source rocks. Therefore, future shale gas exploration of the Lucaogou Formation should focus on superimposed areas with high TOC and maturity.
Composition of Reservoir Waters From the XJC1 Well
Both the unconventional shale reservoirs in the Lucaogou Formation and the conventional reservoirs in the Karamay Formation have undergone hydraulic fracturing, and both reservoirs have produced flowback fluid. As the T2k gas was not collected in this study, the gas origin could not be determined directly. We, therefore, used the chemistry of water coproduced with the gas to examine the gas origin. We conducted a comparison of the geochemical characteristics of the flowback fluid for these two reservoirs to analyze the gas migration pathway, the reaction process of the fracturing fluid and formation water, water-rock reactions, and the sources of various elements in the flowback fluid of the different rocks.
Flowback Fluid of Karamay Formation Sandstone
Fracturing fluid samples used in the hydraulic fracturing of the Karamay Formation and flowback fluid from day 1–66 after hydraulic fracturing were collected and analyzed for comparison. A comparison of the results from the flowback fluid, the fracturing fluid, and the evolution trend of the flowback fluid over the production time, revealed several different sources of elements in the flowback fluid. Figure 10 indicates that the evolution trend of different elements in the flowback fluid can be divided into three types:
Type 1: This group comprised Li, B, F, and Br. The concentration of type 1 elements in the fracturing fluid was very high. In the flowback fluid, the type 1 element composition decreased rapidly on the first day after fracturing. However, on the 12th day (or possibly earlier–no samples were collected between days 1–12) the type 1 element concentration in the flowback fluid increased to the same level as the fracturing fluid and remained at a higher level during the later flowback process. In the flowback process, at the beginning of fracturing, the water injected into the formation entered the fracture. On the first day after hydraulic fracturing, most of the flowback fluid was in the target formation. Therefore, the compositions of these elements in the formation water were low. However, after approximately 12 days after fracturing, the proportion of fracturing fluid in the flowback fluid increased until the flowback fluid consisted predominately of fracturing fluid. Therefore, the concentration of type 1 elements in the flowback fluid increased and continued to maintain a level equivalent to that in the fracturing fluid.
Type 2: This group comprised Ca, Cl, Mg, K, Na, HCO3, and SO4. On the first day after fracturing, the concentration of type 2 elements in the flowback fluid increased rapidly and was significantly higher than in the fracturing fluid. On the 12th day after fracturing, the concentrations of these elements in the flowback fluid gradually decreased to a level equivalent to that of the fracturing fluid. The source of these elements was similar to the type 1 elements, except that the concentrations of these elements were high in the formation water and low in the fracturing fluid. At the start of fracturing, the flowback fluid was dominated by formation water; hence, the contents of these elements in the flowback fluid were higher than in the fracturing fluid. However, in the days following fracturing, the proportion of formation water in the flowback fluid progressively decreased, and the concentration of type 2 elements in the flowback fluid decreased to a level similar to that of the fracturing fluid.
Type 3: The third element group contained Mn, Ba, and Sr The concentration of type 3 elements in the fracturing fluid was low. However, during the flowback process, the elemental concentration remained high regardless of the number of days passed since hydraulic fracturing, and the concentration of type 2 elements in the flowback fluid significantly exceeded that of the fracturing fluid. Since type 2 elements could not be derived from the fracturing fluid or the formation water as they maintained a high concentration in the flowback fluid, it was inferred that these elements originated from reservoir rocks. The freshening process caused these elements to be released from the rock, whereby they entered the flowback fluid and returned to the surface.
[image: Figure 10]FIGURE 10 | Evolution trend of flowback geochemistry in conventional Karamay Formation (the stars in the diagrams indicate the corresponding characteristics of the fracturing fluid).
In summary, in conventional flowback fluid, type 1 elements (Li, B, F, and Br) were derived from the fracturing fluid, type 2 elements (Ca, Cl, Mg, K, Na, HCO3, and SO4) originated from the formation water, and type 3 elements (Mn, Ba, and Sr) were leached from source rocks. As a result, the contents of Ca, Cl, Mg, K, Na, HCO3, and SO4 in the flowback water could represent the characteristics of the Formation water in Karamay Sandstone.
Comparison of Lucaogou and Karamay Formation Flowback Water
The sodium chloride coefficient (γNa/γCl) indicates the degree of concentration metamorphism of formation water. The smaller the value of γNa/γCl, the more concentrated the better sealing of the formation water is. From Table 1, the sodium chloride coefficient of T2k water (γNa/γCl = 1.3–1.7) is smaller than the P2l water (γNa/γCl = 2.3–2.7), indicating that the T2k water was preserved in a more closed system than the P2l water. The water samples from the T2k reservoir have a chloride content of 1,092–2,855 mg/L (mean 1707 mg/L), higher than those from the P2l reservoirs (Cl = 636–663 mg/L, mean 647 mg/L), also indicating that the T2k water preserved in a relatively closed system and experienced less mixing from meteoric water. In contrast, the P2l water was preserved in a relatively open system.
TABLE 1 | Chemical characteristics of flowback water in the T2k and P2l reservoirs.
[image: Table 1]The water samples from the T2k reservoir are a typical NaCl type. The water samples from the P2l reservoir are dominated by a NaHCO3 type. The CaCl2 type water reflects deep cycling and closed water environment, while the NaHCO3 type water represents a weak runoff water environment, with a certain hydraulic connection with other formations or surface water (Xu et al., 2000; Li et al., 2005; Tang et al., 2018). It has been proven (Wang and Zhang, 1998) that the NaHCO3 type water with high salinity is related to the latent deep fault in the deep layer. The deep fault can contribute high concentrations of CO2 to the deep layer, which then enter the formation water, causing the HCO3− + CO23- concentration in the formation water to be greater than the Cl− + SO42−concentration. While low salinity NaHCO3 type water is caused by leaching and infiltration of surface water, the NaHCO3 type water of the P2l reservoir indicates the existence of a deep fault connecting the Lucaogou formation and the surface. NaCl type water is produced by mixing CaCl2 type water with high salinity NaHCO3 type water (Chen et al., 2000). The NaCl type water in the T2k reservoir indicates the existence of fault between the T2k reservoir and P2l, which can be a good channel for the migration of oil, gas, and water. The deep P2l NaHCO3 type water rises along the fault and mixes with the upper CaCl2 type water to form medium and high salinity NaCl type water in the T2k formation.
Filling Mode
In the study area, the Triassic strata lack a sufficient source rock. The potential source rock in the Karamay Formation of the Triassic shows low TOC. The vitrinite reflectance (Ro) of the 6 samples that are collected from the T2k reservoir of XJC 1 range from 1.01% to 1.21%, with an average of 1.09%. The Tmax values range from 453 to 458°C, indicating that the T2k source rock has just entered the mature stage and cannot yet generate gas. Thus, the Lucaogou shale is more likely to be the source of the T2k gas.
From the structural characteristics of the study area (Figure 2A) and the water composition, we can conclude that there is a fault between the Permian Lucaogou shale source rock and the Triassic Karamay reservoir. As a result, the gas filling mode is proposed as follows, below.
The continuously active faults of the Fukang fault zone and the multi-stage unconformity surface and the internal permeability sand bodies of the reservoir, provide channels for the lateral migration of oil and gas. The fault and the unconformity constitute the oil and gas transport system in the Bogda Piedmont. Thus the Permian Lucaogou Formation continental source rock kitchen and Triassic reservoir were connected (Figure 11). The oil and gas were generated from the lacustrine source rocks of the Permian Lucaogou Formation reserved in nearby lithological oil and gas reservoirs in the Permian. The petroleum was transported along the faults to the shallow layer over long distances to enter the Triassic reservoir. Within the Triassic formation, the petroleum migrated laterally through the weathering crust of the unconformity and the internal permeability sandstone, and it migrated horizontally upward along the vertical fault to the target area to form oil and gas reservoirs. The deep Permian Lucaogou Formation primarily developed lithologic oil and gas reservoirs with integrated source and reservoir and large area distribution, while the shallow Triassic Karamay Formatio developed structural-type gas reservoirs with fault transport, structural control, and late accumulation.
[image: Figure 11]FIGURE 11 | Petroleum accumulation and filling model through well XJC 1 of Fukang fault zone (the cross-well profile line is indicated as the red line in Figure 1).
ENVIRONMENTAL ISSUES ASSOCIATED WITH SHALE GAS DEVELOPMENT IN THE JUNGGAR BASIN
The overall aim of characterizing the geochemical flowback water was to contribute to the environmental protection of the water resources associated with the formations undergoing shale oil and gas exploration and development.
Geochemical Fingerprint of Conventional Vs. Unconventional Oil and Gas Wastewater
One of the issues associated with the environmental effects of shale gas development is the impact of unconventional shale gas exploration and contamination from the operation of conventional oil and gas. Thus, it is important to find the distinct characteristics of the waste water from the unconventional shale reservoir.
The shale strata of the Lucaogou Formation measured a higher Li concentration than that of the conventional Karamay Formation (Figure 12). Previous studies on Marcellus shale and Longmaxi shale in the Sichuan Basin have indicated that Li and B in the flowback fluid are predominately derived from clay minerals in shale (Warner et al., 2014; Ni et al., 2018). Because Li and B cannot be sourced from sandstone, the main rock-type in both formations, the concentrations of these elements in the flowback fluid was low. Moreover, a comparison of the conventional and unconventional Li content in the Junggar Basin was consistent with previous research results, indicating that Li in the shale flowback fluid is predominately sourced from the shale layer. However, the B concentration differed from those obtained in previous studies and was attributed to the marine character of the Sichuan and Marcellus shale compared to the continentally derived Junggar shale. The B element is present in high concentrations in marine facies and low concentrations in continental shale, further indicated by the Qaidam Basin in northwest China (Zheng et al., 2017). Therefore, the B content in the flowback fluid of the conventional Karamay Formation was derived from the fracturing fluid, and the significantly high B concentration in the fracturing fluid resulted in a high B concentration in the flowback fluid. Furthermore, the Sr content in the conventional flowback was relatively higher than in the unconventional reservoir. The different properties of the flowback water derived from these two formations result in the unique contrasting characteristics observed in the conventional and unconventional flowback in the Junggar Basin. Similar to B, the Cl content in the conventional formations was significantly higher than in the unconventional flowback fluid, and was attributed to the high Cl content in the conventional fracturing fluid. The contents of Mn, Ba, and Sr in the unconventional flowback fluid were higher than those in the conventional flowback fluid. These elements are mainly derived from rock formations, indicating that the concentrations of these elements in the continental shale layer are higher, or that these elements are more mobile and readily enter the flowback fluid. The above discussion implies that the Li, B, Sr contents could be used as potential indicators for identifying possible migration of wastewater from Lucaogou shale.
[image: Figure 12]FIGURE 12 | Comparison between conventional and unconventional flowback of Junggar Basin.
Pollutant Concentration in the Flowback Fluid
One of the key environmental issues related to shale gas development is the quality of flowback water coproduced with the shale gas. The ability to reuse and manage the waste water is dependent on the water quantity and quality. Several water quality components in the flowback fluid sampled from the Junggar Basin exceed the three major water quality standards in China: the drinking water quality standard (WQS) (GB 5749–2006), Environmental Quality Standards for Surface Water (EQS) (GB3838–2002), and China’s Integrated Wastewater Discharge Standard (IWDS) (GB 8978–1996). Components exceeding these standards include Fe, Ba, Mn, B, Cl, and F (Table 2).
TABLE 2 | Concentrations of inorganic chemicals in flowback water of the Junggar Basin. Highlighted rows indicate Mean/WQS ratio >1. WQS is the Water Quality Standards for drinking water from China’s sanitary (GB 5749–2006), EQS is the Environmental Quality Standards for Surface Water (GB3838–2002), and IWDS is the Integrated Wastewater discharge standard of China (GB 8978–1996). The cells with dark background represent conventional T2k flowback, and the corresponding cells represent unconventional P2l flowback water.
[image: Table 2]The ratios of the average value of B, Cl, and F in the conventional flowback fluid to the drinking water quality standards (mean/WQS) reached 80.11, 8.25, and 5.43, respectively, and were considerably higher than those of the unconventional flowback fluid. This was mainly due to the high concentrations of these elements in the unconventional fracturing fluid. Hence, water remediation strategies should focus on the treatment of these elements in the wastewater of conventional wells in the Karamay Formation. In the unconventional Lucaogou Formation, the ratio of Fe and Mn in the flowback fluid to the drinking water quality standards (mean/WQS) peaked at 1.80 and 15.17. These ratios were significantly higher than those recorded in the conventional flowback fluid. The Ba content in the two flowback fluids, however, only slightly exceeded the WQS, and thus its effect on the wastewater was considered negligible.
Compared with the drinking water standard (WQS), the concentrations of B in the conventional flowback fluid and the Mn concentration in the unconventional flowback fluid were significantly high (Mean/WQS values are the highest, Table 1), and effective removal strategies are required in the wastewater treatment process.
CONCLUSION
This study aimed to determine the gas origin and filling mode of P2l and T2k gases in the Junggar Basin and to propose suggestions for water treatment. Based on our results, the following conclusions were made:
The average contents of CH4, C2H6, C3H8 of the P2l lacustrine shale gas are 74.14%, 8.49%, 2.13%, and 1.96%, respectively. Compared with the gas in the Lower Triassic Chang 7 (T1y7) continental shale of the Ordos Basin and gas in the Upper Triassic Xu 5 (T3x5) continental shale of the Sichuan Basin, the Lucaogou shale gas contains the highest content of heavy hydrocarbon despite its higher maturity. The average values of δ13C1, δ13C2, δ13C3 of P2l lacustrine shale gas are −41.5‰, −31.1‰, and −28.6‰, respectively, between the T1y7 lacustrine shale gas in the Yanchang gas field and the T3x5 shale gas in the Xinchang gas field. The alkane composition and isotope of P2l gas indicate that the gas was generated from continental shale containing more saprolite components that are prone to generate heavy hydrocarbons, which is in accordance with the Lucaogou shale.
From the evolution trend of flowback chemistry in the T2k formation, it can be concluded that the Ca, Cl, Mg, K, Na, HCO3, and SO4 in the flowback water are mainly from the formation water and that the content of these chemicals could represent the characteristics of the Formation water. The comparison between compositions in the flowback water reveals that the P2l water is of NaHCO3 type while the T2k water is of NaCl type, and the salinity of the latter is higher than the former, indicating a connection between P2l source rock and the T2k reservoir. In combination with the structural setting in the study are, the gas filling mode was proposed as follows: the gas generated from the lacustrine source rocks of the Permian Lucaogou Formation reserved in nearby lithological reservoirs in the Permian. The petroleum was transported along the faults to the shallow layer over long distances to enter the Triassic reservoir.
The high contents of B, Cl, and F in the flowback fluid of the Karamay Formation were attributed to the high concentration of these elements in the fracturing fluid. Therefore, water remediation strategies should focus on the removal of these elements in the flowback fluid. Moreover, elevated concentrations of Mn and Fe recorded in the Lucaogou Formation should be the focus of research on the sewage treatment process of shale flowback fluid.
The findings of this research could indicate potential targets for shale gas exploration. Moreover, the suggestions for wastewater treatment based on water quality analysis can help mitigate, to some extent, the environmental issues faced during shale gas development.
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