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The types of volcanic edifices and volcanic eruption patterns control the accumulation and distribution of oil and gas. By means of drillings, seismic data, and geochemical analysis, the types and distribution of the Carboniferous volcanic edifices in the Shixi area of Junggar Basin were studied, the formation mechanism of magma was clarified, and the eruption patterns of volcanoes were investigated. The results show that the types of the Carboniferous volcanic edifices in the Shixi area mainly include stratovolcanic edifices, shield basic volcanic edifices, and mound superimposed volcanic edifices. Stratovolcanic edifices and mound superimposed volcanic edifices are developed around the Shixi fault, while single stratovolcanic edifices are developed around the Mobei fault. Shield basic volcanic edifices are only developed in the south of the Shixi area. Vertically, volcanic edifices are mainly developed on the hanging walls of the faults. When the faults develop, the volcanic vents are dendritic, forming mound superimposed volcanic edifices in space. On the plane, there are more volcanic edifices in the Shixi salient than in the Mobei salient. Intermediate-acid volcanic edifices are distributed in beaded shapes along one side of the Shixi fault and the Mobei fault, while basic volcanic edifices are distributed in sheet shapes on both sides of the Dinan fault. In the early Carboniferous, the Shixi area was in the island arc environment under the subduction of the oceanic crust. The basic magma came from the melting of the subduction plate, and the intermediate-acid magma came from the partial melting of the crust. In the late Carboniferous, the extensional environment formed by the retraction of the subduction plate led to the formation of large-scale volcanic eruptions. The extensional environment formed by the retreat of the subduction plate in the later stage resulted in large-scale volcanic eruptions.
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1 INTRODUCTION
Volcanic oil and gas, as an important unconventional source of oil and gas, has effectively alleviated the energy shortage in China and become a realistic replacement field for oil and gas exploration (Chen et al., 2015; Ma et al., 2019). Since the 1980s, China’s onshore volcanic oil and gas exploration has entered a stage of rapid development, and the proved geological reserves have been greatly improved. Industrial oil and gas flows have been found in the Carboniferous-Permian volcanic rocks in Songliao Basin, Bohai Bay Basin, Junggar Basin, and Santanghu Basin (Zou et al., 2008; He et al., 2009; Meng et al., 2021). In 2008, the Xinjiang oilfield discovered the Kelamili gas field with resources of 100 billion cubic meters in the Carboniferous volcanoes in the central Junggar Basin, which opened a new prospect of volcanic oil and gas exploration and development in the Junggar Basin. Previous studies have focused on the tectonic setting, chronological characteristics, and hydrocarbon accumulation mechanism of volcanic rocks in the Junggar Basin, which has played an important supporting role in promoting the exploration and development of volcanic oil and gas reservoirs in the Junggar Basin (Zhang et al., 2015; Huang et al., 2020; You et al., 2021).
The Shixi area is located in the Luliang uplift, and the proven petroleum reserves of the Carboniferous system are 38.94 million tons. The high-quality volcanic reservoirs are mainly volcanic breccia, volcanic agglomerate, and blowhole lava. The volcanic edifice controls the scale and distribution of volcanic lithologies and lithofacies, so it is very important to find out the eruption patterns and distribution laws of volcanic edifices for the exploration and development of volcanic oil and gas. Based on magma properties, lithological associations, volcanic edifice structures, and eruption patterns, previous studies have divided a variety of classification schemes of volcanic edifices. Tang et al. (2012) divided the volcanic edifices of the Yingcheng formation in the southern Songliao basin into rhyolitic lava volcanic edifices, rhyolitic clastic volcanic edifices, composite volcanic edifices, dacite lava volcanic edifices, and andesitic clastic volcanic edifices according to the magma properties and lithology. The Carboniferous volcanic edifices in the Ludong-Wucaiwan area of the Junggar Basin are divided into shield volcanic edifices, stratovolcanic edifices, calderas, lava domes, and cinder cones according to the structure and shape of volcanic edifices (Zhao and Shi, 2012). Huang et al. (2007) further divided conical volcanic edifices into single conical volcanic edifices, multi-conical volcanic edifices, and stacked conical volcanic edifices. At present, the research on volcanic eruption patterns mainly analyzes the relationships between volcanic eruptions and faults. Volcanic eruptions mainly include central eruptions, fissure eruptions, and fissure-central eruptions. The Permian magma erupted in the fissure type along the NE-trending faults in the southern Jianyang area of the Sichuan Basin (Xia et al., 2020). Qu (2019) divided the volcanic eruption patterns of the Yingcheng formation in the Xushen gasfield of the Songliao basin into central eruptions and fissure-central eruptions distributed along faults.
The Carboniferous volcanic rocks in the Shixi area are deeply buried and have undergone multiple stages of tectonic movements and weathering, resulting in hard-to-identify volcanic edifices due to serious deformation. By means of field geological survey, observation and description of drilling cores, and geophysical techniques, researchers have a deep understanding of the lithologies, lithofacies, and identification methods of volcanic edifices in this area (Yin et al., 2019; Dai et al., 2020; Lan et al., 2021; Li H. et al., 2021; Li, 2022). However, the research studies on volcanic edifice types and volcanic eruption patterns are a little insufficient. On the basis of summarizing previous achievements, drillings, seismic data, and geochemical analysis are used in this article to investigate the types and distribution of the Carboniferous volcanic edifices, the formation mechanism of magma, and the eruption patterns of volcanoes in the Shixi area. The results provide a geological basis for increasing oil and gas reserves and production in this area.
2 GEOLOGICAL BACKGROUND
The Shixi area is located in the Shixi salient and Mobei salient in the south of the Luliang uplift in the central Junggar Basin and adjacent to the west sag of the Pen 1 well and Shinan sag, respectively, in the north and south, which has superior oil and gas geological conditions (Figure 1). NE-trending and NW-trending faults are developed in this area, of which two NE-trending large basement faults (Shixi fault and Mobei fault) control the development of nose-shaped salients (Ma et al., 2013). In the early Carboniferous, the Luliang island arc was affected by oceanic crust subduction, resulting in large-scale volcanic eruptions and the development of a huge thickness of volcanic rock strata with a buried depth of more than 4,000 m (Wang L. et al., 2020). There are three eruption cycles in the upper Carboniferous in the Shixi area, of which the third cycle includes four stages of volcanic activities. Most wells are drilled in the third cycle, and the lithofacies are mainly characterized by overflow facies and explosive facies, which appear alternately and are dominated by overflow facies. The rock types of overflow facies mainly include basalt, andesite, dacite, and rhyolite. The explosive facies mainly develop volcanic breccia and tuff (Figure 2). The upper Carboniferous volcanic reservoirs are connected with hydrocarbon generation sags through basement faults, forming large-scale oil and gas reservoirs.
[image: Figure 1]FIGURE 1 | Tectonic unit of the Junggar Basin and studying area.
[image: Figure 2]FIGURE 2 | Lithologic histogram of the upper Carboniferous in the Shixi area.
3 VOLCANIC EDIFICE TYPES
The upper Carboniferous volcanic rocks in the Shixi area are mainly intermediate-acid rocks, and a small number of basic rocks are developed in the south. Based on the lithology, structure, and shape, the volcanic edifices in the study area can be divided into various types. Intermediate-acid lavas are mostly interbedded with pyroclastic rocks to form mound-like stratovolcanic edifices. When volcanic vents are well developed in a certain region, mound superimposed volcanic edifices can be formed. In addition, the basic lava develops into large shield volcanic edifices.
3.1 Stratovolcanic Edifice
A stratovolcanic edifice, an interbedded volcanic structure composed of eruptive pyroclasts and overflow lavas, is formed by periodic central eruptions (Gao et al., 2019; Gong et al., 2019). The lavas of the stratovolcanic edifice in the Shixi area are mainly intermediate-acid lavas such as andesite, dacite, and rhyolite, which play the role of the framework of volcanic edifices (Figure 3A). The upper subfacies of lava develop blowhole belts, which can be regarded as favorable reservoirs for oil and gas (Figure 4). The eruptive pyroclasts are mainly volcanic breccia, volcanic agglomerate, and a small amount of tuff. The thickness of lavas and pyroclasts is controlled by the intensity of eruption. Due to the high viscosity of intermediate-acid magma, stratovolcanic edifices usually have a large aspect ratio, showing the shapes of cones or mounds.
[image: Figure 3]FIGURE 3 | Types and development models of Carboniferous volcanic edifices in the Shixi area.
[image: Figure 4]FIGURE 4 | Blowholes in upper subfacies of the lava and fractures in volcanic rocks. (A, B) Blowholes in andesite, SX16, 4805.5 m and SX4, 4822.4 m; (C) blowholes in basalt, SX4, 4720.2 m; (D) microscopic characteristics of blowholes in andesite, SX16, 4805.5 m; (E) microscopic characteristics of blowholes in basalt, SX4, 4720.8 m; (F, G) volcanic rock fractures, SX18, 5179.6 m and SX3, 4720.8 m; (H, I) microscopic characteristics of volcanic rock fractures, SX3, 4721.06 m and SX3, 3867.5 m.
The stratovolcanic edifice is the most developed type of volcanic edifice in the Shixi area. In the seismic profile, it shows a mound-shaped seismic reflection shape and strong amplitude chaotic reflection and continuous reflection interbedding in the interior due to the lithology difference. The volcanic vent is located in the middle of the volcanic edifice. The interior of the volcanic vent shows disordered or blank seismic reflection, and the strata on both sides of the volcanic vent are inclined to both sides. Wells SX16 and SX18 in the study area were drilled into the proximal facies of volcanic edifices. The interbedded volcanic breccia with volcanic lava (andesite and dacite) can be seen in the SX16 well, which is a typical stratovolcanic edifice. The upper part of the SX18 well is volcanic breccia, and the lower part is dacite. Due to the influence of formation thickness and drilling depth, the interbedded structure of volcanic breccia and volcanic lava is not shown in the SX18 well.
3.2 Shield Basic Volcanic Edifice
Basic magma is characterized by low viscosity and high fluidity and forms shield volcanic edifices with a small aspect ratio and wide distribution (Hu et al., 2018). Basic magma often presents fissure eruptions along large faults, so basic volcanic edifices are distributed in a belt around the faults. When the magma flow is large or close to the volcanic vent, the shear stress is generated by the velocity difference between the top and bottom due to the fast condensation rate and slow flow speed at the top and the slow condensation rate and fast flow speed at the bottom, which leads to the formation of autoclastic breccia belts at the top of the magma (Luo et al., 2013; Li H. et al., 2020; Tang et al., 2020).
There are few shield basic volcanic edifices in the study area. It is only found that the Dinan fault in the south of the study area is a basic magmatic vent, and basalt is distributed in sheet shapes on both sides of the fault (Figure 3B). In the seismic profile, basalt shows a large thickness near the Dinan fault and gradually thinning far away from the fault, and the whole volcanic edifice is a shield. The seismic reflection axis has a strong amplitude, a moderate frequency, and good continuity. Thick basalt was drilled in wells SX101, SX4, and SX17 in the south of the study area. Multiple sets of basaltic autoclastic breccia belts were developed in the SX101 well close to the volcanic vent. However, wells SX4 and SX17 are far away from the volcanic vents, so there are no autoclastic breccia belts, and the lithology of these two wells is thick basalt with blowholes at the top (Figure 4).
3.3 Mound Superimposed Volcanic Edifice
When volcanic vents are well developed in a certain region, a composite volcanic edifice with multiple volcanic mounds superimposed on each other can be formed. Volcanic vents are inherited and extend in tree shapes in space. Cryptoexplosive breccia belts are often developed in mound superimposed volcanic edifices (Yi et al., 2011; Wang X. Y. et al., 2020). The mound superposed volcanic edifice in the study area is dominated by intermediate-acid overflow facies, intercalated with explosive facies (Figure 3C). The scale of a single volcanic mound is small, but the thickness of a composite volcanic edifice is large. Because the upper subfacies of the overflow facies often developed blowhole belts, there were several sets of blowhole lavas in the vertical direction of this volcanic edifice, which is regarded as a high-quality volcanic reservoir and conducive to the enrichment of oil and gas. In the study area, the mound superposed volcanic edifices mainly occur in the area where faults are developed, and the large basement faults and secondary faults provide channels for the upwelling magma. In the seismic profile, the volcanic mounds are obviously superposed vertically, which has the characteristics of multi-stage volcanic eruptions. Seismic reflection is disordered because of the development of faults and volcanic vents. The interface between the lava and pyroclast is characterized by discontinuous strong reflection. Well SHI003 was drilled into the shallow layer of mound superimposed volcanic edifices, and the lithology was a set of thick andesite because this well was far away from the volcanic vents.
4 VOLCANIC EDIFICES AND FAULTS
As the channels for magma, faults control the eruption of volcanoes. The Shixi fault, the Mobei fault, and the Dinan fault are three large basement faults which control the development of nose-shaped salients in the Shixi area and are also channels of magma eruption. Through the interpretation of seismic data, the volcanic edifice distribution of the upper Carboniferous in the Shixi area is shown in Figure 5. Faults not only control the types of volcanic edifices but also affect the distribution of volcanic edifices.
[image: Figure 5]FIGURE 5 | Distribution of upper Carboniferous volcanic edifices in the study area.
4.1 Relationships Between Volcanic Edifice Types and Faults
Volcanic eruptions mainly include central eruptions and fissure eruptions. The intermediate-acid magma with high viscosity upwelled along the Shixi fault and Mobei fault in the way of “squeezing toothpaste” to form the central eruption and accumulated with the pyroclast to form the volcanic mounds. Therefore, the volcanic edifices developed around the Shixi fault and the Mobei fault are stratovolcanic edifices and mound superimposed volcanic edifices. In addition, the development degree of fault controls the types of volcanic edifices in the study area. The structure conditions of the Shixi salient in the west of the Shixi area are relatively complicated. The development degree of NW-trending faults in the Shixi salient is significantly higher than that of the Mobei salient, and the NW-trending faults are intersected with the Shixi faults, resulting in the development of secondary faults near the basement faults, which are conducive to the formation of volcanic vents (Li, 2019). Therefore, the mound superimposed volcanic edifices are well developed in the Shixi salient, while there is no such volcanic edifice in the Mobei salient and there are mostly single stratovolcanic edifices. In addition, the scale of a mound superimposed volcanic edifice formed by multi-stage eruptions is larger than that of a single stratovolcanic edifice. Fractures in volcanic rocks are well developed in the areas where faults are well developed and complex (Figure 4). The viscosity of basic magma is less than that of intermediate-acid magma, which makes it easier to form fissure eruptions along the fault. The Dinan fault is a banded volcanic vent with basic magma overflow, and the shield basic volcanic edifice is distributed in the NW direction along the Dinan fault. The distribution of basic volcanic edifices on the plane is significantly larger than that of stratovolcanic edifices and mound superimposed volcanic edifices.
4.2 Relationships Between Volcanic Edifice Distribution and Faults
Deep magma usually erupts, overflows, or emplaces along weak zones of the strata, and these weak zones are the basement faults and associated faults with long-term succession activities (Shan et al., 2011; Lu et al., 2019; Fan et al., 2020; Lan et al., 2021; Meng et al., 2021). The Shixi fault, Mobei fault, and Dinan fault, as three large basement faults in the Shixi area, are the main magma channels and control the distribution of volcanic edifices. Vertically, the volcanic edifice is mainly developed on the hanging walls of the faults (Shixi salient and Mobei salient), which results in the thickness of volcanic rocks on the salients being obviously larger than that on the sags. After rising along the main channel, the intermediate-acid magma erupted from the surface by the secondary faults or strata melt-through. When the secondary faults are well developed near the basement fault, dendritic volcanic vents are easily formed, and multiple volcanic edifices are superimposed in space. Conversely, when secondary faults are not developed, a single or small number of volcanic edifices are formed (Figure 6). In the plane, intermediate-acid volcanic edifices are distributed in beads along one side of the Shixi fault and Mobei fault (Figure 7). The number of volcanic edifices in the Shixi salient is more than that in the Mobei salient. The proximal facies and middle facies of volcanic edifices are mainly developed in the Shixi salient, while there are proximal facies, middle facies, and distal facies of volcanic edifices in the Mobei salient. Some small faults such as the east fault of well SX17 and the west fault of the SM1 well do not cut deep into the basement and are far away from the Mobei fault, so these faults cannot become volcanic vents. It can also be seen from the distribution map of volcanic edifices that the volcanic edifices around small faults are not developed. In general, the development of volcanic edifices in the west of the Shixi area is significantly stronger than that in the east, and the volcanic edifices between the two salients are not developed. The basic volcanic edifices are distributed in sheet shapes on both sides of the Dinan fault. There are few intermediate-acid volcanic edifices near the Dinan fault, and only a few volcanic vents are developed at the intersection with the Shixi fault. Therefore, according to the relationship between volcanic edifices and faults, the Shixi area can be divided into three volcanic belts: the Shixi fault intermediate-acid volcanic belt, Mobei fault intermediate-acid volcanic belt, and Dinan fault basic volcanic belt.
[image: Figure 6]FIGURE 6 | Relationship between faults and volcanic edifices in the Shixi area. (A) When faults develop, mound superimposed volcanic edifices are developed; (B) when faults are not developed, single stratovolcanic edifices are developed; (C) seismic profile through well SX16.
[image: Figure 7]FIGURE 7 | Beaded distribution of intermediate-acid volcanic edifices along faults.
5 VOLCANIC ERUPTION
5.1 Magma Formation Mechanism
In order to study the formation and evolution of magma in the Shixi area, the volcanic rocks were systematically sampled, and the major and trace element analysis and Sr-Nb isotope tests were carried out. In the Total Alkali and Silica (TAS) diagram and Nb/Y-Zr/TiO2 diagram, most samples are in the andesite and dacite area, two samples are in the rhyolite area, and one sample is in the basalt area (Figure 8). In this study, whole-rock geochemical data (Figure 9) and Sr-Nd isotopic data (Figure 10) were used to discuss the magma formation mechanism of the three types of volcanic rocks with different geochemical properties.
[image: Figure 8]FIGURE 8 | TAS diagram (A) and Nb/Y-Zr/TiO2 lithology classification diagram (B) of Carboniferous volcanic rocks in the Shixi area (Pc-Picrite; B-Basalt; O1-Basaltic Andesite; O2-Andesite; O3-Dacite; R-Rhyolite; S1-Trachybasalt; S2-Basaltic Trachyandesite; S3-Trachyandesite; T-Trachyte and Trachydacite; F-Feldspathoidite; U1-Tephrite and Basanite; U2-Phonolitic Tephrite; U3-Tephritic Phonolite; Ph-Phonolite; Ab-Alkaline basalt; Ar-Alkaline rhyolite; and Sb-Subalkaline basalt).
[image: Figure 9]FIGURE 9 | Chondrite-normalized REE patterns (A) and primitive mantle-normalized trace element patterns (B) for the Carboniferous volcanic rocks in the Shixi area.
[image: Figure 10]FIGURE 10 | Sr-Nd isotopic characteristics of Carboniferous volcanic rocks in the Shixi area.
5.1.1 Formation Mechanism of Basic Magma
The Mg# (0.443) of basalt samples is relatively low, which reflects that the basalt underwent a very weak degree of fractional crystallization. At the same time, these samples have the characteristics of a low Th/Ce value (0.038) and a low Th/La value (0.080), indicating that the assimilation and contamination of the continental crust during the evolution of basic magma are very little. The low (87Sr/86Sr)i value (0.70448) and the high εNd(t) value (6.31) of the basic samples also prove that the evolution of the basalt has nothing to do with the contamination of the crust. The isotopic composition indicates that the magma originated from the depleted mantle. There are no obvious negative anomalies of Nb and Ta, and the trace element composition model is similar to that of oceanic island basalt (OIB). Combined with the characteristics of (Th/Nb)N less than 1 and the depleted Sr-Nd isotope, it is speculated that the basic magma originated from the asthenosphere mantle (Aldanmaz et al., 2000; Tamura et al., 2014; Li et al., 2019; Zhu et al., 2019; Li S. B. et al., 2021).
5.1.2 Formation Mechanism of Intermediate Magma
Andesite and dacite samples are characterized by low MgO contents (0.314–3.14), indicating that they are not caused by partial melting of subduction plate materials from the enriched mantle. There are relatively few basic volcanic rocks in the upper Carboniferous in the Shixi area, and their petrographic characteristics do not contain ferromagnetic inclusions, so it is ruled out that the intermediate magma came from the mixing of basic magma and acid magma. The La/Sm values of the samples increase gradually with the increase of La contents, reflecting that the magma was derived from partial melting rather than fractional crystallization (Geng et al., 2011; Safonova et al., 2015; Li L. et al., 2020). The samples are enriched in large ion lithophile elements and depleted in high-field-strength elements. In addition, the samples have obvious negative Nb and Ta anomalies, positive Pb anomalies, no obvious fractionation of heavy rare earth elements, and high εNd(t) values, which also indicates that the intermediate magma came from the partial melting of the young basic lower crust.
5.1.3 Formation Mechanism of Acid Magma
On the basis of excluding the origin of basic magma fractional crystallization, the low Sr/Y values of acid volcanic rocks indicate that they are not derived from the enriched lithospheric mantle. Low Mg# values (0.19–0.27), low Nb contents (9.98–17.8 ppm), low Nb/La values (0.1648–0.5207), and low (Ce/Pb)N values (0.088–0.43) indicate that the acid magma is the product of crust melting. The high εNd(t) values (4.87–5.95) indicate that acid magma originated from the young lower crust. Therefore, the acid magma in the Shixi area was formed by partial melting of the young lower crust.
5.2 Volcanic Eruption Pattern
The Carboniferous Junggar basin was formed and developed in the process of subduction and closing of the Paleo-Asian Ocean (Zheng M. L. et al., 2019; Zheng Z. H. et al., 2019; Hou et al., 2020; Xu and Gao, 2020; Wang et al., 2021). In the early Early Carboniferous, the Junggar Basin inherited the Devonian oceanic crust subduction pattern, which was characterized by several ocean basins separated by island arcs. The Kalamiri Ocean was subducted toward the Luliang island arc, and the subduction plate dehydrated and melted to form basic magma. Basic magma rose into the mantle wedge and was retained at the bottom of the crust to form basic magma chambers. In addition, basic magma baked the overlying crust causing partial melting of crustal materials, which then rose to the shallow layer and accumulated into intermediate-acid magma chambers. In the late Early Carboniferous, the retreat of the subduction plate formed an extensional environment in the Luliang island arc, resulting in the development of rifting in the island arc (Tang et al., 2015; He et al., 2018; Yin and Ding, 2019). At this point, volcanic activities began to increase. In the early to middle of the Late Carboniferous, the further retreat of the subduction plate prompted the reactivation of the previous faults, resulting in more intense volcanic activities than in the Early Carboniferous. Intermediate-acid magma upwelled along the Shixi fault and Mobei fault and then formed central eruptions along the secondary faults or melt-through strata, and beaded volcanic edifices along the strike of the faults were developed on the hanging walls of the faults. Affected by fault development, the Shixi fault volcanic belt developed intermediate-acid stratovolcanic edifices and mound superimposed volcanic edifices, while the Mobei fault volcanic belt was dominated by stratovolcanic edifices. The Dinan fault connected with the basic magma chambers. As a banded volcanic vent, the Dinan fault led to fissure eruption, forming widely distributed shield basic volcanic edifices.
6 CONCLUSION

1) The types of Carboniferous volcanic edifices in the Shixi area of the Junggar Basin mainly include stratovolcanic edifices, shield basic volcanic edifices, and mound superimposed volcanic edifices. Stratovolcanic edifices are the most developed in the Shixi area, shield basic volcanic edifices are the least and only distributed in the south of the Shixi area, and the autoclastic breccia belts are developed near the volcanic vents. The volcanic vents extend in tree shapes in space and are well developed in the mound superimposed volcanic edifices. Moreover, cryptoexplosive breccia belts and blowhole lavas are well developed in mound superimposed volcanic edifices.
2) The intermediate-acid magma mainly erupted in a center type along the Shixi and Mobei faults in the study area. The faults control the types and numbers of volcanic edifices. The types of volcanic edifices around the Shixi fault are mainly stratovolcanic edifices and mound superimposed volcanic edifices, while mound superimposed volcanic edifices around the Mobei fault are not developed; only stratovolcanic edifices are developed. The number of volcanic edifices in the Shixi salient is more than that of the Mobei salient. The volcanic edifices are mainly developed on the hanging walls of the faults, which leads to the thicker volcanic strata on the hanging walls. The intermediate-acid volcanic edifices are beaded along one side of the Shixi fault and Mobei fault. The shield basic volcanic edifices are distributed in the northwest direction along both sides of the Dinan fault.
3) The Junggar Basin inherited the oceanic crust subduction pattern of the Devonian, which was characterized by several ocean basins separated by island arcs. The subduction plate dehydrated and melted to form basic magma, and basic magma rose into the mantle wedge and retained at the bottom of the crust to form basic magma chambers. The basic magma baked the overlying crust, causing partial melting of the crustal materials, which then rose to the shallow layer and accumulated into intermediate-acid magma chambers. In the late Early Carboniferous, the extensional environment caused by the retreat of the subduction plate resulted in the development of a large number of faults in the Shixi area. The late tectonic movements reactivated the basement faults, resulting in large-scale volcanic eruptions.
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