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Abstract

:

The Triassic Jiucaiyuan Formation is a vital oil and gas exploration target in the eastern part of the Junggar Basin. In this work, cores, thin sections, particle sizes, and conventional physical properties were analyzed in order to understand the sedimentary characteristics and depositional model of the Jiucaiyuan Formation in the Beisantai Uplift and to clarify the factors controlling reservoir development. The results demonstrate that the Jiucaiyuan Formation can be divided into seven lithofacies, namely massive bedding gravel, massive bedding sandstone, trough bedding sandstone, plane bedding sandstone, wavy bedding sandstone, parallel bedding siltstone, and massive bedding mudstone. Braided river delta facies dominate the Jiucaiyuan Formation. Nine main subtypes of facies were observed: flood plain, braided channel above lake level, natural levees above lake level, braided channel under lake level, interdistributary bays, natural levees under lake level, mouth bars, prodelta mud, and beach bar. The braided channel under lake level, mouth bar, and beach bar reservoirs exhibited the best physical properties, with average porosities of 16.54%, 19.83%, and 20.41%, respectively, and average permeabilities of 3.43 mD, 9.91 mD, and 12.98 mD, respectively. The physical properties of reservoirs in the study area are mainly controlled by sedimentation. Braided channels under lake level, mouth bars, and beach bars are favorable facies for the development of high-quality reservoirs. The results of this study are expected to serve as a theoretical basis for further exploration and development of oil and gas in the study area.
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1. Introduction


The global demand for energy has increased exponentially in recent years, triggering the need to expand oil exploration and develop new drillcores [1]. Large oil and gas fields are primarily related to delta sand bodies [2,3,4,5], so improving our knowledge of the lithofacies types and depositional environment of clastic reservoirs is crucial to understand reservoir quality and for exploration and development.



The Junggar Basin is an important petroliferous basin in northwestern China; its eastern exploration area measures approximately 2.4 × 104 km2. Since the commencement of exploration, seven oil and gas fields, including Huoshaoshan and Beisantai, have been successfully discovered in this area. The proven reserves in this area account for 20% of the reserves in the entire basin, making it a vital oil-producing area [6,7]. In 2005, more than 20 exploratory drillcores were drilled in the Triassic Shaofanggou and Jiucaiyuan formations, and oil and gas drillcores were developed [8]. For example, the oil test in the 2165–2283 m section of the BH-3 drillcore in the Jiucaiyuan Formation yielded cumulative oil production of 16.94 m3, confirming the oil and gas exploration potential in the Triassic strata of the Beisantai Uplift area [9,10,11]. Previous studies on the sedimentary facies, depositional environment, and sedimentary evolution process of the Triassic strata in the study area show that the area has complex rock types and primarily exhibits a river-delta depositional system [10]. However, current research on the factors controlling the oil and gas reservoirs in the Jiucaiyuan Formation in the study area is mainly focused on favorable diagenesis [12,13,14,15]; this approach does not meet the actual needs of oilfield exploration and development. Therefore, it is necessary to study the controlling factors of oil and gas reservoirs in the Jiucaiyuan Formation from the perspective of sedimentation.



Lithofacies is the first element studied in analysis of the process of sediments formation, and it is also the basic work of sedimentary facies research. Miall first introduced the lithofacies concept in 1977 [16], stating that a lithofacies is a rock or a combination of rocks formed in a particular depositional environment. Studying the lithofacies types provides insights into the influence of sedimentary structure, hydrodynamic conditions, and mineral particle size on the reservoir [17]. Previous studies have proved that the reservoir sand bodies of the Jiucaiyuan Formation in the study area mainly consist of a braided channel above lake level facies [11,18]. However, owing to the great thickness of the sandstones in the Jiucaiyuan Formation as well as the complex lithology and significant horizontal and vertical changes in the formation, the reservoir quality of different lithofacies and facies in the formation vary greatly, and our understanding of the reservoir properties of different sedimentary facies is not sufficiently precise. Therefore, it is necessary to study the influence of sedimentary characteristics on reservoir properties. In this study, a detailed analysis of the sedimentary characteristics of the Jiucaiyuan Formation in the Beisantai area was performed. Core samples and data on reservoir physical properties from 26 coring drillcores of the Jiucaiyuan Formation were studied. Thin section analysis and physical analysis were systematically performed to elucidate the lithofacies types, lithofacies combinations, and their constraints on reservoir formation. The research understanding provides specific theoretical support for the horizon optimization of oil and gas exploration and the next exploration deployment in the study area.




2. Geological Setting


The Junggar Basin is a large oil- and gas-bearing basin located in northern Xinjiang and bounded by the Tianshan Mountain, Zaire Mountain, and Altai Mountain. The basin is triangular in a plan view, being wide in the south and narrow in the north. The target region in this study is located east of the Junggar Basin and south of the Tianshan Mountain (Figure 1a) [19,20,21]. It is bounded by Jimusar County to the east and Fukang County to the west and occupies an area of approximately 234 km2.



Structurally, the Beisantai area is located at the intersection of the central depression and the eastern uplift in the Junggar Basin. The northern portion is near to the Shaqi Uplift, and the southern portion is connected to the Fukang fault zone and the Bogeda Mountain. The eastern portion is adjacent to the Jimusar Sag, and the western portion is adjacent to the Fukang Sag (Figure 1b). The area appears in the form of a large nose [22,23,24]. The southern part of the area is adjacent to the Bogeda orogenic belt, and its formation and evolution are closely related to the multistage uplift of the orogenic belt. At the end of the late Carboniferous, the Tarim Plate collided with the Junggar Block, resulting in the closure of the Bogeda rift zone [25]. At the end of the Early Permian, with the beginning of the Bogeda Mountain orogeny, the Beisantai Uplift began to develop. During the Triassic, the Bogeda Mountain orogeny entered the late stage, resulting in a substantial uplift of the Beisantai Uplift [10].



The basement of the Junggar Basin has a double-layer structure. The lower layer is the Lower Cambrian crystalline basement, and the upper layer is the Early-Middle Hercynian folded basement. The stratigraphic development of the basin is complex [26]. A thick sedimentary cover developed on the double-layer basement from the Late Carboniferous to the Quaternary. The Triassic succession in the study area is divided into four formations from bottom to top, namely the Jiucaiyuan, Shaofanggou, Karamay, and Huangshanjie (Figure 1c). The Jiucaiyuan Formation in the Beisantai Uplift is the target of this study. Based on the lithological characteristics, the Jiucaiyuan Formation can be divided into a lower member (Member I) and an upper member (Member II). Member I mainly consists of siltstone, sandstone, and mudstone with an average thickness of approximately 100 m, whereas Member II mainly consists of sandstone, siltstone, and mudstone with an average thickness of approximately 140 m [8].
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Figure 1. Present locations and composite stratigraphic columnar section of the Jiucaiyuan Formation in the Beisantai Uplift, eastern Junggar Basin. (a) Regional index map (after Zhang [27]). (b) Structural trend of the Jiucaiyuan Formation and some drilling positions (after He et al. [28]). (c) Stratigraphic column of the Jiucaiyuan Formation in the Beisantai Uplift, eastern Junggar Basin (after Zhang [27]; Cohen et al. [29]). 
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3. Sampling and Methods


Based on core data of the Jiucaiyuan Formation, the cores from 26 coring drillcores were observed and described in detail during this study (Figure 1b), and samples were prepared for the following tests: (1) Dyed casting thin section analysis: more than 50 representative rock samples in the study area were uniformly ground into dyed casting thin sections with a thickness of 0.03 mm, filled with blue epoxy resin to highlight the pores in the rocks, and dyed with alizarin red to highlight the carbonate minerals in the rocks. An electron microscope (Carl Zeiss Axio Scope A1) was used to observe the characteristics of the minerals and pores of the samples. (2) X-ray diffraction (XRD) analysis: XRD whole rock analysis was used to identify the mineral types and their contents in the samples. A total of 14 representative rock samples were collected, and the mineral types and contents of the rocks were determined using an XPert Powder X-ray diffraction analyzer, with a scanning speed of 2°/min (2θ) and a scanning range of 5–45° (2θ). The test served as a basis for reservoir analysis of the Jiucaiyuan Formation. (3) Porosity and permeability tests: A total of 46 samples from coring drillcores were selected for routine analysis of physical properties, and cylinders (diameter: 2.5 cm; length: 5 cm) were prepared. Two parameters, porosity and permeability, were determined using an AP-608 overburden porosimeter at Xinjiang Key Laboratory for Geodynamic Processes and Metallogenic Prognosis of the Central Asian Orogenic Belt. The results served as a basis for reservoir analysis of the Jiucaiyuan Formation. (4) Lithofacies analysis: lithology, particle size, sedimentary structure, and color are the primary characteristics used to identify lithofacies. With reference to Miall’s method of dividing river sediments into 22 lithofacies [30], the lithofacies of the Jiucaiyuan Formation in the study area were identified based on detailed observations and descriptions of coring drillcores, as well as named using the format “sedimentary structure + lithology”. In all, a total of seven lithofacies types and nine lithofacies combinations were identified.




4. Results


4.1. Petrological Characteristics


The rock types of the Jiucaiyuan Formation are complex and diverse, consisting of gravel, sandstone, siltstone, and mudstone (Figure 2). Observations of cores from several coring drillcores in the Jiucaiyuan Formation revealed abundant sedimentary structures, including parallel bedding, wavy bedding, trough cross-bedding, scouring surface structures, and massive structures (Figure 2g–l; Table 1). Two types of cumulative curves of particle size probability, (i.e., two-section and three-section) were identified by analyzing the particle size data of the coring sections of the Jiucaiyuan Formation (Figure 3).



4.1.1. Rock and Mineral Characteristics


The lithology of the Jiucaiyuan Formation in the Beisantai Uplift consists mainly of pebbly sandstone, sandstone, siltstone, and mudstone; gravel can be found in the sandstones (Figure 2). The pebbly sandstone exhibits poor sorting and subangular to subrounded particles, with mainly point or line contacts between particles; the gravel diameter exceeds 3 mm, the pebbly sandstone is dominated by fragments, and the quartz is subangular. The sandstone contains subangular particles with sizes of 0.1–0.3 mm; it exhibits poor to medium sorting and intergranular type pores (Figure 2a–d). The siltstone exhibits better sorting, and subrounded to rounded particles (Figure 2e,f). The mudstone exhibits brown and gray colors.



Based on whole rock analysis and identification data of 14 blocks in the study area, it was concluded that the rock types of the Jiucaiyuan Formation were dominated by litharenites and feldspathic litharenites, as detailed in Folk’s classification scheme (Figure 3) [31]. The average contents of quartz, feldspar, and lithic fragments were 15.3%, 27.6%, and 57.1%, respectively. The content of feldspar and unstable lithic components was high (Figure 3). The sand particles were poorly rounded (i.e., subangular to subrounded) and poorly to moderately sorted, and they exhibited low compositional and textural maturity (Figure 2a–c), indicating that the sediments of the Jiucaiyuan Formation underwent short migration paths in the study area.




4.1.2. Sedimentary Structures


Abundant sedimentary structures, including parallel bedding, wavy bedding, plane bedding, scouring surface structures, and massive structures, have been identified through observations of cores from several drillcores in the Jiucaiyuan Formation in the study area (Figure 2g–l). Trough bedding and surface structures are common in gravelly sandstone and coarse sandstone, indicating that the channel often oscillated laterally, and reflecting the stable hydrodynamic conditions during deposition (Figure 2g,l). Parallel bedding mainly occurs in fine-grained sandstone, indicating deposition under water with high kinetic energy (Figure 2h). Wave bedding is mainly developed in sandstone and siltstone and is formed under wave action (Figure 2i). Plane bedding typically occurs in pebbly sandstone and is formed by flow and lateral accretion (Figure 2j). Massive structures are developed in sandstone and mudstone; the massive bedding in sandstone demonstrates poor sorting, reflecting the rapid accumulation of sediments (Figure 2k).




4.1.3. Particle Size Characteristics


Based on the analysis of the particle size data from the core section of the Jiucaiyuan Formation in the study area, two types of cumulative curves of particle size probability were identified (Figure 4). The curves are characterized by coarse particle sizes and wide particle size distribution intervals. The first type of cumulative curve of particle size probability is the three-section type. The rolling, jumping, and suspension subsections are well-developed in this type of curve. The point of intersection between the jumping and suspension sections of the curve is 0–2 Φ, and the sorting is good (Figure 4a). The second type of cumulative curve of particle size probability is the two-section type, with noticeable overall jump and suspension sections (Figure 4b). The overall content of the jump section is approximately 40%, and the sorting is relatively good. The overall sorting of the suspension section is poor. The S-cut point is located roughly at −1 Φ (Figure 4b). This is mainly developed in conglomerate and gravel-bearing sandstones.



The particle size distribution characteristics can clarify the hydrodynamic conditions during sedimentation and can provide a basis for analysis and comparison of depositional environments [32]. A C-M diagram was prepared on the basis of the particle size analysis data of cores from the Jiucaiyuan Formation in the Beisantai Uplift; the C value was 200~3500 μm, and the M value was 65~400 μm, reflecting strong hydrodynamic conditions (Figure 5). The sample data point group mainly plots in the PQ-PO section, which is a typical C-M diagram of traction current deposition (Figure 5). Taken together, the characteristics of the sedimentary structure and particle size distribution indicate that the Jiucaiyuan Formation in the Beisantai Uplift is a traction current deposit (Figure 2 and Figure 4). The characteristics indicate that the sediments in the study area originate from a source region that is relatively close by, and the hydrodynamic characteristics are those of stable flow and a sufficient degree of scouring due to a transportation over a certain distance.





4.2. Physical Reservoir Properties


4.2.1. Pore Space Characterization


Casting thin section studies show that the types of reservoir spaces in the Jiucaiyuan Formation in the study area are diverse. Reservoir spaces consist mainly of primary and secondary porosity (Figure 6). Primary pores are intergranular pores, whereas secondary pores include dissolution pores, intergranular pores, microcracks, and other such voids.



Primary intergranular pores are distributed between particles and not filled by cement (Figure 6a,b); these constitute the main type of reservoir spaces in the study area. Dissolution pores are formed due to selective dissolution of large clastic particles (e.g., feldspar and rock fragments) by underground fluid flowing along the interfaces of these particles. Dissolution pores are the most common secondary pores in the study area (Figure 6c–f). Intergranular pores are microcrystalline pores that develop between the crystals of clay mineral cements (Figure 6g–i). These pores have no noticeable effect on the promotion of seepage and stagnant water films are often formed in these pores, resulting in the reduction of reservoir permeability. Microfractures are formed due to the fracturing of sandstone under the action of external forces and lead to substantial heterogeneity in the reservoir. The fractures in the study area account for a small proportion of the total pore volume of rock; they do not have an appreciable influence on the reservoir spaces, but they can effectively improve the reservoir permeability. The microfractures found in the sampled sandstone were approximately 0.01–0.05 mm wide (Figure 6j,l).




4.2.2. Porosity and Permeability


On the whole, the sandstone in the Jiucaiyuan Formation reservoir exhibits good physical properties (Figure 7). Statistical analysis of porosity data from 118 samples shows that the minimum, maximum, and average porosity values are 1.30%, 27.67%, and 16.37%, respectively. The data points are mainly distributed between 12% and 24% (Figure 7a). Analysis of permeability data from 115 samples shows that the minimum, maximum and average values of permeability are 0.01 mD, 142.00 mD, and 14.63 mD, respectively. The data points are mainly distributed between 1 and 81 mD, and the prominent peak occurs between 1 and 9 mD (Figure 7b).





4.3. Sedimentary Systems


The sedimentary system refers to the three-dimensional lithofacies association genetically related to the depositional environment and process [33]. Based on the aforementioned analysis of the petrological characteristics, observations of cores indicate that the Jiucaiyuan Formation can be divided into seven lithofacies and nine facies. Combined with the analysis of drillcores transects, the sedimentary systems of the Jiucaiyuan Formation were established (Table 1; Figure 8).



4.3.1. Types and Characteristics of Lithofacies


Based on core and thin section observations, Miall’s lithofacies division method was applied for the Jiucaiyuan Formation in the study area [30]. According to the lithology and sedimentary structure of the study area, the Jiucaiyuan Formation can be divided into seven lithofacies (Table 1). (1) Massive bedded mudstone is composed of brown and gray mudstones, deposited in a relatively low-energy environment, and is the product of the unloading of fine-grained suspended sediment (Table 1). (2) Parallel bedding siltstone is composed of fine-grained sandstones with good rounding and sorting, and exhibits parallel bedding, which is typical of sand bodies deposited under strong flow conditions, indicating that the depositional environment was relatively stable and the hydrodynamic force was strong at the time of formation (Figure 2h; Table 1). It is the product of shallow and rapid water flow. (3) Wavy bedded sandstone is composed of medium-grained sandstones and fine-grained sandstones with good roundness and sorting (Figure 6c). Wavy bedding is developed by wave washing and transformation (Figure 2i; Table 1). (4) Plane bedding sandstone is composed of medium-grained sandstones with medium rounding and medium sorting (Figure 6g). It develops plane-shaped cross-bedding, formed by downstream or lateral accretion (Figure 2j; Table 1). (5) Trough bedding sandstone is composed of coarse sandstones with medium rounding and poor sorting (Figure 6a). Small trough bedding is developed (Figure 2g). The channel undercut, migration, and filling deposition is indicative of the frequent undercutting and migration of the channel and vigorous scouring (Table 1). (6) Massive bedding gravel is composed of angular to subangular sandstones with poor sorting (Figure 6l). Massive bedding is developed, reflecting strong hydrodynamic forces during formation (Figure 2k; Table 1). (7) Massive bedding gravel is composed of angular, poorly-sorted, massive, and disorderly accumulated gravels, usually formed by river channel scouring, reflecting continuous changes in the water flow direction (Figure 6j). The river channel is strongly incised and subsequently filled, and this lithofacies consists of the gravel deposit retained at the bottom of the braided river channel (Figure 2l; Table 1).




4.3.2. Lithofacies Association and Subenvironments


According to the seven lithofacies identified above, typical lithofacies associations were observed and statistically analyzed to establish a braided river delta sedimentary system. The braided river delta sedimentary system comprises the braided river delta plain, braided river delta front, and pre-delta subenvironments (Figure 8).



	(1)

	
Braided river delta plain







Braided river delta plain subenvironment is influenced primarily by rivers and by lakes to a lower degree [33,34]. The lithology mainly comprises conglomerate (Figure 2l and Figure 8), gravelly sandstone (Figure 8), and sandstone (Figure 2g–k and Figure 8), and the main structures developed are plane bedding (Table 1; Figure 2h and Figure 8) and trough bedding (Table 1; Figure 2g and Figure 8). Three facies exist in the braided river delta plain of the Jiucaiyuan Formation in the study area, namely flood plain, braided channel above lake level, and natural levees above lake level (Figure 8, Figure 9 and Figure 10).



	
 




	(a)

	
Flood plain












The flood plain sediments are composed of reddish-brown mud and silt, mainly forming mudstone, with sand bodies primarily in the form of thin layers sandwiched between mudstones and exhibiting blocky and parallel bedding [33]. This facies primarily comprises parallel bedding siltstone (Figure 2h and Figure 8) and massive bedding mudstone (Figure 8). The red mudstone in the flood plain indicates a hot and dry paleoclimate or an exposed environment [35].



	
 




	(b)

	
Braided channel above lake level












The braided channel above lake level is the most developed facies in the delta plain subenvironment, mainly consisting of fine-grained gravels, with an apparent upward fine-grain sequence and asymmetric binary structure [33]. Massive bedding gravel is deposited at the bottom (Figure 2l and Figure 8), which is in contact with the lower sediments in an erosion surface. With the gradual stabilization of hydrodynamic conditions, the river channel above lake level oscillated and underwent downcutting, and the large trough sandstone (Table 1; Figure 2g and Figure 8) and parallel bedding siltstone (Figure 2h and Figure 8) were formed. The sandstone is poorly sorted, with subangular to angular particles, and has a high matrix content (Figure 2d and Figure 6c–h).



	
 




	(c)

	
Natural levee above lake level












Natural levees above lake level are sand bars formed by the fine-grained and very fine-grained sand fragments carried by river water that overflows the river banks and accumulates along both banks of the river [33]. The natural levees above lake level are composed of gray-green and red siltstone (Figure 8 and Figure 9), and the main lithofacies are massive bedding mudstone (Figure 8, Figure 9 and Figure 10) and massive bedding sandstone (Figure 2k, Figure 8, and Figure 10). The thickness of natural levee sand bodies above lake level is generally 1–2 m. Natural levee sediments are located on both sides of the braided channel above lake level.



	(2)

	
Braided river delta front







The braided river delta front subenvironment occurs in the area from the outer edge of the delta plain to the lake, which is below the lake level; sand-mud deposition in the delta front area is controlled by rivers and lakes [36]. Four facies exist in the braided river delta front, namely braided channels under lake level, natural levees under lake level, interdistributary bays, and mouth bars (Figure 8, Figure 9 and Figure 10).



	
 




	(a)

	
Braided channel under lake level












The braided channel under lake level is the extension of the braided channel above lake level in the downstream portion of the delta plain; it is affected by high energy currents. Because a braided channel above lake level rarely suffers from the transformation of channel sand by external factors, the erosion surface at the bottom of the channel is clear and the lithology is mostly conglomerate. A braided channel under lake level is transformed by lake water, so the erosion surface is weaker than the distributary channel, and the bottom of the channel is mostly sandstone [37,38]. It is composed of gray-green sandstone (Figure 2h), and the main lithofacies include parallel bedding siltstone (Figure 2h and Figure 8), trough bedding sandstone (Figure 2g and Figure 8), plane bedding sandstone (Figure 2j and Figure 8), and massive bedding gravel (Figure 2l and Figure 8). The sandstone exhibits medium sorting and subangular to subrounded particles, and the matrix content is medium (Figure 2a,d and Figure 6d–f).



	
 




	(b)

	
Natural levee under lake level












An underwater natural levee is an underwater extension of the natural levee above the water level. It is a sand ridge of fine-grained sand and silt that accumulates on both sides of the braided channel under lake level [33]. The sediments consist of gray-green fine-grained sand and silt (Figure 2h and Figure 8). The main lithofacies are massive bedding mudstone (Figure 8) and massive bedding sandstone (Figure 2k and Figure 8). The sandstone exhibits medium sorting and subangular to subrounded particles, and the matrix content is medium (Figure 2d–f and Figure 6g–i).



	
 




	(c)

	
Interdistributary bay












The distributary channel is a relatively low-lying area between braided channels under lake level. It mainly consists of mudstone and siltstone, and is developed chiefly with massive bedding. Owing to changes in water level in shallow lakes and the reduction of the oxygen content in water, the mudstone in the delta front is mostly gray [33]. The main lithofacies are massive bedded mudstone (Figure 8) and massive bedded sandstone (Figure 2k and Figure 8).



	
 




	(d)

	
Mouth bar












The sand body of the estuarine levee at the front edge of the delta develops in the estuary near the end of the braided channel under lake level [33]. The facies consist of parallel bedded siltstone (Figure 2h and Figure 8), plane bedded sandstone (Figure 2j and Figure 8), wavy bedded sandstone (Figure 2i and Figure 8), and massive bedded sandstone (Figure 2k and Figure 8). Mouth bar sediments are in contact with the underlying prodelta mud. The sandstone exhibits good sorting, with subrounded to rounded particles, and the matrix content is low (~ 5%) (Figure 2b).



	(3)

	
Prodelta







The prodelta subenvironment is located in front of the leading edge of the delta, and most of its sediments are formed below the wave base level [33]. It is mainly composed of dark mudstone and silty mudstone, with a small amount of sandstone (Figure 8, Figure 9 and Figure 10). The prodelta subenvironment includes two kinds of facies: prodelta mud and beach bar (Figure 8, Figure 9 and Figure 10).



	
 




	(a)

	
Prodelta mud












The prodelta mud is located in the front of the delta front, and its sediment-carrying capacity is weak [39]. It is dominated by gray mudstone and silty mudstone, with a few thin siltstone layers (Figure 8). The thickness of individual layers is 1–5 m, and massive bedding is dominant (Figure 2k and Figure 8).



	
 




	(b)

	
Beach bar












Beach bar is the general term for thinly layered beach sand, and thickly layered bar sand developed in the delta front or prodelta region due to the continuous influence of bank currents and waves [40,41,42,43]. The sediments consist of interbedded siltstone and mudstone (Figure 8). The facies includes massive bedded mudstone (Figure 8), wavy bedded sandstone (Figure 2i and Figure 8), and massive bedded sandstone (Figure 2k and Figure 8). The sandstone particles are well sorted and rounded, and the matrix content is low (~5%) (Figure 2e–f and Figure 6b). Wavy bedding and cross-bedding are typical characteristics of this facies (Figure 2g,i and Figure 8).






5. Discussion


5.1. Depositional Model


The Junggar Basin was located in Laurasia (a paleolatitude of ~45° N) during the Triassic [44,45], close to the ocean, and had a warm and humid paleoclimate [46]. Furthermore, several species of well-preserved pollen-bearing plants have been identified at the bottom of the Jiucaiyuan Formation, indicating that the paleoclimate during the Early Triassic was subtropical, warm, and humid [47]. The average values of the Chemical Index of Alteration (CIA) and Plagioclase Index of Alteration (PIA) of the Jiucaiyuan Formation are 72.14 and 85.39, respectively, indicating that its chemical weathering degree is moderate to strong [48]. The average value of Mg/Ca was 2.09, indicating that the paleoclimatic condition of the Jiucaiyuan Formation was semi-humid to humid [48].



According to the above comprehensive characteristics, the Jiucaiyuan Formation in the Beisantai Uplift was in a semi-humid climate, the material supply of the Beisantai Uplift in the northeast was sufficient, and the topography was high in the northeast and low in the southwest [5]. These factors provided the conditions for the development of a braided river delta. The sedimentary period of the study area is relatively close to the provenance region, with hydrodynamic characteristics of stable water flow scouring and full elutriation, rich structure formed by strong hydrodynamic force in the rock core and particle size characteristics of traction flow deposition, which indicates that the Jiucaiyuan Formation in the study area is a braided river delta depositional environment.



On the basis of single-well facies analysis, multi-well profile facies analysis, and provenance analysis [9], the braided river delta depositional model of the Jiucaiyuan Formation was established. Both Member I and Member II of the Jiucaiyuan Formation represent inverse cycles, and the formation represents progradation as a whole. Drillcores HB-8, NH-7, and GY-8 mainly exhibit the braided river delta plain subenvironment, as their sediments originate in Beisantai to the north. The mudstones are primarily brown and mainly formed in an oxidizing environment. Compared with Drillcores HB-8 and NH-7, Drillcore GY-8 mainly exhibits the braided river delta front subenvironment in Member I and the braided river delta plain subenvironment in Member II. Drillcores HU-3 and SZ-2 mainly exhibit the braided river delta front subenvironment, with mainly gray mudstone and a primarily reducing environment; the braided river channel under lake level and estuary bar facies are dominant in these drillcores (Figure 9).



During the deposition period of the Jiucaiyuan Formation, the terrain was high in the northeast and low in the southwest. The sediments originated from the Beisantai Uplift in the northern part of the study area [14]. Owing to the supply of sediment from the Beisantai Uplift, the river channel was oriented northeast–southwest. Due to proximity of the sediment source region, the lithology of the Jiucaiyuan Formation is dominated by gravel sandstones and sandstones. The sedimentary structure is dominated by massive bedding and trough bedding, indicating stable hydrodynamic conditions, and the river channel constantly changed and underwent bifurcation. From the Permian to the end of the Cretaceous Period, the Junggar Basin was located near the 45° N paleolatitude, close to the ocean; the paleoclimate was warm and humid [46]. Furthermore, several species of well-preserved pollen-bearing plants have been identified at the bottom of the Jiucaiyuan Formation, indicating that the paleoclimate during the Early Triassic was subtropical, warm, and humid [47]. As a consequence of the prevailing paleoclimate, the braided river delta plain of the Jiucaiyuan Formation primarily developed the flood plain facies, with lithology consisting mainly of thick red-brown mudstone. In general, the period of deposition of Member I and Member II was one of continuous regression, and the delta deposits extend towards the depositional center (Figure 10).



The braided river delta of the Mungaroo Formation developed in the North Carnarvon Basin on the southern Northwest shelf of Australia and was formed during the Late Triassic [49]. The braided river delta of the Jiucaiyuan Formation in the present study is obviously different from that of the Mungaroo Formation in Australia in paleo-topography, paleoclimate, and facies distribution. The North Carnarvon Basin was located in the southern margin of Tethys. It was in the humid and hot climate zone affected by monsoon during the Late Triassic. It is characterized by abundant vegetation and slow paleo-topography [50,51,52]. The provenance of the braided river delta of the Mungaroo Formation was provided by the Pilbara Block and entered the basin through Lambert Slope. Because of the gentle slope of basement, shallow water depth, and humid climate, the hydrodynamic force of the river was large, and the energy of waves became weak during the migration from sea to shore. Therefore, the river action was dominant, resulting in a wide area of delta plain and a small area of delta front (mouth bars was not formed) [51,52,53]. In the period of frequent monsoons and floods, rivers frequently change their courses and diverge, forming braided rivers. The bay swamps between rivers in the delta plain were widely distributed, and a thin-layer coal and organic-rich mudstone were extremely developed [51,52,53]. The braided river delta of the Jiucaiyuan Formation in the present study was provided with provenance from the Beisantai Uplift [14]. Because of the steep paleo-topography and warm and humid climate [5], the tractive current of the river channel was strong. The delta plain, delta front, and prodelta were all developed (Figure 10). Due to the strong hydrodynamic conditions near the provenance source, the river courses were constantly diverted and bifurcated, and the mouth bar and beach bar were well developed (Figure 10).




5.2. Impacts on Reservoir


The depositional environment significantly influences reservoir physical properties, diagenesis, early oil and gas filling, alteration by deep hydrothermal solutions, abnormal fluid pressure, and other phenomena [54,55]. The Jiucaiyuan Formation reservoir was strongly influenced by the depositional environment. The quality of sandstone reservoirs, such as the Jiucaiyuan Formation reservoir, depends mainly on the initial environmental conditions, which determine the composition and content of the clastic particles, their sorting and roundness, and the composition of matrices [56,57,58].



5.2.1. Influence of Detrital Particle Composition on Reservoir Quality


The composition of the clastic particles significantly affects the physical properties of the reservoir [59]. Quartz has a robust anti-compaction ability, and can protect pore spaces during compaction [60]. However, the quartz content was low, so the analysis was not performed (Figure 3). A large number of intragranular dissolution pores develop in feldspar during diagenesis. Thin section observations revealed that the feldspar particles mainly developed secondary dissolution pores (Figure 6c–f), which were formed by the dissolution of feldspar particles by atmospheric precipitation or organic acids (Figure 6c-f) [61]. Secondary dissolution pores greatly improve reservoir porosity and positively impact reservoir quality. In addition to the composition of clastic particles, the size of the particles is an important factor influencing the reservoir quality. In general, the physical properties of a reservoir improve as the particle size increases. However, because the matrix content of the Jiucaiyuan Formation in the study area is significant (Figure 6), the matrix tends to fill the pores between the large sedimentary particles, which reduces the flow rate of pore fluid and negatively affects the quality of the reservoir.




5.2.2. Influence of Lithofacies Types on Reservoir Quality


The Jiucaiyuan Formation consists of conglomerate, medium-grained sandstone, fine-grained sandstone, and siltstone (Figure 2 and Figure 6). Therefore, the reservoir physical properties vary considerably for different lithofacies types [17,56]. The lithofacies with the best reservoir physical properties are trough bedding sandstone, plane bedding sandstone, and wavy bedding sandstone (Figure 11). The average porosities of these lithofacies are 18.35%, 20.73%, and 17.84%, respectively, and the corresponding average permeabilities are 16.88mD, 19.41mD, and 10.73 mD(Figure 11). Parallel bedding siltstone reservoirs have the least suitable physical properties, with a porosity of 10.48% and a permeability of 6.68 mD(Figure 11). This is because the particles are very small, the ability of the rock particles to resist compaction is a limited, the particles are tightly compacted, and the intergranular pore spaces are small. The average permeability of massive bedding gravel is 26.18 mD (Figure 11). However, because the primary particles are very large, small particles and clay filled the spaces between them, thereby reducing the average porosity to 8.75% (Figure 11). Core observations and lithofacies combination analysis revealed that the facies of the braided channels under lake level, mouth bars, and beach bars contain trough bedding sandstone, plane bedding sandstone, and wavy bedded sandstone, which account for more than 50% of these lithofacies (Figure 10 and Figure 11). It can be inferred that the facies of the braided channels under lake level, mouth bars, and beach bars are favorable facies in the Jiucaiyuan Formation in the study area.




5.2.3. Influence of Depositional Model on Reservoir Quality


The differences in particle composition, particle size, and matrix content of each facies lead to differences in reservoir physical properties for different facies [62,63]. Sandstones of the Jiucaiyuan Formation are mainly distributed in the braided channel above lake level, braided channel under lake level, natural levee above lake level, mouth bar, and beach bar, whereas fine-grained mudstone is mainly distributed in the floodplain, interdistributary bays, and prodelta mud deposits. Therefore, sandstone samples from five facies (braided channel above lake level, braided channel under lake level, natural levee above lake level, mouth bar, and beach bar) were selected for analysis and comparison of physical properties (Figure 12). The analysis revealed that different facies of the Jiucaiyuan Formation have differences in porosity and permeability distribution. The physical properties of the natural levee and braided river channel above lake level are relatively poor; their average porosities are 8.99% and 10.08%, and average permeabilities are 0.95 mD and 15.07 mD, respectively. These plots are concentrated in the region of low porosity and low to medium permeability (Figure 12). The braided channel above lake level facies is located in the braided river delta plain subenvironment, forming in an environment of that is close to the source and that is characterized by rapid accumulation. Most of them develop massive bedding gravel with coarse particles and poor sorting and angular of particles; moreover, most of the matrices are infilled pores, so the physical properties are poor. The natural levee above lake level is mainly composed of siltstone with a high matrix content. After compaction, the particles are closely packed, the intergranular pores are very small, and the physical properties of this facies are least conducive to reservoir development. The physical properties of the braided channel under lake level, mouth bar, and beach bar facies are most suited to reservoir development; their average porosities are 16.54%, 19.83%, and 20.41%, and their average permeabilities are 3.43 mD, 9.91 mD, and 12.98 mD, respectively. These plots are concentrated in the region of medium porosity and permeability (Figure 12). This is because braided channels under lake level, mouth bars, and beach bars are located in the braided river delta front region and in front of the delta, far from the source. Under the influence of hydrodynamic force, particle sorting and rounding are enhanced.






6. Conclusions


The reservoirs of the Jiucaiyuan Formation in the Beisantai Uplift are mainly composed of pebbly sandstone, sandstone, siltstone, and mudstone. The reservoir space mainly consists of primary intergranular pores, secondary intragranular pores, and intergranular pores. Seven typical lithofacies have been identified in the braided river delta, among which trough bedding sandstone, plane bedding sandstone, and wavy bedding sandstone are favorable lithofacies for the reservoir properties.



Sedimentation determines the spatial distribution of the sand bodies, which influences the formation of favorable lithofacies. Differences in sedimentary facies strongly influence the quality of sandstone reservoirs. High-quality reservoirs are mainly developed in the braided channel under lake level, mouth bar, and beach bar facies of the braided river delta front, where the average porosities are 16.54%, 19.83%, and 20.41%, respectively, and the average permeabilities are 3.43 mD, 9.91 mD, and 12.98 mD, respectively. The favorable areas of oil and gas reservoirs should be eight kilometers east of Dishuiyan village and six kilometers east of Shazaoquan village. The results of this study are expected to serve as a theoretical basis for further exploration and development of oil and gas in the study area.
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Figure 2. Rock characteristics of the Jiucaiyuan Formation in the Beisantai Uplift. (a) Well-sorted medium-grained sandstone with subangular particles; Drillcore SZ-2, 3415.88 m, Member II; PPL. (b) Gravelly medium-grained sandstone with medium sorting and subangular to subrounded particles; Drillcore SZ-2, 3416.97 m, Member II; PPL. (c) Poorly-sorted medium-grained sandstone with subrounded particles; Drillcore GV-5, 2091.56 m, Member II; PPL. (d) Fine-grained sandstone with medium sorting and angular to subangular particles; Drillcore DB-2, 2372.70 m, Member II; PPL. (e) Well-sorted very fine-grained sandstone with subrounded particles; Drillcore EJ-6, 2600.35 m, Member I; PPL. (f) Well-sorted very fine-grained sandstone with subrounded particles; Drillcore EJ-6, 2600.68 m, Member I; PPL. (g) Brown sandstone with trough cross bedding; Drillcore NH-7, 2396.08–2396.16 m, Member II. (h) Gray-green sandstone with parallel cross bedding; Drillcore XS-5, 2292.81–2292.92 m, Member I. (i) Brown sandstone with wavy cross bedding; Drillcore HU-3, 3730.67–3730.75 m, Member I. (j) Brown sandstone with trough cross bedding; Drillcore HU-3, 3731.39–3731.54 m, Member I. (k) Fine-grained sandstone with massive bedding; Drillcore GV-5, 2091.71–2091.87 m, Member II. (l) Conglomerate with scour surface structure; Drillcore GV-5, 2092.18–2092.52 m, Member II. 






Figure 2. Rock characteristics of the Jiucaiyuan Formation in the Beisantai Uplift. (a) Well-sorted medium-grained sandstone with subangular particles; Drillcore SZ-2, 3415.88 m, Member II; PPL. (b) Gravelly medium-grained sandstone with medium sorting and subangular to subrounded particles; Drillcore SZ-2, 3416.97 m, Member II; PPL. (c) Poorly-sorted medium-grained sandstone with subrounded particles; Drillcore GV-5, 2091.56 m, Member II; PPL. (d) Fine-grained sandstone with medium sorting and angular to subangular particles; Drillcore DB-2, 2372.70 m, Member II; PPL. (e) Well-sorted very fine-grained sandstone with subrounded particles; Drillcore EJ-6, 2600.35 m, Member I; PPL. (f) Well-sorted very fine-grained sandstone with subrounded particles; Drillcore EJ-6, 2600.68 m, Member I; PPL. (g) Brown sandstone with trough cross bedding; Drillcore NH-7, 2396.08–2396.16 m, Member II. (h) Gray-green sandstone with parallel cross bedding; Drillcore XS-5, 2292.81–2292.92 m, Member I. (i) Brown sandstone with wavy cross bedding; Drillcore HU-3, 3730.67–3730.75 m, Member I. (j) Brown sandstone with trough cross bedding; Drillcore HU-3, 3731.39–3731.54 m, Member I. (k) Fine-grained sandstone with massive bedding; Drillcore GV-5, 2091.71–2091.87 m, Member II. (l) Conglomerate with scour surface structure; Drillcore GV-5, 2092.18–2092.52 m, Member II.
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Figure 3. Mineral content of clastic rocks of the Jiucaiyuan Formation in the Beisantai Uplift. 
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Figure 4. Particle size probability accumulation curve of the Jiucaiyuan Formation in the Beisantai area. (a) Characteristics of three-section type particle size accumulation curves. (b) Characteristics of two-section type particle size accumulation curves. 
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Figure 5. Particle size C-M diagram of the Jiucaiyuan Formation in the Beisantai Uplift. 
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Figure 6. Reservoir microscopic characteristics of the Jiucaiyuan Formation in the Beisantai Uplift. (a) Poorly-sorted pebbly sandstone with primary intergranular pores and angular to subangular particles; Drillcore SZ-2, 3417.63 m, Member II; PPL. (b) Well-sorted medium-grained sandstone with primary intergranular pores; Drillcore HB-8, 2139.24 m, Member I; PPL. (c) Well-sorted medium-grained sandstone with secondary dissolution pores and subangular particles; Drillcore AW-5, 2695.05 m, Member I; PPL. (d) Fine-grained sandstone with medium sorting, secondary dissolution pores, and subangular particles; Drillcore FL-5, 2646.6 m, Member I; PPL. (e) Fine-grained sandstone with medium sorting, secondary dissolution pores, and subangular particles; Drillcore FL-5, 2646.79 m, Member I; PPL. (f) Well-sorted fine-grained sandstone with secondary dissolution pores and subangular particles; Drillcore FL-5, 2647.49 m, Member I; PPL. (g) Well-sorted medium-grained sandstone with intergranular pores and subrounded particles; Drillcore HB-8, 2138.84 m, Member I; PPL. (h) Fine-grained sandstone with medium sorting, intergranular pores, and subangular particles; Drillcore SZ-2, 3415.70 m, Member II; PPL. (i) Coarse sandstone with medium sorting, intergranular pores, and subrounded particles; Drillcore SZ-2, 3417.93 m, Member II; PPL. (j) Poorly-sorted pebbly sandstone with fractures and subrounded particles; Drillcore LP-1, 2673.56 m, Member I; PPL. (k) Well-sorted gravel with fractures and subangular particles; Drillcore LP-1, 2674.85 m, Member I; PPL. (l) Gravel with medium sorting, fractures, and subangular particles; Drillcore LP-1, 2675.57 m, Member I; PPL. DP: dissolution pores; IP: intergranular pores, MC: microcracks; and PI: primary intergranular pores. 
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Figure 7. Histogram and line charts exhibiting the reservoir properties of the Jiucaiyuan Formation in the Beisantai Uplift. (a) Relative and cumulative frequency of porosity. (b) Relative and cumulative frequency of permeability. 
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Figure 8. Diagram of the main types of sedimentary facies and sedimentary characteristics of the Jiucaiyuan Formation in the Beisantai Uplift. Mu: mudstone; S: siltstone; F: fine-grained sandstone; Me: medium-grained sandstone; C: coarse-grained sandstone; and G: gravel. 
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Figure 9. Schematic sedimentary cross-sections of the Jiucaiyuan Formation showing the facies distributions. The lower right corner shows the plan diagram of the connecting drillcores (after He et al. [28]). 
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Figure 10. Depositional model of the braided river delta of the Jiucaiyuan Formation in the Beisantai Uplift. (a) Member I. (b) Member II. BB: beach bar; BCA: braided channel above lake level; BCU: braided channel under lake level; FP: flood plain; Gm: massive bedded gravel; IB: interdistributary bay; M: massive bedded mudstone; MB: mouth bar; NLA: natural levee above lake level; NLU: natural levee under lake level; PM: prodelta mud; Sh: parallel bedded siltstone; Sm: massive bedded gravel; Sp: plane bedded sandstone; St: trough bedded sandstone; and Sw: wavy bedded sandstone. Mu: mudstone; S: siltstone; F: fine-grained sandstone; Me: medium-grained sandstone; C: coarse-grained sandstone; and G: gravel. 
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Figure 11. Characteristics of the various lithofacies of the Jiucaiyuan Formation in the Beisantai Uplift. Gm: massive bedding gravel; Sh: parallel bedded siltstone; Sm: massive bedded gravel; Sp: plane bedded sandstone; St: trough bedded sandstone; and Sw: wavy bedded sandstone. 
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Figure 12. Physical properties of the reservoirs in the various facies of the Jiucaiyuan Formation in the Beisantai Uplift. 
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Table 1. Lithofacies types of the Jiucaiyuan Formation in the Beisantai Uplift.
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	Lithofacies
	Lithology
	Depositional Interpretation





	Massive bedding mudstone
	Red-brown, gray mudstone
	Flooding plain deposits in common exposed environments of red massive mudstone



	Parallel bedding siltstone
	Gray siltstone
	It reflects that the hydrodynamic force is strong, and the water is shallow and fast



	Wavy bedding sandstone
	Gray fine- to medium- grained sandstone
	It was washed and transformed by waves



	Plane bedding sandstone
	Green medium-grained sandstone
	It is formed by downstream or lateral accretion



	Trough bedding sandstone
	Green and brown coarse-grained sandstone
	Downcutting of river course



	Massive bedding sandstone
	Green, brown sandstone with unequal particles, small amount of gravel
	Sediments accumulate rapidly, and water kinetic energy is strong



	Massive bedding gravel
	Gray conglomerate
	Bottom scour, gravel deposition
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