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The organic-rich shale of the early Carboniferous Jiusi Formation in the Weining area, Southwestern China, has large geological gas reserves, making the Jiusi Formation another target after the Ordovician-Silurian marine shale in South China. The complex superposition of multi-stage tectonic phases since the Himalayan paroxysmal phase has induced a series of controversies in the sedimentology of the Jiui Formation, as only a few drillings were executed. In order to better understand the development potential of the shale associated with the Jiui Formation, five outcrops and a well (YS302) were studied, clarifying the sedimentary evolution of the formation, while two 2D seismic sections were used to analyze the regional structural styles. The result shows that the Jiusi Formation was significantly influenced by the synsedimentary extension of the northwestern margin of the Yadu-Ziyun-Luodian Fault, with the depositional center of the Jiusi Formation extending to well YS302 along a NW direction and asymmetrically thinning in a NE–SW direction. Fifteen lithofacies and three facies associations were identified, from tidal or delta settings to lagoon environments, finally turning into platform facies at the base of the Shangsi Formation. According to the geochemical analysis of 27 core samples and 37 outcrop samples, as well as the well YS302 logging interpretation result. The transitional Jiusi shale in the Weining area has a strong heterogeneity, with high total organic content (TOC) values being mostly provided by the surrounding coal seams. XRD analyses show that the minerals of the transitional shale are dominated by a high clay content (42 wt%). The content of water-sensitive minerals in Jiusi shale is also relatively high, with clay minerals dominated by an illite/smectite mixture (52.8%). When compared with the commercially developed Ordovician-Silurian marine shale, the Jiusi transitional shale shows relatively poor quality, related to dense bioturbation and terrestrial input affecting the preservation of organic matter. Therefore, the evaluation standard for marine shale is difficult to apply to the transitional Jiusi shale. The cumulative thickness of shale in YS302 worthy of shale gas development is nearly 100 m. Meanwhile, considering that the transitional shales are often interlayered with coal, the shale gas and coalbed methane can be developed together.
Keywords: lower Carboniferous, Jiusi transitional shale, shale gas, shale quality, northeastern Weining area
1 INTRODUCTION
Starting with 2003, when the United States made a breakthrough in shale gas development, shale gas production began to rise strongly. In 2010, the United States surpassed Russia as the world’s largest natural gas producer; until 2016, for the first time, the United States exported more natural gas than it imported. In just 13 years, a global “shale gas revolution” has rapidly reshaped the world’s energy landscape (Zou et al., 2017). As an important replacement resource for conventional fossil energy, the potential of shale oil and gas resources has received increasing attention for changing energy structures, ensuring energy security, and promoting technological transformation in the oil and gas industry (Ma et al., 2018). China is one of the earliest countries to evaluate the geological conditions and resource potential of shale gas (Zou et al., 2017). Since 2000, Chinese multi-sectorial cooperation has tracked the theory and technology of shale gas in the United States, as the shale gas industry in China has boomed over the past 20 years. China has already built more than 1010 m3 of natural gas fields in the Sichuan Basin, South China Block (Jiang et al., 2019b), and has become the world’s second-largest producer of shale gas (Zou et al., 2017; Ma et al., 2018). Although great progress has been made in shale gas exploration and development in China, the commercial development of shale gas is mainly concentrated in the marine shales of the Ordovician and Silurian Wufeng-Longmaxi Formations in Sichuan Basin and adjacent areas. For developing the shale gas exploration in China, it is necessary to increase the exploration and development of other shales deposits occurring in different areas.
According to the statistics of the Ministry of Natural Resources of China, the geological resources of shale gas occurring at depths shallower than 4500 m are 122 m3 × 1012 m3, and the recoverable resources are up to 22 m3 × 1012 m3. The total reserves of shale gas in Guizhou Province reach 10.48 m3 × 1012 m3 (MNRC, 2018). In Guizhou, the reserves of shale gas confined to the Lower Carboniferous Jiusi Formation were estimated to be 9,595 m3 × 108 m3, as the depositional center of Jiusi shale occurred in the Weining-Qinglong area (Tang et al., 2014). Yet, most of the Weining area is not yet partitioned for shale gas exploration blocks. Therefore, the comprehensive analysis of the geological conditions of shale gas around Weining has an important guiding role for shale gas exploration and development in the future.
Comprehensive geological surveys in the Weining area began in 1970. At the time, the Geological Team 108 of the Guizhou Geological Bureau proposed the “Weining Trough” concept based on the stratigraphic divisions of the Jiusi Formation and its lithology and thickness (BGMEDGP, 1973). Later, the Weining Trough has been incorporated into the syngenetic extensional fault system bounded by the Yadu-Ziyun-Luodian Fault, which occurs in southern China, crossing the basement and the Palaeozoic–Mesozoic cover. The continuous expansion of this fault system caused the palaeogeographic pattern represented by the alternance of platform and basin conditions since the Devonian and up to the Triassic (Zeng et al., 1995). The Jiusi Formation is one of the main coal-bearing sequences in Guizhou Province. Back in the early days of the geological surveys, the Yadu-Ziyun-Luodian system was considered to not affect the northwest of the Weining area (BGMEDGP, 1973). This situation caused many disputes related to the sedimentary types of the Jiusi Formation in the northwestern Weining area. Starting from 2016, in order to expand the exploration of shale gas, different sedimentary facies analyses were carried out for this shale, showing that the facies of the Jiusi Formation span extremely widely, including the following depositional areas: inner shelf facies (Qin et al., 2016; Tang et al., 2016), fault-controlled lagoon and inner shelf facies (Mei et al., 2021), restricted platform facies (Li, 2016), shore facies to restricted platform facies (Zhang, 2017), shore facies to mixed tidal facies (Sun, 2016), tidal settings (Chen and Zhang, 2020), shore facies to outer shelf facies (Yang, 2020), and transitional settings (Wang et al., 2020). These disputes further hindered the development of the Jiusi shale exploration because the Jiusi shale quality varies greatly in relation to different depositional environments. Therefore the blind deployment of shale gas exploration will cause huge financial losses.
The aim of this paper is to provide geological support for shale gas exploration in the northwestern Weining area (Figure 1). Based on the lithofacies of the Jiusi Formation, our contribution deals with the evolution of facies associations and discusses and resolves the disputes related to sedimentary facies variations. Also, our contribution assesses the quality of the Jiusi shale in relation with key geological parameters, coupled with shale gas evaluation standards, evaluating the Jiusi shale potential.
[image: Figure 1]FIGURE 1 | Location and general geological structure of the study area. (A) Occurrence of Guizhou Province in China. (B) The lithology of the Lower Carboniferous in the study area, northeastern Guizhou (modified after Zhang et al., 2017). (C) Geological map of the area studied (1:1000000), triangles mark the location of the sections of the Jiusi Formation.
2 GEOLOGICAL SETTING
2.1 Tectonics background
Guizhou Province occurs in southwest China, tectonically belonging to the southwest Yangtze Platform, also known as the South China Block (BGMEDGP, 1987). Related to the structural boundary and to the shallow crust deformation in the geological past, the upper Yangtze Block and the Jiangnan orogenic Belt were divided on both sides of the Pan Xian-Guiyang-Tongren fault zone. According to the outcrops thickness and the structure deformation, eight secondary tectonic units were further divided (Figure 2A): Weining Uplift, Liupanshui Depression, northern Guizhou Uplift, Chishui craton Basin, Xingyi Uplift, Youjiang rift-foreland Basin, southern Guizhou Depression, and Rongjiang fold Belt (Figures 2A,B) (BGMEDGP, 1987; BGMEDGP, 2017).
[image: Figure 2]FIGURE 2 | Structural outline of the northwestern Guizhou Province. (A) The distribution of tectonic units in Guizhou Province. (B) Name of each tectonic unit in A. (C) The present-day structure outline of the Weining Uplift and of the Liupanshui Depression. (D) Geological interpretation of magnetotelluric inversion profiles of continuum media across the Liupanshui Depression (Wang et al., 2013).
The study area covers the Weining Uplift and the Liupanshui Depression (Figure 2C), both structures suffering from complex multi-superpositions of tectonic movements. For instance, in the Weining Uplift, the platform facies developed during the Xueshan-Caledonian cycle, the rift basin facies developed during the Hercynian cycle, and the foreland basin developed during the Indosinian-Yanshan cycle, while the molasse clastic basin was developed during the Himalayan cycle. The present tectonic pattern of the Weining Uplift area is characterized by a dome structure, a gentle brachy-anticline, and a brachy-syncline arranged alternately along the main linear tectonic directions of the Weining Uplift, oriented NE and NW (Figure 2C) (BGMEDGP, 2017). The Liupanshui Depression is located in the northwest of the Yadu-Ziyun-Luodian fault Zone, an important tectonic boundary in southwest China, associated with various metallic mineral deposits in Guizhou Province (Le, 1991; Xia and Liu, 1992; Cheng and Xu, 1998; Cao et al., 2019; Shi et al., 2019). The present depression includes prolonged and narrow axial NW folds and faults, encompassing Devonian to Jurassic strata involved. Its evolution can be divided into five stages, including the extension crack stage during the early Devonian, the extension-rift stage during the Carboniferous, the strong extension-rift valley stage during the Permian, and the weakened extension-structural inversion stage during the Triassic, and finally, the intracontinental contraction stage after the Yanshan cycle (Wang et al., 2013). As a result of the various extension degrees during different time intervals (Figure 2D), the distribution of deep-water sediments is also variable, controlled by the general SE shrinking (Wang et al., 2006).
2.2 Lithology of Jiusi Formation
The Lower Carboniferous strata are unconformably covered by the Devonian dolomites, with four sets of sequences in ascending order: the Yanguan Formation, the Jiusi Formation, the Shangsi Formation, and the Baizuo Formation (Figure 1B). The Jiusi Formation was originally named the “Chiussu Series” by Ding (1931) in Jiusi village, 12 km west of Pingtang County, Guizhou Province. The Jiusi Formation is unconformably overlaying the Yanguan bioclastic limestone, and it is conformably underlain by the thick, bioclastic limestone Shangsi Formation. In the Weining area, the Jiusi Formation can be divided into two members: the lower member of the Jiusi Formation is mainly clastic, with both marine fauna and terrestrial plants. The lithology of the upper member is represented mainly by dark gray, thick limestone, argillaceous limestone, and black shale, yielding a diverse marine fossil fauna. The overall thickness of the Jiusi Formation ranges between 0 and 992 m (Zhang, 2017).
3 MATERIAL AND METHODS
Fieldwork related to the Jiusi Formation was undertaken during the autumn of 2020 when detailed mapping and sampling were carried out from five outcrops and a well (YS302) core section (Discontinuous coring from 1,523.86∼1839 m interval, total thickness: 60 m). The five outcrops are: Luduizi (LDZ, N: 27°00′16.4″, E: 104°01′40.9″), Yunguixiang (YGX, N: 27°56′11.97″, E: 104°4′32.66″), Heituhe (HTH, N: 27°14′3203″ E: 103°55′11.25″), Dahaizi (DHZ, N: 27°16′41.48″ E: 103°56′28.37″), and Shimenkan (SMK, N: 27°24′3.65″ E: 103°57′9.8″), respectively (Figure 1C). Five supplementary outcrops and a shallow drill (ZK1402) were considered from published literature and from the Geocloud website* (https://www.geocloud.cgs.gov.cn) for stratigraphic interpretations. The lithology of the Jiusi Formation from different areas is summarized in Table 1. In addition, Zhejiang Oilfield Company provided two 2D seismic sections for stratigraphic correlation.
TABLE 1 | Lithological dataset of the Jiusi Formation in northeastern Weining.
[image: Table 1]37 fresh shale/mudstone samples from LDZ and 27 shale samples from the YS302 well were sent to Chengdu University of Technology for analyses related to mineral (including clay) composition, total organic content (TOC). Major elements were analyzed with an X-ray fluorescence spectrometer (XRF-1500), while TOC was tested with a carbon-sulfur analyzer (LECO CS230). Clay mineral analysis was undertaken with an X’Pert Pro diffractometer. All analyses were carried out following the Chinese National Standards GB/T 14506.28-2010 and GB/T 19145-2003. The datasets of major and trace elements, gas content, and porosity results of the whole YS302 well were obtained from Log interpretation, Schlumberger Company.
4 RESULTS
4.1 Lithofacies description and interpretation
We distinguish 15 lithofacies types, summarized in Table 2 with their codes, lithology, descriptions, trace fossils, and body fossil content, together with the interpretation of depositional processes and paleoenvironments.
TABLE 2 | Lithofacies (LF) of the Jiusi Formation in sections LDZ, YGX, DHZ, and section HTH. BI, bioturbation index (Taylor and Goldring, 1993).
[image: Table 2]4.2 Mineralogy
The whole-rock mineral composition of 27 shale samples from YS302 is summarized in Table 3, showing that the shale samples are dominated by clay minerals and quartz, with subordinate calcite and dolomite. The clay mineral content ranges from 14.9% to 71.8% (average 42%). In all samples of the brittle minerals, the quartz content ranges from 10.1% to 80.6% (average 32.1%), the calcite content ranges from 0.7% to 32.5% (average 5.9%), the dolomite content ranges from 1.8% to 29.7% (average 10.7%), and the plagioclase content ranges from 0.6% to 8.1% (average 3.2%), except for the high pyrite content of 37.8% in 1716.41 m. The remaining samples contain less pyrite, and no siderite was detected, except for the samples obtained at the depth of 1833.88 m, accounting for 38.6%.
TABLE 3 | Mineral compositions of the Jiusi shale samples from YS302.
[image: Table 3]The clay mineral composition of 26 shale samples from YS302 is also summarized in Table 3, no clay minerals were detected in a shale sample from 1716.41 m. The clay minerals of the YS302 shale are mainly illite/smectite mixed layers, followed by illite and chlorite. The content of the illite/smectite mixed-layer ranges from 18.1% to 81.1% (average 52.84%), the illite content ranges from 12.9% to 43.4% (average 25.14%), and the chlorite ranged from 0.3% to 28.4% (average 9.63%).
4.3 Total organic content
The TOC content of 27 shale samples from LDZ is summarized in Table 4, with content ranging from 0.5% to 10.4% (average 1.86%). The TOC content of less than 1.0% is accounted for 32.43%, the TOC content ranging from 1.0% to 2.0% is accounted for 35.14%, and the TOC content of more than 2.0% is accounted for 21.62%, 58 shale gas reservoirs of YS302 were evaluated from the logging interpretation of Schlumberger Company. The TOC content of 58 reservoirs ranges from 0.1% to 23.9%, with an average of 3.7%. Notably, TOC content is more than 2%, accounting for 15.52%, and nine reservoirs with TOC content range from 11.6% to 23.9% (average 19.3), all these reservoirs being coal seams. With a TOC content of 0.5% as the lower limit, the TOC content in 35 shale gas reservoirs ranged from 0.6% to 1.7% (average 1.1%).
TABLE 4 | TOC content result of Jiusi Formation in LDZ.
[image: Table 4]5 DISCUSSION
5.1 The thickness distribution of the Jiusi Formation around NW weining area
For a long time, the thickness distribution of the Lower Carboniferous Jiusi Formation in Weining and its surrounding areas was elongated along the NW-SE direction of Zhaotong to Liupanshui (GCGB, 2013; Lu et al., 2021). The regional depositional center is located at Liudongqiao, on the outskirts of Weining County, with a thickness of 992 m (Zhang, 2017). The thickness distribution of the Jiusi Formation gradually decreases and finally disappears along the NW-SE direction, also rapidly thinning and disappearing to the SW-NE (Tang et al., 2016; Mei et al., 2021). Since, the YS302 well was drilled through the Jiusi Formation showing a thickness of 835 m. This result shows that the previous depositional center may be prolonged along the YS302-Weining line, in a NW-SE direction. Nevertheless, it is still controversial whether the Yadu-Ziyun-Luodian fault extends to the northwest Weining area (YS302), which directly affects the judgment of whether the Jiusi Formation thickness was controlled by the above fault. According to the fault system distribution shown in the geological survey by Geological Team 108, the northwest segment of the Yadu-Ziyun-Luodian fault suspended near Yadu country, and it did not extend to northwestern Weining. But Mao (1997) suggested the fault zone obliquely crosses western Guizhou and extends northwestward to Yunnan Province. Moreover, considering that the study area is less than 5,000 km2, the thickness of the Jiusi Formation ranges widely, from 0 to 835 m. It was suggested that the northwestern margin of the Liupanshui Depression was still in the process of continuous extension during the early Carboniferous and affected the Weining–Zhaotong area.
The tracking results of the west-east direction seismic event through the YS302 well confirmed this conjecture. The thickness of the Jiusi Formation on the east side of YS302 was controlled by synsedimentary faults, which showed a rapid stage thinning to the east (Figure 3 B-B’). This result is similar to the synsedimentary fault we found outside SMK, with the mudstone layer thickness getting inconsistent on both sides of the fault (Figure 4C). Unfortunately, due to the fact that the seismic section did not cover the west side of the YS302 well, the stratigraphic distribution of the Jiusi Formation along the west side is not clear (Figure 3 B-B’). Tracking results of the seismic event show that the thickness north to south distribution of the Jiusi Formation around the YS302 area is relatively stable, and the stratigraphic thickness in the south of the YS302 decreases rapidly due to the extension of synsedimentary faults, while the thickness of the Jiusi Formation in the north shows a slow thinning trend (Figure 3 C-C’).
[image: Figure 3]FIGURE 3 | Interpreted seismic profiles, including the YS302 well (profile locations shown in Figure 4A). (B-B’) West-East direction of the seismic profile cross the YS302 well. (C-C’) South-North direction of the seismic profile cross the YS302 well.
[image: Figure 4]FIGURE 4 | The structural pattern in northwestern Weining area. (A) The distribution of fault systems and of seismic profile locations in the northwestern Weining area (the fault system distribution was modified after Mao, 1997). (B) Synsedimentary extension fault zone in D-D’ section. (C) Synsedimentary extension fault within the Jiusi Formation, outside of SMK country.
The synsedimentary extension-fault of the Liupanshui Depression influenced the distribution of the Jiusi Formation, controlled by a graben-horst assemblage (Figure 4B). The datasets from outcrops, from the YS302 well, and from the shallow drill (ZK1402) demonstrate the same scenario. To the northwest of the Weining area, two sedimentary centers in the Jiusi Formation were identified, the main sedimentary center being located in well YS302 and the secondary center being located in ZK1402. To the northeast of YS302, the Jiusi Formation thickness decreases rapidly until the formation disappears. In the southwest area of YS302, the Jiusi Formation thickness first decreases and then increases to ZK1402, further thinning until it disappears (Figure 5).
[image: Figure 5]FIGURE 5 | Thickness spatial variation of the Jiusi Formation in the northwestern Weining area.
5.2 Facies associations
5.2.1 Facies association 1 (Lithofacies M, Mb, C, Lab, Lc, Lm): lagoon deposits
Facies association 1 occurs towards the top sections of all five outcrops and in the YS302 well. This sedimentary succession is dominated by laminated calcareous mudstone and carbonaceous mudstone, yielding macrofossils, trace fossils, and pyrite aggregates (Figure 6G), indicating an oxygen-deficient related to an anaerobic lagoonal setting. It begins with the suspension deposits of lithofacies M at YS302 well, DHZ, SMK (Figure 6A), and YGX section (Figure 6B), or lithofacies Lab (bioturbated arenaceous limestone) at LDZ section (Figure 6C), and it ends with the platform facies of the Shangsi Formation. Influenced by sea-level change and by water turbidity, low energy sediments such as lithofacies Mb (Figures 6E,L) and lithofacies C (Figure 6I) were generated during the low systems tract, while lithofacies Lc occurred during the transgressive system tract or maximum flooding surface. Lithofacies Lc (Figure 6K), Lab (Figure 6C), and Lm (Figure 6J) occurred under relatively salt-water conditions. In the YS302 core section, a few interlaminar, well-preserved solitary corals were the result of subsidence (Figure 6F). Centimetric bioclastic interlayers showed a directional arrangement (Figure 6D) that indicates that the lagoonal setting was disturbed by large storms or tides. In the other four outcrops of the Jiusi Formation, the lagoon deposits are mainly represented by thick (40–80 m), pure mudstones or shales.
[image: Figure 6]FIGURE 6 | Facies association 1. (A) Lithofacies M, section SMK. (B) Lithofacies M, section YGX. (C) Lithofacies Lab (bioturbated arenaceous limestone) with abundant Zoophycos, section LDZ. (D) Lithofacies M, calcareous shale, bioclast interlayer showed directional arrangement (yellow arrow), 1,525.51–1525.61 m, YS302. (E) Lithofacies Mb (bioturbated mudstone) with abundant chondrites (yellow arrow). 1,526.30–1526.48 m, YS302. (F) Lithofacies M with solitary corals (yellow arrow) 1729.56–1729.68 m YS302. (G) Pyrite aggregate (yellow arrow) in lithofacies M, 1817.70–1817.88 m, YS302. (H) Bryozoan fossils (yellow arrow) in lithofacies M, 1830.10–1830.27 m, YS302. (I) Lithofacies C (coal), 1839.55–1839.75 m, YS302. (J) Lithofacies Lm (muddy limestone), calcareous bond interlayer within muddy limestone (yellow arrow), 1,527.02–1527.22 m, YS302. (K) Lithofacies Lc (chet limestone), section YGX. (L) Lithofacies Mb, Chondrites (yellow arrow), section DHZ.
Another distinguishing mark of the lagoon facies is represented by the trace fossils and by the geochemical analyses of shales. The trace fossils in the YS302 core section are dominated by Chondrites (Figure 6E), although Chondrites are an oxygen-deficient to anaerobic paleoxygenation indicator, typically representing the last trace fossil in a bioturbation sequence (Bromley and Ekdale, 1984). However, its appearance ranges from large wild facies, from brackish coastal conditions to deepwater environments (Yang et al., 2004). In the YS302 well, the abundance and size of Chondrites increased with the decreasing depth (from 1,540.88 ∼ 1,523.86 m), suggesting that the oxygen content increased during the regression cycles. Moreover, the Sr/Ba value, which is a proxy for indicating palaeosalinity (Wang et al., 2020), also showed a wild range in Jiusi shale at YS301 (northeastern 1.2 km to YS302), indicating that the lagoon environment was influenced by a freshwater input.
5.2.2 Facies association 2 (Lithofacies M, Mb, Mp, C, Ssr, Sar, Sir, Sc, Ss, Sb, Hb): tidal deposits
Facies association 2 generally occur in the lower part of the Jiusi Formation in the LDZ, DHZ, SMK, and HTH sections. The composition of sandstones in this association was dominated by well-sorted quartz, with a quartz content usually greater than 90%, marking a tidal environment. The Facies association two begins with tinning- and fining-upward cycles, with an erosive or sharp base, covered by thick middle- or fine-grained structureless sandstones (lithofacies Ss), cross-bedded sandstones (lithofacies Sc) in LDZ (Figures 7C,H), DHZ, and HTH sections, and symmetrical rippled sandstones (Figure 7D) in the SMK section, suggesting a subtidal environment. Passing upwards to very fine sandstone and mudstone (lithofacies M) distributed alternately or to heterolithics, with flaser (Figure 7A), lenticular (Figure 7B), wavy (Figure 7J), and herringbone bedding (Figure 7K), the association indicates a tidal flat environment. Small dunes with erosional bases that disappeared laterally were interpreted as tidal channels and gullies in a sandy flat (Figures 7I,L). These associations end up with lithofacies Mp (phytophoric mudstones) or C (coal) with a large number of leaf fossils, including lepidophytes, and unidentified leaf fossils (Figures 7M,N), representing a supratidal swamp environment. Considering that the supratidal setting is basically an exposed environment and that no exposed marks were found in Mp, the Jiusi Formation recorded rapid transgression conditions, with flood and ebb currents washing away any exposed marks.
[image: Figure 7]FIGURE 7 | Facies association 2, intertidal or subtidal zone. (A) Heterolithic with flaser bedding, section SMK. (B) Heterolithic with lenticular bedding, section DHZ. (C) Lithofacies Sc (cross-bedded sandstones) with awash cross-bedding, section LDZ. (D) Lithofacies Ssr (Symmetrical rippled sandstones), section SMK. (E) Lithofacies Sir (interference rippled sandstones), section SMK. (F) Lithofacies Sar (asymmetrical rippled sandstones) with the current direction of 180°, section HTH. (G) Quartz sandstone with muddy bands, section SMK. (H) Lithofacies Sc with awash cross-bedding, section LDZ. (I) Small dunes with erosional base, disappearing laterally (yellow dashed line), gully setting, section LDZ. (J) Lithofacies Sc with wavy cross-bedding, section DHZ. (K) Lithofacies Sc with parallel bedding and herringbone bedding (yellow arrow), section DHZ. (L) Repeated seven finning upwards cycles with erosional bases of each sequence, tidal channel setting, section HTH. (continued). Facies association 2, supratidal zone. Lithofacies Mp with abundant unidentified leaf fossil, section LDZ (M) and section SMK (N).
The bioturbation was common in this association and it includes the lithofacies Mb (Figure 8G), Sb (Figures 8A–E,H–L), and Hb (Figure 8F). Particularly, the lithofacies Mb in these associations is quite different from the lithofacies Mb in Facies association 1, although tidal bioturbation in lithofacies Mb was also dominated by Chondrites. Chondrites showed a much higher abundance, diversity, and stronger bioturbation intensity in the tidal environment (Figure 8G), even colonizing adjacent heterolithics (Figure 8F) and sandstones (Figures 8J–L). The bioturbation was profoundly impacted by redox and salinity conditions (Yang et al., 2004). Compared to the oxygen-deficient lagoonal settings, the oxygen-enriched and adequate food supply in the tidal setting, it is more suitable for trace makers to leave their marks. Strong bioturbation is also correlated with sedimentary rates, as the invariable and slow rate of deposition creates a favorable condition for the continuous activity of organisms (Zhang, 2015). Lithofacies Sb at the lower part of LDZ in this association even involved a total bio-disturbed sandstone (Figures 8J–L).
[image: Figure 8]FIGURE 8 | Trace fossils in the Jiusi Formation. (A–C) Cross-section view of the Skolithos linearis in lithofacies Sb (bioturbated sandstones). (A,B) Section LDZ; (C) section DHZ; cross-section view (D) and bedding-plane view (E) of the Ophiomorpha isp. In lithofacies Sb, section LDZ. (F,G) Bedding-plane view of the Chondrites filifalx in lithofacies Hb (F) and lithofacies Mb (G), section LDZ (H,I) bedding-plane view, and (H) cross-section view of the Palaeophycus sp. In lithofacies Sb, section LDZ. (J–L) The bioturbated siltstone and trace fossils were dominated by Chondrites sp. (J) Cross-section view (K) and bedding-plane view (L) of (J). (M) Planolites sp. In lithofacies Sb, section LDZ. (N,O) Bedding-plant view of Zoophycos cf. shandongensis (N) and Zoophycos sp. (O) section LDZ.
Different kinds of ichnotaxa are widely found in these associations, including Skolithos (Figures 8A–C), Ophiomorpha (Figures 8D,E), Palaeophycus (Figures 8H,I), Chondrites, and Planolites (Figure 8M). In the lithofacies Sb, the trace fossils Skolithos and Ophiomorpha belong to the Skoithos ichnofacies, which typically occur in lower intertidal to shallow subtidal environments with moderately to well-sorted, shifting sandy substrates related to sedimentation and erosion rates (Yang et al., 2004; MacEachern et al., 2012). As discussed above (see section 5.2.1), the occurrence of Chondrites, together with Planolites and Palaeophycus in lithofacies Mb and Hb, indicates a relatively organic-rich, oxygen-deficient tidal zone.
5.2.3 Facies association 3 (Lithofacies M, Mp, Ms, Ss, Sc): delta deposits
Facies association 3 occurs only in the lower part of the YGX section. Despite the fact that this section is not completely outcropped, the lithological sequence of a delta facies can be identified. It begins with phytophoric mudstones (lithofacies Mp) interbedded with structureless sandstones (lithofacies Ss), ascends to lithofacies Ss and mudstones (lithofacies M), ending up with sigmoidal mudstones (lithofacies Ms). These associations indicated a prograde cycle of delta during a transgression. Lithofacies Mp contains frequent plant fossils with well-preserved leaves and trunks, suggesting a delta plain setting (Figure 9C). The interbedded siltstone (dozens of centimeters thick) with fine upward cycles suggests an abandoned channel deposit. Passing upwards to lithofacies Ss with an erosional base and a finning upward granulometry suggests a submerged distributary channel deposit (Figure 9A). The plant fossil fragment on the top of the mud-siltstone indicates a submerged nature levee environment (Figure 9B). The well-sorted and thick structureless sandstones (lithofacies Ss) with an erosional base (Figure 9D) suggest a mouth bar or a distal bar setting. The upmost part of Facies association 3 consists of thin siltstones and of lithofacies Ms, the sheet siltstone is frequently penetrated by finger-like mudstones laterally (Figure 9E), indicating a typical distal delta front lithofacies (Wang and Zhang, 1996). The lithofacies Ms usually cap upon the sheet-like siltstones with interbedded sigmoidal deformation structures, and they are inclined seaward (Figure 9F). The interbedded sigmoidal deformation mechanism may be related to the source supply capacity; when the source supply was strong, the delta complex advanced seaward, particularly, a great part of the silt- and clay-size material of river load was deposited along the prodelta (Einsele, 1992), when the mudstones accumulate huge thickness along the prodelta slope, while soft sediments trend to collapse seaward under the force of gravity. Therefore, Facies association 3 was considered as a fluvial-dominated delta.
[image: Figure 9]FIGURE 9 | Facies association 3 in section YGX. (A) Finning upwards sequence in a submerged fluvial environment. (B) Lithofacies Mp (Phytophoric mudstone) with abundant lepidophyte leaves, in a submerged natural levee setting. (C) lepidophyte trunk, floodplain setting. (D) The boundary (yellow dashed line) of lithofacies Mp and lithofacies Ss (structureless sandstones), an erosional base together with sandstones structure suggest a submerged distributary channel deposit. (E) The sheet sandstone was penetrated by finger-like mudstones, in a distal delta front setting. (F) Lithofacies Ms (sigmoidal mudstones) with a dip direction towards the lagoonal environment (yellow dashed line), in a prodelta setting.
The trace fossils of the Facies association 3 are rare; only a few Palaeophycus were found within mudstone horizons. Given the wide distribution of Palaeophycus, which ranges from terrestrial to deepwater environments (Yang et al., 2004), there is no sedimentary significance to the identified facies.
5.2.4 Vertical evolution of facies associations and sedimentary facies distribution of the Jiusi Formation
The sedimentary facies of the Lower Carboniferous Jiusi Formation in the Weining area can be divided into two parts. The lower part of the Jiusi Formation is represented mainly by a tidal facies (Figures 10, 11), the delta facies only occurred in the YGX section (Figure 10); the upper part of the Jiusi Formation includes lagoon deposits (Figures 10, 11). The evolution of sedimentary facies of the Jiusi Formation shows a process of continuous transgression under the background of tectonic syn-subsidence during the early Carboniferous around the Weining area. At the beginning of the deposition of the Jiusi Formation, tidal deposits dominated most of the Weining area, except for the YGX section, which was closer to the hinterland (Figure 4A), with fluvial-dominated delta deposits. Following the continuous extension of synsedimentary faults as well as following the transgression, it finally evolved into lagoonal facies deposition. The tidal deposits are mainly developed along with horst assemblages in synsedimentary faults, while the graben assemblages are dominated by lagoon deposits. The transformation rates of sedimentary facies are also different, related to step-fault combinations at the graben assemblage, to faster basement subsidence rates and to deeper water conditions. In this way, the tidal face associations were transformed into lagoon facies earlier. Taking the YS302 facies associations as an example, the thickness of lagoonal associations content reaches 93.5%, while the tidal face associations content only accounts for 6.5% of the Jiusi Formation. Although the synsedimentary extension-rift also caused thinning of the crust and subsidence of the whole basement along with increasing accommodation compared with the morphology of the graben assemblage, a relatively shallower water condition in the horst zone was less impacted by synsedimentary depression under enough sources of supply. The thickness of tidal face associations content in the horst zone (90.2%) is much greater than the lagoonal associations (9.8%), with repeated overlapping intertidal lithofacies associations at the LDZ section, further transformed into lagoonal settings.
[image: Figure 10]FIGURE 10 | The correlation of facies of the Jiusi Formation in a transmeridional direction.
[image: Figure 11]FIGURE 11 | The correlation of facies of the Jiusi Formation along a north-south direction.
Based on these observations, a facies distribution of the Jiusi Formation is proposed (Figure 12). The stratigraphic thickness and facies associations of Jiusi Formation were controlled by the synsedimentary extension-rift activity of the northwestern Liupanshui Depression. In the northeast of the study area, supratidal subfacies are developed around the hinterland and a fluvial-dominated delta facies is set along the DZP to YGX section. As the activity of the step-fault zone intensified, the water in the synsedimentary elongated trough deepened gradually, and the lagoon-facies deposition controlled by the NW fault was formed from YS302 to the southeast of the study area. The other parts are mainly tidal facies.
[image: Figure 12]FIGURE 12 | The distribution of the Jiusi Formation in the northwestern Weining area.
5.3 Shale gas reservoir exploration potential of Jiusi Formation
Planning and designing a successful shale gas exploration block generally depends on the geological evaluation system of the shale quality (Guo, 2014; Jin et al., 2016). Based on some shale gas mining test areas and on the successful experience of other countries, combined with China’s own geological characterstics, some parameters for evaluation standards of shale quality targets on optimization were proposed, including TOC content, thermal maturity, silica content, porosity, gas content, and rock mechanical parameters (Zeng et al., 2015; Ma et al., 2018; Jiang et al., 2019a). These standards have their own characterstics and a relative board research object involves Palaeozoic marine and lacustrine shales and Mesozoic-Cenozoic terrestrial shales. However, given the variable tectonics, sedimentary setting, and geomorphic and topographic conditions of the Jiusi shale, some parameters (such as TOC, Ro) of evaluating standards cannot effectively help evaluate the optimization of favorable Jiusi shale horizon. There is no favorable horizon for shale gas exploration of YS302, with strictly followed by the above standards, especially when compared with the marine shales that have been successfully exploited commercially. The quality of the Jiusi transitional shale is relatively poor.
On the contrary, the Jiusi shale during the drilling of YS302 showed abnormal gas logging in dozens of horizons, and the water immersion test of the core section revealed continuous bubble release and upwelling with a size of between 0.5 and 1.5 mm and lasting for a long time (Figure 13). This result indicates the Jiusi transitional shale has great potential for shale gas exploration. For better evaluating the development of Jiusi transitional shale, we scaled down some key evaluation parameters and reenacted a shale reservoir evaluating standard based on the above marine shale reservoir standard and on the testing results of the Jiusi shale (Table 5).
[image: Figure 13]FIGURE 13 | Water immersion testing of a core section in YS302 (1724.17–1724.28 m) (Mei et al., 2021).
TABLE 5 | New evaluation standards for the YS302 shale reservoir.
[image: Table 5]Reenacted evaluated standard focuses on the shale reservoir parameters adjustment such as TOC content, porosity, shale horizon thickness, lithofacies, and gas content. Considering that the shale gas reservoir is a typical artificial reservoir, the production of shale gas relates to subsequent hydraulic fracturing efficiency, the content of brittle minerals in shale play an important role in the fracability, affecting the brittleness, fracture development, and fracture mode of shale (Zou et al., 2010; Ding et al., 2016; Zhang et al., 2017; Zhong et al., 2018). The brittle mineral content of most Jiusi transitional shale exceeds 40%, even exceeding 60% from 1,347.5 to 1991.6 m depths, indicating that the Jiusi shale is prone to the formation of fracture networks after fracturing.
According to the reenacted evaluated standard, two types of shale reservoirs were clarified in YS302 (Table 6), establishing that the favorable shale horizon accumulative thickness is 104m and that the lithofacies were dominated by carbonaceous shale interbedded with coal seams.
TABLE 6 | Evaluation of the YS302 with new standards.
[image: Table 6]5.4 Comparison of the properties of the transition shale and of the marine shale
Compared with the marine shale of the Ordovician - Silurian Wufeng-Longmaxi Formations in the Jiaoshiba area (Table 7), the Jiusi transitional shale shows relatively poor quality. Some key values of the Jiusi Formation are different from those of marine shales, such as gas content, TOC content, and effective porosity. The reason may be related to the water depth during the shale deposition, as the oxygen content of the inner shelf of the Wufeng-Longmaxi Formation was extremely low, and no bioturbation was reported. The upper Jiusi shale in the lagoonal setting contains a large number of trace fossils, and the activity of organisms disrupted the conditions of preservation of organic matter. Moreover, lagoonal shale is more susceptible to climate and sea-level change. Under a warm and humid climate as well as during a sea-level drop, the increased terrestrial input may cause organic matter to dilute and decompose. Consequently, the TOC content of the Jiusi Formation showed a strong heterogeneity (Figure 14), while the TOC content of the Wufeng-Longmaxi marine shale increases with the water depth (Ma et al., 2018), as the marine shale of the inner shelf is relatively less affected by sea-level change. The content of water-sensitive minerals in the Jiusi shale is relatively high, with the average content of illite/smectite mixed-layer in clay minerals of 52.84%. The tendency of high content illite/smectite mixed-layer to swell macroscopically and its cause of shale instability in well drilling operations can potentially lead to collapse of the wellbore (Anderson et al., 2010). Meanwhile, the damage from expanding clays in cores can reduce the effective throat radius with scatting of the paragenetic structures of clay minerals, further influencing the shale gas production during hydraulic fracturing (Liao et al., 2012). Therefore, new technology and supporting equipment are needed for developing the Jiusi shale. Nevertheless, the lagoon facies is prone to forming thick coal seams during the process of sea-level fall (Zhu, 2008), and the preservation of in-situ coal seams is relatively high. This shows that shale gas and coalbed methane can be developed together.
TABLE 7 | Comparison of key parameters of sweet pot shale reservoir between YS302 and the Jiaoshiba area. Shale reservoir dataset of the Jiaoshiba area summarized from (Ma et al., 2018).
[image: Table 7][image: Figure 14]FIGURE 14 | The TOC content of the Jiusi Formation. (A) TOC content from section LDZ, (B) TOC content from the logging interpretation of YS302, all horizons with TOC greater than 2% are coal seams. The TOC histogram of section LDZ (C) and YS302 (D).
6 CONCLUSION

(1) The thickness distribution of the Jiusi Formation in the Weining area was controlled by the sysedimentary extension faults of the northwestern Liupanshui Depression, with the depositional center of the Jiusi Formation extending in a NW direction and asymmetrically thinning in a NE–SW direction.
(2) The sedimentary facies of the Lower Carboniferous Jiusi Formation in the Weining area can be divided into two members. The lower member of the Jiusi Formation records mainly tidal facies, while the delta facies only occurred in the YGX section; the upper member of the Jiusi Formation was deposited under lagoonal conditions. The facies associations of the Jiusi Formation are also controlled by sysedimentary extension faults. The tidal deposits are mainly developed along horst assemblages, while the graben assemblages are dominated by lagoon deposits.
(3) Compared with the marine shale of the Ordovician - Silurian Wufeng-Longmaxi Formations in north Guizhou and Yunnan provinces, the Jiusi transitional shale shows relatively poor quality for some key parameters. The evaluation standard for marine shale cannot be applied to the transitional Jiusi shale. After appropriate reductions in some evaluation proxies, there is still nearly 100 m of cumulative thickness shale in YS302 worthy of shale gas development. Considering that transitional shales are often interlayered with coal seams, the shale gas and the coalbed methane can be developed together.
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Location Stratum Facies Key parameters of shale reservoir (average)

TOC content  Gas content  Effective porosity ~ Brittle mineral content

Y$302 Jiusi Fm. lagoon 11% ~2m’/t 2.1% 717%
Jiaoshiba area  Wufeng-Longmaxi Fm. Inner shelf >3% >6 m¥/t >5% ~60.0%
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Depth/

Mineral constituent content (%)

Relative clay mineral contents (%)

Quartz Plagioclase Dolomite Calcite Pyrite Siderite Clay Smectite Illite Kaolinite Chlorite I/S /S
ratio
152754 397 21 202 39 47 0 24 0 159 8Ll 3 03 20
152793 329 34 10.7 215 27 0 288 0 31 632 5 07 20
152862 194 43 291 11 26 0 436 0 353 611 3 05 20
15318 2 34 294 131 28 0 293 0 304 628 6 120
153225 228 37 297 0 18 0 2 0 356 55 8 1320
153337 293 55 155 49 42 0 406 0 213 741 4 07 20
153419 38 39 55 29 56 0 441 0 321 633 4 08 20
153458 312 58 169 07 43 0 a0 26 673 6 1120
153594 312 4 259 0 38 0 35100 334 618 4 08 20
1537.15 305 52 158 87 22 0 375 0 134 455 1 020
153876 41 29 2 19 24 0 399 0 28 714 5 120
153947 393 4 19.8 0 31 0 337 0 30 638 5 120
171565 744 0 0 0 104 0 1520 234 471 18 117 20
171617 80.6 0 0 0 33 0 149 0 212 536 6 19 20
171641 368 0 0 0 378 0 254 — - - - - -
172655 153 8.1 57 325 41 0 43 0 24 606 7 87 20
173081 19.3 59 63 2 5 0 05 0 284 481 6 173 20
181376 33.4 22 4.4 0 18 0 583 0 182 494 17 1520
181432 288 47 55 0 21 0 588 0 212 413 18 197 20
18168 20.7 31 48 55 23 0 636 0 29 438 17 159 20
181778 265 3 8.1 10.4 19 0 502 0 24 465 15 141 20
182927 427 26 23 32 16 0 476 0 206 345 21 235 20
183072 24.4 18 0 0 2 0 718 0 142 261 31 284 20
183262 212 37 18 0 16 0 7170 165 362 2 215 20
183388 101 0 4 46 0 386 393 0 129 181 54 145 20
183462 30.1 06 82 0 14 0 506 0 278 386 16 178 20
1837.92 247 34 62 216 52 0 39 0 211 595 5 142 20
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Lithology Grain  Description Biogenic structures Depositional process
size® and sedimentary
environment
M Mudstones Silty mud  Dark grey or black grey mudstones, 0-1  Macrofossils: few solitary corals,  Suspension fallout, low sedimentation
including calcareous mudstone, brachiopod, or bryozoan rates. Bioclast was transported and
carbonaceous mudstones, laminated (Figure 6H). Trace fossils: deposited during the large tide and storm
common, with a varying thickness. A few Unidentified weather
marine fossils
Mb  Bioturbated Mud-VE  Dark grey or Black grey mudstones. 4-6  Trace fossils: Chondrites, Low sedimentation rates.a relative organic-
Mudstone Several meters thick, massive or Planolites, Palaeophycus rich, oxygen-deficient tidal zone
laminated, locally dense bioturbation.
Pyrite was found occasionally
Ms  Sigmoidal Mud-VE  Dark gray mudstones with thickness 0 Absent The soft sediments slide prograde forced by
mudstone from 10 to 30 cm Overall sigmoidal gravity, seaward inclined. The distal delta
deformation front environment
Mp  Phytophoric Mud-VE  Dark-grey mudstone or carbonaceous  0-1  Macrofossils: leaf and trunks of ~ Low sedimentation rates. Pools of standing
mudstone mudstones, with abundant plant fossi, lepidophyte, or unidentified water during low-stage channel
sometimes fragmented, varying thickness fossils, sometimes fragmented abandonment; floodplain facies or
supratidal environment
C  Coal seam Mud Black or black grey coal, generally appear  0-1  Macro fossils: similar with Mp ~ Low sedimentation rates. Typical swamp
with Mp lithofacies lithofacies facies
Ssr Symmetrical VE-F White to light grey sandstones with 0 Absent Oscillatory flow above fairweather wave
rippled- symmetrical ripples. Less than 1-2.5 m base
sandstone
Sar A symmetrical VE-F White to light grey sandstones. 0 Absent Migration of small ripples in condition of
rippled Unidirectional current ripples. Current lower flow regime
sandstones direction: 180°, ripples at the top surface
of the sandstones (Figure 7F)
Sir  Interference VE-F Vari-colored sandstones, ripple acting 0 Absent Fe-cemented surface indicated periods of
rippled sandstone surface was fuchsia, 15-40 m thick. long exposure. Extremely shallow water
Contains a few muddy bands environment. Relative high energy. The
(Figure 7G). Quartz content >90% most proximal ebb-tidal sandy flat
S Cross-bedded VE-E-M White to light grey sandstones. Including  0-1 Continuous reworking and movement of
sandstones awash cross bedding, herringbone flood and ebb currents. High sedimentation
bedding and parallel bedding. Thickness rates. Tidal-dominated environment
varying from L5 to 2 m. Erosional, sharp
or transitional base
Ss Structureless VE-E-M  White to light grey sandstones witha 0 Absent Periodic high-energy discharge with
sandstones varying thickness. Erosional or sharp variable flow intensities (bedload and
base, if sandstones with normal grading. suspended load), Erosion or sharp base
Transitional base if reversing grading indicated a high sedimentation rate
Sb Bioturbated SiF Grey to light grey sandstones, transitional 46 Trace fossils: Skolithos, High carrying capacity and bioturbation
sandstones base, bioturbated often on the top of the Ophiomorpha, Palaeophycus and favorable conditions (optimized oxygen,
sandstones. Parallel beddings are unidentified trace fossils salinity, temperature)
common. Only 1 bed was exhibited total
bioturbated with completely obliterated
primary sedimentary structure
Hb  Bioturbated Mud-VE  Dark grey-white to light heterolithic, ~ 4-5  Trace fossils: Skilithos, Deposition in alternating energy with local
heterolithic transitional base, beds are serval meters Ophiomorpha, Palaeophycus, tide influence. From mud-dominated to
with mud-sand couplets a few Chondrites, Planolites sand-dominated heterolithics, the energy
centimeters thick. Flaser, lenticular and and water depth get higher and deeper
wavy bedding were common
Lab Bioturbated - Grey-light grey arenaceous, trace fossils 24 Sandy particles were probably deposited
arenaceous dominated by zoophycos (Fig. 8N, O). and transported from the coastal current
limestone Thickness from 0.5 to 1.7 m during the transgressive intermission. Low
sedimentation rates. Lagoon environment,
with rich food in organic matter for trace
maker to build Zoophycos
Lc  Chert limestones — — Black chet (stiff inclusions) embedded in 0 Absent Pelagic environment (Alvarez et al. (1976);
a light grey limestone matrix, chet Hein and Karl (1983) or drowned shelf to
occurring as lenses. 3.4 m oceanic seamount settings (Murchey and
Jones (1992). Deepwater environment
Lm  Muddy — Dark grey- grey muddy limestone, fossils 0 Absent Restricted circulation of seawater, low
limestones are rare, matrix-supported sedimentation rates, lagoon environment

*VE, very fine sand; F, fine sand; M, medium sand.
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