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The Tazhong region is a key area for oil and gas exploration and development within the Tarim basin. In this region, development of Ordovician carbonate paleokarsts has been found to be extremely heterogeneous. To investigate the developmental stages of these Ordovician carbonate karsts and their corresponding paleoenvironmental conditions, oxygen and carbon isotopic characteristics of calcite paleokarst fissure fillings were examined in conjunction with rock-structure analyses. Results show that δ18O (PDB) values tend towards negative values in general, ranging from −3.97% to −12.7% (average value −7.64%), which is indicative of the presence of paleokarstification via dissolution by atmospheric freshwater. Values of δ13C (PDB) span a relatively large range, from 2.48% to −2.13% (average value of 0.23%). This shows that the paleokarst in this area has gone through two stages of supergene and burial diagenesis, and the process of paleokarst is complex. The paleotemperature at which the karst fissure-filling deposits were formed ranged from 6.5 to 47.1°C (average value of 21.8°C), and the salinity of the medium has Z values from 117.48 to 130.24 (average value of 123.94). Four different paleokarsification settings were thus revealed: a marine depositional environment, an atmospheric freshwater karst-filling environment, a shallow-burial paleokarsification environment and a deep-burial high-temperature environment. It has thus been shown that the karst pores, fissures and caves formed by paleokarstification over multiple stages are the main reservoir spaces in this region. This study will serves as a basis for karst reservoir predictions, and exploration and development in this region.
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INTRODUCTION
Tarim Basin is the largest oil and gas sedimentary basin in China (Wu et al., 2012), and karst reservoirs, such as the pores, fissures and caves that are formed due to paleokarstification, are important reservoir spaces in carbonate rocks (Wang and Al-Aasm 2002; Chen et al., 2007; Zhang et al., 2011). Deep-burial karst reservoirs are an important type of reservoir in marine carbonate oil and gas fields. These have generally undergone long periods of geological and environmentally driven changes, including repeated dissolution and filling caused by various factors and fluids. These reservoirs are characteristically very deeply buried, tectonically complex and highly heterogeneous (Li et al., 1996; Zhu et al., 2005), thus causing immense difficulties in predicting the location and character of deeply buried carbonate paleokarst reservoirs (Li, 2022a; Li et al., 2019; Li et al., 2022; Li et al., 2022b; Zhang et al., 2022a; Zhang et al., 2022b; Zhang et al., 2022c; Zhang et al., 2022d).
The carbon and oxygen isotopic compositions of marine carbonates from different geological periods are directly affected by the diagenetic fluids that were generated in each developmental period, and they can serve as an important background value for studies on diagenesis (Arthur et al., 1988; Huang et al., 2014). Under different climatic conditions, carbon and oxygen isotopes will have correspondingly different enrichment characteristics, which are stable over time and have excellent regional comparability (Taylor 1968; Li and Wan 1999; Valley and Cole 2001). Therefore, the carbon and oxygen isotope compositions of carbonate karst fissure fillings are some of the most important tracers in paleoclimatic studies and paleogeological environment reconstructions, and are also highly significant for studies on the development of paleokarsts and karst reservoirs (Tian and Zheng 1995).
In 1948, Nobel Prize winner H.C. Urey suggested that δ18O values may be used to examine paleoocean temperature (Urey, 1948; Kuypers et al., 1999). In Epstein and Mayeda, 1953 further realized Urey’s theory; they established the basic principles for using δ18O values to calculate paleosalinity levels and determined that the δ18O value increased with increases in salinity. For a long time, experts and scholars have made great progress in studying the sedimentary environment and diagenesis of carbonate rocks in the Tarim Basin by using the stable carbon and oxygen isotopic composition of carbonate rocks (Zhang et al., 2015; Zhang et al., 2016a; Zhang et al., 2016b; Zhong et al., 2012; Gao et al., 2011; Zhao et al., 2012). Furthermore, much research has been performed using the carbon and oxygen isotope compositions of karst cave-filling stalagmites and stalactites to reconstruct paleoclimates and paleoenvironments since the Permian period (Liu et al., 1997; Liu et al., 2004; Zhang et al., 2015; Huang et al., 2016).
The Ordovician carbonate karst cave systems of the Tazhong region in the Tarim basin are buried in the range of 5550–6480 m beneath the surface, and the development of karst pores, fissures, caves and large-scale underground river systems in this region is highly heterogeneous. With continuous improvements in oil and gas exploration and development technologies in the Tazhong region, ancient karst reservoirs have become the most important type of reservoir in carbonate formations. However, distinguishing the various developmental stages of karst remains a major issue, which restricts the geological modeling of karst reservoirs formed under different phases of karst development, and presents problems for the prediction of favorable regions in effective karst reservoirs.
The distribution patterns and controlling factors of karst reservoirs have previously been studied in the Tazhong region (Han et al., 2012; Liu et al., 2013). Luo et al. (2011) have performed a thorough study of how reservoirs are altered by the developmental characteristics of fissures; additional studies have addressed reservoir traps, geological structure and diagenesis (Yang et al., 2012). However, studies of the carbon and oxygen isotope characteristics of Ordovician carbonate karst fillings in this region are relatively superficial, and the results of existing studies are rather controversial (Shen 2006). Thus, contemporary understanding of the region’s patterns of change is relatively weak. In this work, drilled cores of karst fillings from various depths were systematically obtained, and multivariate statistical methods were applied to investigate the geochemical carbon and oxygen isotope characteristics of karst fissure fillings, to evaluate the developmental stages of the paleokarsts in this region, and to assess the environment of its fillings. This work will provide new geochemical information that will improve scientific understanding of the developmental patterns of karst reservoirs.
STUDY AREA AND METHODOLOGY
Geographical setting
The Tazhong region is located in a low rise in the middle of the central uplift of the Tarim basin, and it is a large, mostly intact anticline composed of multiple secondary structural belts (Han et al., 2012; Sun et al., 2012). The region can be further divided into 3 tectonic elements: the Tazhong No. 1 Fault, the Tazhong North Slope, and the Central Fault Belt (Figure 1). The Tazhong No. 1 Fault controls the basic structure of the Tazhong Uplift. During the Early-Middle Ordovician, the Tazhong No. 1 Fault caused severe erosion within the Tazhong Uplift, which formed the weathering crust at the top of the Yingshan Formation of the Lower Ordovician. During this period, the Yijianfang Formation of the Middle Ordovician and Tumuxiuke Formation of the Upper Ordovician suffered erosion or loss, with remnants remaining only in certain locations.
[image: Figure 1]FIGURE 1 | Geological map of tectonics and distribution of sampled wells within the Tazhong region of the Tarim basin.
The Ordovician layers of the Tazhong region are mainly composed of the Lower Ordovician Penglaiba (O1p) and Yingshan (O1y) Formations, and the Upper Ordovician Lianglitag (O2l) and Sangtamu (O3s) Formations. The Upper Ordovician layer is not fully in contact with the overlying Silurian layer and the underlying Lower Ordovician layer. As compared to the stratigraphy of the Tabei region (Liu et al., 2013; Lu 2015), the Tazhong region is missing the layers corresponding to the Middle Ordovician Yijiangfang and Upper Ordovician Tumuxiuke Formations (Figure 2). The Yingshan Formation in the Tazhong region is dominated by high-energy sandy deposits with multiperiodic developments in the vertical direction that overlap with each other. The formation is relatively large in scale, and stretches from the northeast to the southeast, with a linear shape and belt-like distribution. The large, thick sets of shoal bodies that have developed over time are the basis for karst developments in the Yingshan Formation. The depositional discontinuity in this region provides favorable conditions for the development of karst in the carbonates of the Lower Ordovician Yingshan Formation. Exploration works have shown that the Lower Ordovician Yingshan Formation has large fractured karst reservoirs, and is thus a very important oil and gas producing stratum within carbonates in this region.
[image: Figure 2]FIGURE 2 | Schematic diagram of geological cross-section of the Tazhong Uplift in the southwest-to-northeast direction.
The Yingshan Formation in Tazhong can be divided into four segments from the bottom to the top. The lithology of the fourth segment (O1-2y4) mainly comprises sandy dolarenite, dolomitic micritic limestone and finely-crystalline dolomite; the lithology of the third segment (O1-2y3) mainly comprises dolomitic micritic limestone; the lithology of the second segment (O1-2y2) is mainly interbedded calcarenite and dolomitic micritic limestone; the first segment can be divided into an upper sub-segment (O1–2y1upper) and lower sub-segment (O1–2y1lower), with the lower sub-segment being composed of a thick layer of sparry calcarenite, while the upper sub-segment is mainly composed of micritic calcarenite sandwiching a thin layer of micritic limestone (Figure 3). As a result, the Yingshan Formation is being eroded layer by layer from the north towards the south, and the exposed strata are gradually declining. This erosion occurs in parallel with the direction of the Tazhong No. 1 Fault in a strip-like distribution. Around the Tazhong No. 1 Fault, the upper and lower sub-segments of the first Yingshan segment are being exposed sequentially. In the south, the second (O1–2y2) and third (O1–2y3) Yingshan segments are being exposed around the Tazhong No. 1 Fault.
[image: Figure 3]FIGURE 3 | Petrological characteristics of carbonates from the Ordovician Yingshan Formation. (A): T43-1 depth of 5280 m, O1-2y, microcrystalline limestone, orthogonally-polarized transmission 10*10. A: microcrystalline calcite, B: recrystallized calcite; (B): T43-1, depth of 5285 m, O1-2y, fine-grained calcarenite, single-polarized transmission, 10**10. A: sand chip, B: powdered calcite, C: microcrystalline calcite, D: sparry calcite, E: powdery crumbs; (C): 542, depth of 5289 m, O1-2y, micritic sparry calcarenite, single-polarized transmission, 10*2.5. A: sand chip, B: sparry calcite, C: argillaceous calcite ; (D): T42-1, depth of 5273 m, O1-2y, sparry calcarenite, single-polarized transmission, 10*10. A: sand chip, B: sparry calcite; (E): T44, depth of 5269 m, O1-2y, sparry calcirudite, single-polarized transmission, 10*2.5. A: sand chip, B: gravelly debris, C: sparry calcite; (F): T8-5, depth of 6175 m, O1-2y, fine-grained dolomite with intense dolomitization, orthogonally-polarized transmission, 10*10. A: dolomite, B: calcite.
A: T43-1 depth of 5280 m, O1-2y, microcrystalline limestone, orthogonally-polarized transmission 10*10. A: microcrystalline calcite, B: recrystallized calcite; b: T43-1, depth of 5285 m, O1-2y, fine-grained calcarenite, single-polarized transmission, 10*10. A: sand chip, B: powdered calcite, C: microcrystalline calcite, D: sparry calcite, E: powdery crumbs; c: 542, depth of 5289 m, O1-2y, micritic sparry calcarenite, single-polarized transmission, 10*2.5. A: sand chip, B: sparry calcite, C: argillaceous calcite; d: T42-1, depth of 5273 m, O1-2y, sparry calcarenite, single-polarized transmission, 10*10. A: sand chip, B: sparry calcite; e: T44, depth of 5269 m, O1-2y, sparry calcirudite, single-polarized transmission, 10*2.5. A: sand chip, B: gravelly debris, C: sparry calcite; f: T8-5, depth of 6,175 m, O1-2y, fine-grained dolomite with intense dolomitization, orthogonally-polarized transmission, 10*10. A: dolomite, B: calcite.
Samples and experiment
The experimental samples were mainly obtained from 25 Ordovician cores of paleokarst fissure fillings drilled from various depths within the Tazhong region of the Tarim basin (Figure 1), with a total of 49 samples. All samples were obtained in a range of 1.25–480 m below the top of the Ordovician strata, and the depths at which the samples were obtained, from the surface, ranged from 5553.5 m to 6,472.5 m. Three of the obtained samples were limestone samples of the Yingshan Formation, while the remaining 46 samples were karst fissure fillings (4 of which were grey-green calcite mudstone fillings, while 42 were samples of calcite fillings) (Table 1). These obtained samples are representative of the overall characteristics of karstification in the Ordovician carbonates of the Tazhong region.
TABLE 1 | Carbon and oxygen isotopic characteristics of Ordovician carbonate karst fissure fillings from the Tazhong region.
[image: Table 1]After the samples were observed as slices, fresh sections were then ground to 200-mesh, and an on-line analysis of the carbon and oxygen isotope values was performed using a combination of the Gasbench II and MAT253 system. The accuracy of the analysis was calibrated using the GBW04405, GBW04406, GBW04416 and GBW04417 Chinese national standards, with the NBS18 standard being used for monitoring measurements. The standard deviations of the δ13C and δ18O values were found to be 0.005% and 0.07%, respectively. The test results were reported in the PDB standard, and the temperature and humidity at which the tests were performed at were 25°C and 60%, respectively. The serial number of the test is QC-2-030-2013. The testing of the samples was performed at the Karst Geology Resources and Environment Test Center of the Ministry of Land and Resources.
RESULTS AND ANALYSIS
Geochemical characteristics of carbon and oxygen isotope values
The 13C and 18O enrichment levels of marine carbonates are mainly affected by factors such as sea level rises and falls, organic carbon sources, burial rates, and the redox conditions within the diagenetic environment of the sediment (Zheng and Chen, 2000). Hence, changes of diagenetic environment and properties of diagenetic fluid in sediments will change the resulting carbon and oxygen isotopic compositions of the carbonates. The results of the analysis of carbon and oxygen isotopes in the 49 limestone and calcite Ordovician carbonate filling samples from the Tazhong region (42 calcite samples, 4 calcite mudstone samples and 3 limestone samples) are shown in Table 1.
Many test results based on the PDB standard have shown that most modern inorganic marine carbonates have δ13C and δ18O values that approach 0% (Gu 2000; Liu et al., 2004). Based on the test results of the samples (Table 1), the Ordovician carbonate karst fissure fillings from the Tazhong region have δ13C and δ18O values that are clearly distinct from modern values, and they also have a high level of variability. The δ13C (PDB) values ranged from 2.48% to −2.13%, and had an average value of 0.23%; the δ18O values ranged from −3.97% to −12.7%, with an average value of −7.64%.
Compared to previous examinations of older carbonates, this study’s results are distinctly different from those of Gu (2000), Liu et al. (2008) and Gao et al. (2011). Gu (2000) found an average δ18O isotope value of −4% to −5% for Devonian to Cambrian marine carbonates. Liu et al. (2008) found that the δ13C values of microcrystalline limestone from the Tahe oilfields were distributed between −1.697% and 0.921%, with an average value of −0.45%; the corresponding δ18O values were distributed between −8.64% and −4.153%. Gao et al. (2011) found that the marine carbonates in the outcrop zone of Tabei to have δ13C and δ18O values ranging between −5.0% and 5.0% and −6.0% to −4.0%, respectively. These results uniformly display a characteristically high level of 18O depletion.
Liu et al. (2004) found that the calcite fillings of Ordovician carbonate karst fissures from Lunguxi had δ13C values of −0.70% to −6.50%, with an average value of −1.76%, and δ18O values of −3.75%–17.10%, with an average value of −9.42%. This is similar to the carbon and oxygen isotopic characteristics of calcite Ordovician karst fissure fillings from the Tahe oilfields (average δ13C and δ18O values of −0.807% and −9.14% from 21 data points; Liu et al., 2008).
The Lungudong (average δ13C: −1.40%, average δ18O: −10.74%, 25 data points; Zhang et al., 2015) and Lunguxi [δ13C (PDB): 6.03% to −8.69%, average δ13C: −1.40%; δ18O: −5.78%–17.28%, average δ18O: −10.74%; Zhang et al., 2016a] regions, as well as the Halahatang region (δ13C (PDB): 2.12% to −4.09%, average δ13C: −0.65%; δ18O: −4.14% to −15.71%, average δ18O: −9.95%) are not very different from each other, with only a few data points drifting towards extreme values (Zhang et al., 2016b).
The δ13C and δ18O distributions in calcite and calcite mudstone samples obtained from reservoir spaces such as dissolved cavities and fractures within the Tazhong region have significant variability. Nonetheless, the δ18O values are distinctly negative-biased, with an average value of -7.64%; the δ13C values tend towards both negative and positive extremes, which reflects on a paleogeological environment in which paleokarstification occurred via shallow to deep burial karstification, followed by alterations and filling through dissolution in later periods. The distribution of δ13C values from 2.48% to −2.13% with nearly equal positive and negative distributions provides further proof of the complexity of paleokarstification processes in this region.
Relationship between paleosalinity levels and carbon/oxygen isotopic ratios
The analysis of stable carbon and oxygen isotopic ratios is a frequently used procedure in paleoenvironmental studies, as these ratios reflect the sedimentary environment and typically change across stratigraphic boundaries (Guo et al., 2010). In seawater, the δ18O value increases as salinity increases (Wang et al., 2014), since 16O is preferentially evaporated and transformed into atmospheric precipitation; the remaining seawater, which is now higher in salinity, becomes enriched in 18O. However, as δ18O levels are more strongly affected by karstification, they are less accurate as a measure of primitive sedimentary environments (Wang et al., 2014). Zhang (1985) analyzed the isotopic compositions of Cambrian and Ordovician carbonate samples obtained from various regions of China, and found that during karstification, the isotopic exchange reaction between 13C and 12C is significantly weaker than that between 18O and 16O. Hence, the isotopic composition of carbon can reflect changes in primitive sedimentary environments.
Keith and Weber (1964) derived the following empirical equation using δ13C and δ18O values in limestone to produce a criterion for discriminating between marine and non-marine carbonates:
[image: image]
The δ13C and δ18O values in the formula are both in the PDB standard. Marine carbonates have Z > 120, while freshwater carbonates have Z < 120. When Z = 120, the environment of the carbonate is then of the uncertain type. This conclusion has been confirmed by many subsequent research results (Zhong et al., 2012). Table 1 shows that the δ13C values of the 49 tested samples are distributed within the range of −2.63%–2.48%, while the distribution range of their Z values is 117.48–130.24. Except for 7 samples that had a distribution between 117.48–119.9, the remaining 42 samples had Z values larger than 120, within a distribution range of 120.16–130.24. This signifies that development and filling processes of the karst fracture/cavity systems in the Tazhong region have been modified by a multitude of superimposed karstification processes, including freshwater karstification of the paleoweathering crust, karstification by a mix of seawater and freshwater, as well as burial karstification.
Analysis of the correlations between δ13C and δ18O with Z (Figures 4A,B) show that the δ13C values in this region correlate very well with Z, with a correlation coefficient of 0.9560, but δ18O correlates poorly with Z, and has a correlation coefficient of only 0.7414. This indicates that isotopic fractionation in carbonates is mainly controlled by the redox conditions of the environment, and δ13C and δ18O are both affected by medium salinity, with δ13C particularly showing a significant level of correlation with the salinity of the medium (Keith and Weber 1964; Zhang 1985; Wang et al., 2014).
[image: Figure 4]FIGURE 4 | (A) The δ13C-Z correlation of Ordovician paleokarst fissure fillings from the Tazhong region. (B) The δ18O-Z correlation of Ordovician paleokarst fissure fillings from the Tazhong region.
The relationship between oxygen isotopic ratios and paleotemperatures
The primary factor that determines oxygen-isotope ratios in carbonate depositional environments is temperature, so changes in the oxygen-isotope content reflect changes in paleotemperature in the diagenetic environment (Scholle and Arthur 1980; Huang et al., 2014). Lower δ18OPDB values reflect higher paleotemperatures, and higher δ18OPDB values conversely reflect a lower paleotemperature.
A calibration for the “periodic effect” was performed based on the correlation between δ18O values and geological period given by Keith and Weber (1964), with the average δ18O value of karst fillings in the Tazhong region being −7.64%. The average δ18O value of marine limestones from the Paleozoic era is approximately −1.2%, which differs by −6.44% from the average found in this study. An average △δ18O=6.44‰ was then used as the calibration value for the “periodic effect” (Shao 1994).
The paleotemperature was calculated using the formula derived by Craig (1961) based on the relationship between the oxygen isotopic ratio and paleotemperature.
[image: image]
In this formula, the equivalence [image: image] was used, since the δ18O value of CaCO3 obtained in the lab is in the PDB standard, while the δ18O of water is in the SMOW (Standard Mean Ocean Water) standard; the calculated [image: image] thus needed to be calibrated in temperature calculations using Eq. 2. As the δ18O value of the Ordovician ocean remains unknown for now, it was temporarily assumed to be the same as that of modern oceans; i.e., [image: image] (SMOW standard) (Shao 1994).
Hence, in this study’s calculations on the paleotemperatures of karst fillings and the carbonate matrix from the Tazhong region, the overall equation for calculating the paleotemperature of karst filling samples is:
[image: image]
These calculations have shown that the Formation paleotemperatures of Ordovician carbonate karst fillings from the Tazhong region ranged from 6.5°C to 47.1°C, with an average paleotemperature of 21.8°C. This result shows that the carbonate karst fillings have undergone the following dissolution and filling processes: surface exposure, followed by shallow burial, and finally deep burial.
DISCUSSION
Analysis of filling environments and paleokarst developmental periods
The δ18O values of limestones and calcite paleokarst fillings from the Tazhong region show a bias towards negative values, and a large range of δ13C values. This is related to the uplifting of the surface during the Ordovician period, which placed the entire surface in an open environment, thus causing widespread dissolution by atmospheric precipitation, whose CO32- anions are characteristically highly enriched in 12C and 16O (Gasparrini et al., 2006; Azmy et al., 2009).
Based on the δ13C-δ18O relational diagram shown in Figure 5, the calcite Ordovician carbonate paleokarst fillings can be divided based on their paleokarst depositional environments into 4 different types, as shown in Table 2.
[image: Figure 5]FIGURE 5 | Bivariate δ13C-δ18O plot of Ordovician paleokarst fissure filings from the Tazhong region. Roman numerals refer to developmental periods shown in Table 2.
TABLE 2 | Paleokarst developmental periods and characteristics of corresponding filling environment.
[image: Table 2]Type I is a marine depositional environment that reflects the isotopic characteristics of the syndiagenetic marine depositional environment as well as early paleokarstification and sedimentation. The calcite fillings within the karst fractures and cavities of Ordovician Yingshan Formation carbonates have δ13C values of 1.77–2.48% and δ18O values of −7.26 to -3.97%. The burial depth, temperature, and leaching dissolution of the sediments have an effect on δ13C and δ18O value. As the salinity increases, the δ13C and δ18O values both increase. The δ18O value decreases as temperature increases; as the temperature and burial depth increase, the δ18O value will become biased towards negative values (McCaig et al., 2000). As the δ13C value is intimately related to paleosalinity, and is only weakly affected by temperature, its value closely reflects the depositional environment of these syndiagenetic marine paleokarsts.
Type II is an atmospheric freshwater karstification environment, which reflects on the isotopic characteristics of the atmospheric freshwater karstification and depositional environment that occurred during the period in which bare paleokarsts were exposed via the weathering crust. The calcite paleokarst fissure fillings had δ13C values in the range of −2.63 to −1.08%, and δ18O values in the range of −11.11 to -7.61%. Due to the influence of atmospheric freshwater (Gasparrini et al., 2006), the δ13C value of the fillings is significantly lower than that of the bedrock, as these were formed in an open to semi-open environment. Atmospheric precipitation infiltrates along fractures and joints, dissolving and filling the carbonate bedrock to form fractures and cavities. As the diagenetic δ18O value is determined by the temperature and isotopic composition of the medium, and atmospheric freshwater is depleted in 18O but enriched in 12C, δ13C drifts towards negative values, while δ18O tends towards highly negative values (Shields et al., 2003).
Type III is a shallow-burial karstification environment, in which calcite karst fissure fillings have δ13C values of −1.21 to 1.16% and δ18O values of −9.11 to −4.62%. The δ18O value is significantly biased towards negative values, while the δ13C value spans both negative and positive values, which indicates that the paleokarsts have undergone freshwater karstification before entering the shallow-burial kastification period: i.e., a successive mode of paleokarst development. Furthermore, the decomposition and methanation (CH4) of organic material by methanogenic bacteria creates 12C-enriched CH4 and 13C-enriched CO2. Since the CO2 released from methane fermentation participates in paleokarstification and deposition processes, the calcite fillings in the karst fractures and cavities become enriched in 13C. The 3 micritic limestone (bedrock) samples and 4 calcite mudstone cavity-filling samples all have carbon-isotope ratios that fall within this range.
Type IV is a deep-burial karstification environment, whose calcites have δ13C values of −1.01 to 0.76% and δ18O values of −12.70 to −9.77%, thus showing more negative δ18O values. This study’s calculations show that the paleotemperatures reached a maximum of 47.1°C, indicating that hot fluids played a significant role in the Formation and burial conditions of these calcite karst fissure fillings. As the fillings were affected and altered by 18O-deficient hot fluids from deep regions during the deep burial stage, its δ18O values characteristically show a significant negative bias (Lavoie and Chi 2006; Liu et al., 2012).
Geological significance
Changes in the carbon and oxygen isotopic compositions of carbonates are an embodiment of changes in the paleoclimate and paleooceanic environment, and thus serve as useful aids for studies of geological processes and depositional characteristics (Loucks 1999). The karst developments of carbonate rocks of Ordovician Yingshan Formation in Tazhong area are filled to different degrees by calcite and calcite mudstones. Early calcite fillings show bead-like dissolution pores that are caused by dissolution in a later period, and thus reflect the multi-periodic characteristics of the paleokarst.
Under equilibrium isotope fractionation, δ18O is mainly controlled by environmental temperature changes, and the temperature-controlled water-rock reactions and isotopic fractionation coefficient gives the δ18O value a −0.24%/°C temperature gradient (Hendy and Wilson 1986). The δ18O values of calcite and calcite mudstones in Tazhong paleokarst fillings tend towards negative values, far below that of seawater, thus showing that the karst was developed through the influence of atmospheric precipitation in paleoweathering crusts.
As the burial depth increases, temperature and pressure also increase. The δ13C values do not change as prominently as δ18O values and tend to be more stable, as they are primarily determined by the organic carbon content and hydrocarbon (CH4) conversion within the rocks. However, as compared to δ18O, δ13C is more easily affected by evaporation, kinetic fractionation and early deposition of carbonates, causing its value to become biased towards positive values (Gent et al., 2001; Guo et al., 2010).
The calcite and calcite mudstone fillings in this research area have δ13C (PDB) values between 2.48% and −2.13%, with an average value of 0.23%. The δ13C values span a larger range and tend towards both extremes, signifying the presence of mixed seawater-freshwater karstification. This also reveals that the karsts have undergone multiple periods of transformation, including syndiagenesis, freshwater karstification, and burial karstification.
Based on statistical analysis of the conventional physical properties of 252 rock cores drilled from 25 wells, the experimentally measured porosity was 0.16%–11.25%, with an average of 0.82%; the measured permeability was 0.005–161 mD, with an average of 3.667 mD; the permeability as interpreted from well logs ranged from 0.007 to 225.532 mD, with an average value of 2.895 mD. This indicates that the porosity of the Yingshan Formation matrix primarily consists of low-porosity and low-permeability reservoirs, and that the effective reservoirs are mainly fracture-cavity systems composed of dissolved fractures, pores and cavities formed by paleokarstification. This finding thus provides a direction for the exploration and development of oil and gas fields and the prediction of favorable reservoir zones in the Tazhong region within the Tarim basin. Urey, 1948, Kuypers et al., 1999, Liu et al., 2004, Li, 2022a, Li et al., 2019, Li et al., 2022, Li et al., 2022b, Zhang et al., 2022a, Zhang et al., 2022b, Zhang et al., 2022c, Zhang et al., 2022d, Fan et al., 2022.
CONCLUSION
Using typical calcite and calcite mudstone paleokarst fissure-filling samples that are representative of the region, the stable carbon and oxygen isotopic characteristics of these samples were analyzed, and the developmental periods and depositional environment of the paleokarsts were reconstructed. The analysis of calcite carbon and oxygen isotopic ratios indicated that their δ13C (PDB) values spanned a relatively large range, from 2.48% to −2.13%, with an average value of 0.23%; its δ18O values ranged from −3.97% to −12.7%, with an average value of −7.64%.
The paleotemperatures at which the fillings were deposited within the paleokarst fissures was found to range from 6.5°C to 47.1°C, with an average value of 21.8°C. The Z values of the medium salinity ranged between 117.48 and 130.24, with an average value of 123.94; δ13C values were found to correlate closely with the Z value, with a correlation coefficient of 0.958. Four types of carbonate paleokarstification and depositional environments have thus been revealed: a marine syndiagenetic depositional environment, an atmospheric freshwater karst-filling environment, a shallow-burial karstification paleoenvironment, and a deep-burial, high-temperature paleoenvironment. These results show that the dissolved pores, cavities and fractures formed by paleokarstification during later periods are the main effective reservoir spaces within the Tazhong region, thus providing a scientific basis for well placements in exploration and development work, and karst reservoir predictions.
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