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In recent years, oil and gas exploration has expanded into ultra-deep fields. Thick primary dolomite is developed in the Qigebulak Formation of the Tarim Basin, but there is little research on the petrological characteristics and reservoir genetic mechanisms of the primary dolomite. The Qigebulak Formation consists of the upper, middle, and lower members, and the dolomite can be divided into crystalline dolomite, grain dolomite, and algal framework dolomite. The analysis of the petrological and geochemical characteristics shows that dolomites in the middle member retain the geochemical characteristics of the original deposition. The δ13C of member Ⅱ ranges from 3.2‰ to 4.6‰ (VPDB), and δ18O range from −1.7‰ to 2.1‰ (VPDB). These values are consistent with the distribution range of carbon and oxygen isotopes in seawater during deposition. The REE distribution patterns of the three members of the Qigebulak Formation are relatively flat and right-inclined, with REE < 100 ppm. The LREE/HREE ratio ranges from 6.34 to 23.83, with an average of 13.82, indicating LREE enrichment and HREE relative loss. Overall, the dolomite in the Qigebulak Formation is formed by seawater deposition. Sedimentation is the foundation and premise of reservoir development. Effective reservoirs are mainly developed in the grain banks and microbial mounds, with the reservoir spaces mainly consisting of algal framework pores and intergranular pores. Supergene karstification plays a key role in the formation of the reservoir, and the upper Qigebulak Formation experienced strong surface dissolution. During the burial stage, high temperature and high pressure caused the source rocks of the Yuertusi Formation to dissolve and form organic acidic fluids. The dissolution of these acidic fluids promoted the improvement of the reservoir’s physical properties. Based on a comprehensive analysis of the controlling factors for reservoir development, a reservoir genetic model is established. The primary pores are developed in early sedimentary microbial mounds and grain banks, serving as the foundation for reservoir development. During the Late Sinian period, influenced by the Keping movement, the Tarim Basin experienced tectonic uplift, leading to extensive supergene karst development under the influence of meteoric water. In the burial phase, the degradation of organic matter produced acidic fluids that dissolved dolomite, thereby further enhancing porosity. The dolomite reservoir of the Qigebulak Formation developed under the control of sedimentation, supergene dissolution, and burial dissolution. At present, industrial oil and gas have been discovered in the Sinian system in the Tabei Region, but the overall exploration level is low. The well-developed paleokarst reservoirs suggest that the Sinian system holds promise for oil and gas exploration.
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1 INTRODUCTION
A large number of explorations and studies have confirmed the significance of dolomite in oil and gas exploration (Asmerom et al., 1991; Bao et al., 1998; Bao, 1999; Arvidson, 1999; Qian et al., 2012; Du et al., 2018). The oil and gas resources in carbonate rocks account for nearly 50% of the world’s reserves, and its output is more than 60% (Shao et al., 2010). Half of the reservoirs are dolomite (Xiong et al., 2021). At present, the global dolomitic oil and gas field reservoirs are mainly Mesozoic Cretaceous and Paleozoic Permian. The oil and gas reserves in the late Ordovician and Neoproterozoic Formations account for 6.72% of the accumulative oil and gas equivalent of dolomite fields in the world (Gu, 2000; Lin, 2002; Feng et al., 2007; Qi and Yun, 2010), which indicates that deep dolomitic oil and gas fields also have exploration potential to some extent (Ma, et al., 2011; Jiao, et al., 2011; Zhang et al., 2013).
The Tarim Basin, with abundant oil and gas resources, is one of three major petroliferous basins in western China. The Tahe Oilfield in the Tarim Basin, the first Paleozoic marine carbonate oilfield discovered in China, is dominated by epigenetic karst (Ma et al., 2009; Zhang et al 2014; Qi, 2014; Guo et al., 2016). Nevertheless, the oil and gas exploration of the Sinian system in the Tarim Basin has not made substantial progress. This is partially because oil and gas exploration of the Sinian system in the Tarim Basin is limited by the burial depth. On the other hand, the lack of understanding of the reservoir of the Sinian Qigebulak Formation is also one of the constraints. In studies of the Qigebulak Formation reservoir in the Tarim Basin, the proposal of the “microbial dolomitization” model in recent years (Chen et al., 2017) has prompted researchers to elaborate on the research progress of the reservoir from the perspective of microbial dolomite (Li et al., 2015; Qian et al., 2017a). Some scholars believe that the paleokarst at the top of the Sinian system is the main contributor to the reservoir of the Qigebulak Formation (He et al., 2010a; Klimchouk et al., 2016; Chen et al., 2020). The relatively limited reservoir studies on the Sinian Qigebulak Formation in the Tarim Basin and the unclear reservoir control factors are among the important constraints of oil and gas exploration.
Based on outcrop profiles and core data, this paper systematically classifies the rock types of dolomite reservoirs in the Qigebulak Formation, Tarim Basin. It also categorizes and describes the reservoir space, elucidates the physical characteristics of different types of dolomite reservoirs, comprehensively summarizes geochemical characteristics, analyzes reservoir genesis, and presents a model for reservoir development through thin-section observation, C–O isotope analysis, and rare earth element (REE) analysis. This study aims to provide valuable insights for ultra-deep oil and gas exploration in the Tarim Basin.
2 GEOLOGICAL SETTING
The Tarim Basin, located in the south of the Xinjiang Uygur Autonomous Region, is the largest inland basin in China. From the Nanhua period to the Sinian period, it experienced rifting and depression, respectively. During the Nanhua period, the breakup of the Rodinia supercontinent led to the Tarim Basin entering a stage of extensional rift evolution, during which the pre-Sinian crystalline basement began to receive Neoproterozoic deposits (Jin, 2006; Zhang et al., 2013). As the activity of mantle plumes, which drive plate splitting, tends to decline, the tension gradually weakens. The vast area to the north of the ancient uplift is successively a carbonate gentle slope, a carbonate platform edge, an inter-platform depression, and basin facies that developed from south to north (Figure 1b). Three depressions have developed in the northwest, southwest, and northeast margins of the Tarim Basin (Figure 1a), and the basin presents a paleotectonic pattern of being high in the south and low in the north (He et al., 2010a; Zheng et al., 2021). Due to the Kalpin movement at the end of the Late Sinian, the Tarim Plate experienced a regional regression and was uplifted to form an unconformity (Chang, et al., 2011; He et al., 2018). As a result, the Upper Sinian carbonate strata became exposed to the surface and underwent a long-term period of weathering, leaching, and denudation, which provided favorable conditions for the development of epigenetic karst (He et al., 2010a; Turner, 2010; Shi et al., 2016; Ahmad et al., 2022). Subsequently, the Lower Cambrian Yuertus Formation, consisting of cherts, siliceous dolomite, shale, and phosphorite at its bottom, directly covered the Upper Sinian Qigebulak Formation (Yu et al., 2009; He et al., 2018). Outcrop, drilling, and seismic data from the Tarim Basin show the extensive distribution of the unconformity between the Sinian and Cambrian systems (Huang, 2014; Shi et al., 2016). This unconformity is also discovered and reported in other regions worldwide (Saylor et al., 1995; Christie–Blick et al., 1995; Praekelt et al., 2008; Wang et al., 2010a; Peters and Gaines, 2012), indicating that the tectonic event at the end of the Late Sinian is global.
[image: Figure 1]FIGURE 1 | Geological map of the Tarim Basin. (a) Tectonic division map of the Tarim Basin. (b) Lithofacies paleogeography map of upper Sinian in the Tarim Basin. (c) Simplified stratigraphic histogram of the Qigebulak Formation.
The Upper Sinian Qigebulak Formation developed a set of light gray, thick-bedded dolomite (Zhu et al., 2008; Warren, 2000; Bao et al., 2019), mainly micritic in structure, and algal dolomite is well-developed (Figure 1c). The Qigebulak Formation can be divided into member Ⅰ, member Ⅱ, and member Ⅲ. Member Ⅰ is micritic dolomite and microbial dolomite, and the microbial content increases upward. Member Ⅱ is dominated by grain dolomite and algal framework dolomite. Algal dolomite is developed in the lower part of member Ⅲ, and member Ⅲ is affected by surface weathering, and surface dissolution forms a set of slump karst breccia (Figure 1c).
3 SAMPLES AND METHODS
Through observation, description, and sampling of the Qigebulak Formation of Upper Sinian in the Tarim Basin, 185 samples were collected from the outcrop, and 144 thin sections were prepared, of which 20 thin sections were stained with alizarin red to distinguish dolomite and calcite under a microscope. Six coring wells in the Qigebulak Formation were observed in the core library of Sinopec Northwest Bureau, with a total length of 263.5 m, and 75 thin sections were prepared.
Carbon and oxygen isotope analyses were performed on bulk carbonate that was powdered by grinding to <200 mesh to avoid calcite filled in vugs, pores, or cracks and other authigenic minerals and eliminate diagenetic influences on the isotopic composition. A total of 22 outcrop samples were selected for carbon and oxygen isotope analysis. Approximately 1 mg of the sample was reacted with 100% H3PO4 at 75°C for 16 h in vacuum to generate and trap CO2 gas at a temperature of 110°C. The carrier gas used was 99.999% helium. Carbon and oxygen isotopes were then measured on an Elementar IsoFLOW-Precision stable isotope ratio mass spectrometer (No. A2018A01292, made in Germany) at the State Key Laboratory of Petroleum Resource and Prospecting at the China University of Petroleum (Beijing). The analytical precision of the isotopic analysis was at least ±0.5‰. The carbon and oxygen isotope values were standardized to the Vienna Pee Dee Belemnite (VPDB) standard and herein recorded using conventional δ13C and δ18O notations, respectively (Allan and Wiggins, 1993).
A total of 34 dolomite samples were selected for the analysis of REEs. A measure of 50 mg of sample powder was digested with 0.5 mL HNO3 and then dried again; this process was repeated again. Then, 5 mL HNO3 (1.42 g/mL) was added to the dried sample and heated at 130°C for 3 h. Finally, the solution was diluted with ultrapure H2O to a volume of 50 mL for trace element analysis. The obtained solutions were analyzed via “NexION 300D” inductively coupled plasma mass spectrometry (ICP–MS). The relative uncertainties of these measurements are better than 4% using DLS 88a4 and CCH–1–4 as standards. The post-Archean Australian shale (PAAS) data in the normalized calculation of REE were obtained from McLennan (1989). Ce anomaly values were calculated as follows: Ce/Ce* = Cen/(Prn2/Ndn) (Lawrence et al., 2006).
4 RESULTS
4.1 Petrographic characteristics
According to the observation of the Xiaoerbulak Xigou and Sugetbulak outcrop profiles in the northwestern area of the Tarim Basin, the Sugetbulak Formation lies under the Qigebulak Formation, and at the top of the Sugetbulak Formation is a set of red siltstones (Figure 2g). With the continuous rise of the sea level, primary dolomite began to be deposited in the early Qigebulak Formation, but some clastic components were still mixed into it. The outcrop shows that a large set of thick primary dolomite (Figure 2d) has developed from the top to the bottom in the Qigebulak Formation, approximately 200 m thick, and thick massive micritic dolomite (Figure 2e), lamellar dolomite (Figure 2f), algal lamellar dolomite (Figure 2h), and stromatolite dolomite (Figure 2c) can be seen among them. The dolomite is extremely thick and widely distributed as a whole. This large-scale and relatively uniform dolomite is most likely to be the origin of primary precipitation. The top of the Qigebulak Formation is in unconformity contact with the Yuertus Formation. The Yuertus Formation is a set of black mudstone and argillaceous dolomite with a thickness of approximately 10 m, which is a set of high-quality source rocks (Figure 2a). The Late Sinian Kalpin Movement uplifted the Tarim Basin on a large scale; the top of the Qigebulak Formation was denuded to form a weathering crust (Figure 2i), and karst breccias can be seen in the lower part of the unconformity (Figure 2b; Figure 2i).
[image: Figure 2]FIGURE 2 | Outcrop characteristics of the Qigebulak Formation in the Tarim Basin. (a). Unconformity between Sinian and Cambrian on the Sugetbulak section, where the lower part is the Sinian Qigebulak Formation and the upper part is the Cambrian Yuertus Formation. (b). Karst breccia dolomite at the top of the Qigebulak Formation, Sugetbulak section. (c). Stromatolite dolomite of the Qigebulak Formation, Xiaoerbulak Xigou section. (d). Macroscopic characteristics of a large set of thick primary dolomite in the Qigebulak Formation, Sugetbulak section. (e). Thick-layered massive micrite dolomite of the Qigebulak Formation, Xiaoerbulak Xigou section. (f). Thick-bedded algal laminar dolomite in the Qigebulak Formation, Xiaoerbulak Xigou section. (g). Red siltstone at the top of the Sugetbulak Formation, Sugetbulak section. (h). Laminated stromatolite dolomite of the Qigebulak Formation, Sugetbulak section. (i). Weathering crust at the top of the Qigebulak Formation showing the remnant yellow mudstone from weathering, Xiaoerbulak Xigou section.
4.1.1 Crystalline dolomite
The Qigebulak Formation mainly develops micrite dolomite (Figure 3a) and silt-sized crystalline dolomite (Figure 3b), with less fine–crystalline dolomite (Figure 3c) and medium–coarse crystalline dolomite (Figure 3d). It is generally light gray to gray–white, with a blocky feature of medium thickness.
[image: Figure 3]FIGURE 3 | Petrological characteristics of the upper Sinian Qigebulak Formation in the Xiaoerbulak Xigou section. (a). Dense micrite dolomite, single polarization. (b). Silt-sized crystalline dolomite, single polarized light. (c). Fine crystalline dolomite, filled with organic matter in the intercrystalline pores, single polarized light. (d). Medium crystalline dolomite, with developed intercrystalline pores, visible black organic matter filling, single polarized light. (e). Algal pellet dolomite with developed intragranular cavity pores, single polarized light. (f). Oolitic dolomite, where later fractures are filled with calcite, black organic matter can be observed in intergranular pores, single polarized light. (g). Algal sand-sized dolomite, where the sand debris is mainly residual algal spherules and algal clots, showing intergranular dissolved pores, single polarized light. (h). Algal clotted dolomite, single polarized light. (i). Spongy dolomite, where lace cavity holes are first cemented by comb-shaped dolomite and then cemented with bright crystal calcite, single polarized light (j). Spongy dolomite, where lace cavity developed, filled with calcite, single polarized light. (k). Algal laminar dolomite, micrite structure, single polarized light. (l). Stromatolite dolomite, where the bright layer and dark layer are clearly distinguished, single polarized light.
4.1.2 Grain dolomite
The grains mainly consist of algal debris (Figure 3g), oolites (Figure 3f), and algal spherules (Figure 3e). Grain dolomite is mainly developed in members Ⅱ and Ⅲ of the Qigebulak Formation, and cement consists of micrite and micrite-powder crystal structure, indicating that the dolomite is mainly of primary sedimentary origin.
4.1.3 Algal framework dolomite
The algal framework dolomite is developed in the upper, middle, and lower members of the Qigebulak Formation. The algal framework dolomite mainly includes stromatolite dolomite (Figures 2c, 3l), algal laminar dolomite (Figures 2f, 3k), and spongy dolomite (Figures 3i,j). Laminated, wavy, and columnar stromatolites can be observed. There are obvious biogenic structures in the algal framework dolomite, but the dolomite is still dominated by micrite and micrite-powder crystal structures, indicating that it originated from the primary sedimentary environment.
4.2 Geochemical characteristics
4.2.1 Carbon and oxygen isotope
Previous studies (Coplen, et al., 1983; Jacobsen and Kaufman, 1999; Allan and Matthews, 1977; He et al., 2007; Derry, 2010; Ren et al., 2016; Bilal et al., 2022; Rahim et al., 2022) summarized the distribution of carbon and oxygen isotopes in marine carbonate sediments; the δ13C mean value ranges from −5‰ to 5‰ (VPDB), and the δ18O mean value ranges from −5‰ to 2‰ (VPDB). Analysis of the Qigebulak group data shows that the δ13C mean value ranges from 1.0‰ to 8.4‰ (VPDB), the δ18O mean value ranges from −7.5‰ to −2.1‰ (VPDB), except for five data samples from the top and two from the bottom. All other data conform to the distribution pattern of carbon and oxygen isotopes in marine carbonate sediments summarized by Jacobsen, so it can be concluded that the dolomite in the study area is of marine carbonate origin. δ13C of member Ⅲ ranges from 1.0‰ to 3.8‰ (VPDB), δ18O ranges from −7.5‰ to −1.1‰ (VPDB), δ13C of member Ⅱ ranges from 3.2‰ to 4.6‰ (VPDB), δ18O ranges from −1.7‰ to 2.1‰ (VPDB), δ13C of member Ⅰ ranges from 2.2‰ to 8.4‰ (VPDB), and δ18O of member Ⅰ ranges from −7.0‰ to 0.7‰ (VPDB) (Table 1). There are seven data anomalies at the top and bottom of the Qigebulak Formation, which are caused by the influence of atmospheric fresh water and clastic materials (Figure 6). The analysis of unaffected data revealed no obvious distinction between different types of dolomite (Figure 4), indicating that the diagenetic fluid is the same and the origin of dolomite is consistent.
TABLE 1 | Rare earth elements and carbon and oxygen isotope data table.
[image: Table 1][image: Figure 4]FIGURE 4 | Plot of δ13C versus δ18O for the Qigebulak Formation dolomites. ACD, algal clotted dolomite; ALD, algal laminar dolomite; APD, algal pellet dolomite; SPD, spongy dolomite; MSD, mud-sized crystalline dolomite; OD, oolitic dolomite; SCD, silt-sized crystalline dolomite; SD, stromatolite dolomite.
4.2.2 Rare earth elements
Minerals formed in different diagenetic fluids usually retain REE patterns from their parent fluids (Webb and Kamber, 2000; Bau and Dulski, 1996; Hu et al., 2010). The REE pattern of dolomite is almost unaffected during diagenesis (Banner et al., 1988; Banner, 1995), but it will be affected by atmospheric precipitation and terrigenous debris (Qing and Mountjoy, 1994b; Frimmel, 2009; Wang et al., 2021).
Table 1 provides a summary of REE concentration of Qigebulak Formation dolomite. Figure 5 shows the REE distribution patterns of different members and lithologies. The REE distribution patterns of the three members of the Qigebulak Formation are relatively flat and right-inclined (Figures 5a–c), with REE < 100 ppm. The LREE/HREE ratio ranges from 6.34 to 23.83, with an average of 13.82, indicating LREE enrichment and HREE relative loss (Table 1). Overall, the dolomite of the Qigebulak Formation is formed by seawater deposition (marine carbonates are usually ƩREE < 100 ppm, LREE preferentially enter carbonate) (Qing and Mountjoy, 1994b; Liu et al., 2008; Liu et al., 2017). However, the contents of REE in members Ⅲ and Ⅰ are higher. Member Ⅲ ƩREE is 0.71–43.57 ppm, and member Ⅰ ƩREE is 5.95–116.05 ppm (xq-10–3 is siltstone, ƩREE is 116.05 ppm), which is higher than member Ⅱ ƩREE (0.60–1.99 ppm).
[image: Figure 5]FIGURE 5 | Distribution patterns of rare earth elements in different members and lithologies of the Qigebulak Formation. (a) Distribution patterns of rare earth elements in member Ⅲ. (b) Distribution patterns of rare earth elements in member Ⅱ. (c) Distribution patterns of rare earth elements in member I. (d) Distribution patterns of rare earth elements of different lithologies. ACD, algal clotted dolomite; ALD, algal laminar dolomite; APD, algal pellet dolomite; SPD, spongy dolomite; MSD, mud-sized crystalline dolomite; OD, oolitic dolomite; SCD, silt-sized crystalline dolomite; SD, stromatolite dolomite.
Ce anomaly is a sensitive reaction of REDOX; unlike other REE elements, Ce records REDOX changes in a fluid environment, and it is generally believed that positive Ce anomaly in a carbonate rare earth distribution model indicates seawater deposition characteristics (Nothdurft et al., 2004; Wang et al., 2014; Liang et al., 2020; Xiang et al., 2020), while negative Ce anomaly reflects a peroxidation environment (German and Elderfield, 1990; Bau and Dulski, 1996; Frimmel, 2009). The Qigebulak Formation is positive Ce anomaly as a whole, but five samples at the top show negative Ce anomalies, ranging from 0.574 to 0.987 (Table 1), indicating that the Late Sinian was a marine sedimentary environment and the Late Sinian was an oxidation environment, which is related to the tectonic uplift of the Tarim Basin caused by the Keping Movement, and the meteoric precipitation was oxygen-rich fluid. At the same time, the higher ƩREE in the upper member is due to the pollution caused by the formation of certain clastic minerals in the surface water, while the higher ƩREE in the lower member is a positive Ce anomaly, and the higher ƩREE is due to the high content of clastic components in the sedimentary environment of mixed tidal flat. By comparison, rare earth elements in the upper and lower segments of the Qigebulak Formation are affected, while the middle segment is not. By analyzing the distribution patterns of rare earth elements in the middle segment, it can be concluded that the distribution patterns of different types of dolomite are basically the same, indicating that the dolomite is caused by seawater precipitation (Figure 5d).
4.3 Sedimentary characteristics
Due to the influence of continental breakup, the Tarim Basin began to split during the Nanhua Period, forming a Mangar rift in the basin; by the Early Sinian, the basin transformed from a rift to a depression (Qian et al., 2017a). A suite of clastic and argillaceous carbonate rocks deposited in the Sugetbulak Formation, Qigebulak Formation of Upper Sinian, is a carbonate platform deposit of gentle slope type, and the sedimentary facies mainly include open platform, platform edge, and restricted platform; the sedimentary sub-facies can be further divided into microbial mound, grain bank, dolomitic flat, and mixed dolomitic flat. The microbial mounds mainly develop on the windward side of the platform margin, with strong hydrodynamic force, and the lithology is mainly composed of stromatolite dolomite, algal pellet dolomite, and spongy dolomite. The grain banks can be divided into intra-platform banks and marginal-platform banks, and the lithology is mainly oolitic dolomite, algal clotted dolomite, and algal sand-sized dolomite. The dolomitic flat is mainly developed in restricted and open platforms, and the lithology is mainly mud-sized crystalline dolomite, algal lamina dolomite, and algal clotted dolomite. The mixed dolomitic flat is mainly developed in the intra-platform slope zone, and the lithology is mainly siltstone and mud-sized to silt-sized crystalline dolomite.
Combined with the analysis of the comprehensive histogram of the Qigebulak Formation, mixed dolomite flats are mainly developed in the early stage of sedimentation, and as sea levels rise, algal dolomite increases. In member Ⅱ, grain dolomite and algal framework dolomite are mainly developed. Grain banks and microbial mounds are developed in lower member Ⅲ. With the decrease in the sea level, dolomite flats developed in the upper part of member Ⅲ. Slump karst breccia is formed under the action of surface karst.
4.4 Reservoir space and physical properties
Combined with field outcrop and thin section analysis, the dolomite reservoir space of the Qigebulak Formation can be divided into three categories, namely, karst cave type, porous type, and fractured type (Table 2). The karst cave-type reservoir space mainly develops in the upper Qigebulak Formation. The Keping movement lifted the Tarim Basin in the Late Sinian. Atmospheric precipitation penetrates downward along the formation fractures, and the collapse karst breccias are formed under the action of surface water and tectonic movement. Dissolution features are well-developed, and the diameter of karst caves can reach 5–10 cm (Figure 7c). Meanwhile, the process of interlayer water horizontal migration will also cause the dissolution of dolomite and form bedding karst caves, which are distributed in strips, and the diameter of karst caves can reach 10–20 cm (Figure 7a). The pore-type reservoir space can be divided into intercrystalline pores, intergranular pores, moldic pores, and algal framework cavities. Intercrystalline pores are mainly developed in silt-sized and fine crystalline dolostone (Figure 7b). After the effect of interlayer water and high temperature in a buried environment, the dolomite will be dissolved and recrystallized, and the crystal particles will become larger to form silt-sized to fine crystalline dolomite or even medium to coarse crystalline dolostone so as to form intercrystalline pores. Intergranular pores mainly exist between the particles of oolitic dolomite (Figure 7h), algal chlorite dolomite, and algal arenaceous dolomite (Figure 7f). Intergranular pores are preserved by the original sedimentary structure. Moldic pores are formed after the loss of residual particles, which can be oolitic, algal sand debris, bioclast, and terrigenous detrital (Figure 7d). Algal framework cavities are mainly cavity pores of algal chlorite dolomite, algal agglomerate dolomite, and foam sponge dolomite, and the cavity will still retain some residual pores after multistage cementation (Figure 7g). The fractured-type reservoir space mainly includes structural fractures and stylolite (Figure 7e). Structural fractures are formed with tectonic movement, and stylolite is formed by pressure dissolution in a buried environment.
TABLE 2 | Classification of dolomite reservoir space types of the Qigebulak Formation.
[image: Table 2]Based on the analysis of six wells and the 263.5 m core in the Qigebulak Formation of the Tarim Basin, the statistics of different lithologies indicate that spongy dolomite, stromatolite dolomite, algal clotted dolomite, and oolitic dolomite reservoirs have relatively good physical properties, and intergranular pores and microbial framework pores were relatively developed. According to the classification analysis of different microfacies (Figure 8a), the average porosity of microbial mounds and grain banks is the highest; the highest porosity of microbial mounds is 3.8%, and that of grain banks is 3.2% (Figure 8b). Dolomite and mixed flats are characterized by dense lithology, which mainly develops mud-sized crystalline dolomite and algal laminar dolomite, and the compaction in the burial stage further reduces its physical properties.
5 DISCUSSIONS
5.1 Controlling factors of reservoir development
5.1.1 Control of sedimentation relative to the reservoir
The transgression in the early Late Sinian led to the development of a gentle-slope carbonate platform in the Tarim Basin (Shi et al., 2016; He et al., 2017; Bao, et al., 2019), forming a set of widely distributed thick-layered micrite dolomite (Hood et al., 2011). Member Ⅰ of the Qigebulak Formation is dominated by crystalline dolomite. Member Ⅲ mainly develops slump karst breccia dolomite, grain dolomite, and algae framework dolomite, and member Ⅱ mainly develops algae framework dolomite and grain dolomite (Figure 6). From the bottom to the top, grain dolomite and algal-framework dolomite increased significantly. The analysis results of carbon and oxygen isotopes and rare earth elements show that member Ⅱ of the Qigebulak Formation is not affected by atmospheric precipitation and detrital materials. There is no clear distinction between the carbon and oxygen isotopes of different rock types. The content of rare earth elements is low, ƩREE is 0.763–1.088 ppm, and the proportion of LREE is relatively high, reflecting the characteristics of the seawater deposition, and the distribution patterns of rare earth elements in different rock types are basically the same. Member Ⅲ is affected by the weathering crust, and the oxygen-rich fluid on the surface causes δ18O of the dolomite to be low and the content of rare earth elements to increase. It is concluded that a set of primary dolomites of seawater sedimentary origin developed in the Qigebulak Formation. Sedimentation controls the rock type, rock texture, and primary pore type and is the foundation of reservoir development. Different sedimentary facies form different pore types. Micritic dolomite is mainly developed in dolomite flats, and the pores are basically undeveloped; the primary pores are mainly retained in microbial mounds and grain banks. The main lithology is spongy dolomite, stromatolite dolomite, oolitic dolomite, algal sand-sized dolomite, and algal pellet dolomite, and the pore structure is mainly algal framework and intergranular pores. Microbial mounds and grain banks of the Qigebulak Formation are mainly developed in the Tabei uplift area, which is located on the windward side of the platform edge. In conclusion, sedimentary facies control primary dolomite rock types and primary reservoir space types.
[image: Figure 6]FIGURE 6 | Comprehensive histogram of the Qigebulak Formation of upper Sinian in the Xiaoerbulak section.
[image: Figure 7]FIGURE 7 | Reservoir space types of the Qigebulak Formation in the Xiaoerbulak section, Keping area, Tarim Basin. (a) Algal clotted dolomite, with layer-parallel cave, 15 cm long, field photograph. (b) Fine crystalline dolomite, with intercrystalline pores, black organic matter filling, plane polarized light. (c) Slump karst breccia, with developed karst breccia cave, cave up to 20 cm, field photograph. (d) Algal sand-sized dolomite, with intergranular dissolution pores, black organic matter filling, plane polarized light. (e) Micritic dolomite, microfracture development, black organic matter filling, plane polarized light. (f) Algae clotted dolomite, with intergranular dissolution pores, organic matter filling, plane polarized light. (g) Spongy dolomite, with lace-like framework pore development, plane polarized light. (h) Oolitic dolomite, with intergranular pores, black organic matter filling, plane polarized light.
[image: Figure 8]FIGURE 8 | Porosity distribution maps of different dolomites and sedimentary facies. (a) Porosity distribution of different lithologies; (b) Porosity distribution of different microfacies.
5.1.2 Controsurface karst relative to the reservoir
The weathering crust is of great significance to the development of carbonate reservoirs. Since weathering can create a large amount of pore space and greatly improve the quality of the reservoir (Bao et al., 2006; Kerans, 1988; Fritz et al., 1993; Kang, 2008; Peters and Gaines, 2012; Chen et al., 2020), the pore space of most carbonate reservoirs in the world is of karst origin (Praekelt et al., 2008; Hill, 1990). The Keping movement in the Late Sinian caused the uplift of the basin structure, and local areas were exposed to air. Atmospheric precipitation penetrated down along faults, fractures, and high-permeability strata and dissolved dolomite to form pores and caves. With the increase in depth, the saturation of atmospheric precipitation increases, and the solubility of karst water gradually decreases. Epikarst is controlled by unconformities. Epigenetic karstification developed in member Ⅲ of the Qigebulak Formation, weathering crust can be observed in the field outcrops, and a set of slump karst breccia dolomite developed in the lower part of the unconformity surface, which is the direct evidence that the Late Sinian Qigebulak Formation underwent epigenetic karstification. Macroscopically, surface karst can form a large number of dissolution pores with different lengths. The downward penetration of karst water will also lead to intergranular dissolution in the deep strata. The depth of karstification can be calculated by geochemical characteristics. Atmospheric precipitation is oxygen-rich fluid, mainly 16O. The dissolution of atmospheric water into the formation will cause a decrease in δ18O, and the surface minerals carried by the atmospheric water will increase the content of rare earth elements in this formation. The average δ18O value of seawater sedimentary carbonate rocks ranges from −5‰ to 2‰ (VPDB) (Jacobsen and Kaufman, 1999). There are five samples at the top of the upper Qigebulak Formation, whose δ18O is lower than −5‰ (VPDB) and δ18O is −7.5‰ to −6.7‰ (VPDB), which is significantly higher than the REE content in the middle section. At the same time, the negative Ce anomaly indicates that the fluid is an oxidizing environment. Based on the above findings, it is evident that these five samples have experienced obvious epigenetic karstification, and karstification affects the sample xq-48-3, ith the depth reaching approximately 40 m below the unconformity surface.
5.1.3 Transformation of the reservoir by dissolution of organic acid
Organic acid dissolution is another important factor in the formation of dolomite reservoirs. The dissolution in the burial stage will create secondary pore spaces and promote the formation of the reservoirs (Spooner, 1976; Hill, 1990; Mazzullo and Harris, 1992; Seewald, 2003; Davies and Smith, 2006; Zhu et al., 2008). The organic acid fluid contains substances such as H2S, CO2, and SO2, which will cause the dissolution of the rock during the downward flow along the formation fracture, forming secondary pores. There are two ways for the formation of organic acids in the Qigebulak group. First, the Lower Cambrian Yuertus Formation is a set of organic-rich source rocks. In the burial environment, high temperature and high pressure conditions formed organic acid fluids, which entered the Qigebulak Formation along the surface fractures to cause dissolution. Second, the microbial dolomite of the Qigebulak Formation is very developed. The spongy dolomite and the algal pellet dolomite itself have a high content of organic matter. With the increase in burial depth and temperature, organic acid substances will also be produced, which will affect the framework pores. The storage space generated by organic acid dissolution is often filled with asphalt.
5.2 Reservoir development model
The development of dolomite reservoirs in the Upper Sinian Qigebulak Formation in the Tarim Basin is mainly controlled by the dominant reservoir facies, epigenetic karstification, and organic acid dissolution. The Qigebulak Formation is mainly composed of primary dolomite deposits (Zhao et al., 1977; Bao et al., 2019), with microbial mounds and grain banks as the dominant reservoir facies belt, and the primary pores developed in the early depositional period (Figure 9a). Affected by the Keping movement, the structure was uplifted in the Late Sinian, and the Tabei and Tazhong uplift areas were denuded to form a weathering crust (Figure 9b). After the leaching of surface water and atmospheric water, slump karst breccia formed in the lower part of the unconformity, dissolved pores developed, and the physical properties of primary dolomite were improved. During the burial stage, after the compaction of the Qigebulak Formation, the primary pores almost disappeared, and only the framework pores and intergranular pores of the biomound and grain shoal facies remained. The organic acid dissolution under the high-temperature and high-pressure environment further improved the physical properties of the reservoir (Figure 9c).
[image: Figure 9]FIGURE 9 | Reservoir development model of the Qigebulak Formation in the Tarim Basin. (a) Early Sinian tectonic-sedimentary model; (b) Late Sinian tectonic-sedimentary model; (c) Cambrian tectonic-sedimentary model.
6 CONCLUSION
The Qigebulak Formation in the Tarim Basin developed large sets of thick primary dolomites, which can be divided into three categories, namely, crystalline dolomite, grain dolomite, and algal framework dolomite. The grain size of different types of dolomite exhibits a micritic structure, and the analysis of geochemical characteristics shows that the genesis of different dolomites is consistent.
The sedimentary sub-facies of the Qigebulak Formation are biohillock, grain beach, cloud flat, and mixed cumulus flat. Biodomes and grain beach facies are the dominant reservoir facies. The dominant reservoir rocks are foam dolomite, stromatolite dolomite, oolitic dolomite, algal sand-sized dolomite, and algal pellet dolomite. The pore structures are algal framework pores and intergranular pores.
The development of the dolomite reservoir in the Qigebulak Formation is mainly controlled by dominant reservoir facies, surface karst, and organic acid dissolution. Sedimentary facies control the primary dolomite types and primary reservoir space types. In the Late Sinian, tectonic uplift caused supergene karstification to take place at the top of the Qigebulak Formation, and the karstification influence could reach 40 m below the unconformity. The dissolution of organic acids in the burial stage further improves the physical properties of the dolomite reservoir.
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