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Abstract:



The Tazhong area of the Tarim Basin contains abundant oil and gas resources in Ordovician carbonate rocks, especially in the karst pores and caves of the Yingshan Formation. Research has indicated that the Yingshan Formation underwent a 7–11 Ma exposure during the middle Caledonian Period, resulting in large-scale karst pores and caves. However, the continental freshwater karst model cannot adequately explain the origin and distribution of karst pores and caves. In order to develop a more accurate karst model to guide petroleum exploration in the region, we analyzed the karst morphology, cave development statistics, and paleokarst environments. Karst reservoir characteristics were analyzed on the basis of the following analysis: (1) Karst morphological analyses based on core description and formation micro-imager (FMI) log analyses. The results showed that alveolar-like and Swiss cheese-like solution pores, spongy dissolution zones, pit cenotes, and small continuous karst caves developed in the Yingshan Formation. (2) The statistical analysis of pore and cave characteristics indicated that most of the karst pores and caves developed within 50 m below the unconformity where the average height of these features ranged from 0.1 to 3.0 m and their widths ranged up to 100 m. These pores and caves were commonly filled with gravel, clay, and calcite. Horizontal well and seismic attribute analysis indicated that these pores and caves were distributed over a large area. In plain view, the karst pore-cave system is comprised of cross-linked anastomosing networks of horizontal cave passages. And (3) Cathode luminescence and electron microprobe analyses suggested that clay filling within karst caves was freshwater related, while calcite filling was of seawater origin. Cements within solution pores showed three phases of luminescence, suggesting an alternating freshwater and seawater environment. Based on these characteristics, the karsts of the Yingshan Formation in the Tazhong area are interpreted to be similar to the eogenetic karsts in the Yucatan Peninsula of modern Mexico. Accordingly, this study indicates that the pore-caves of the Yingshan Formation can be subdivided into three sections. Further, the development and filling of these pore-cave sections are interpreted to have formed by eogenetic mixed-water karstification during three phases of relatively stable sea level in a coastal margin environment.
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1. Introduction


The study of karst systems has long focused primarily on fracture-caves and geomorphology dominated by continental freshwater karsts [1,2]. As a result, studies of paleokarst-type oil and gas reservoirs used the continental freshwater karst model as a reference [3,4,5,6,7,8]. For example, the Ordovician buried-hill karst fracture-cavern that is an important oil and gas reservoir in the northern Tarim Basin [9,10] belongs to the typical continental freshwater karst model [8,9,10,11,12]. Previous studies suggested that the Caledonian–Hercynian tectonic movement resulted in the exposure of large-scale buried diagenetic Ordovician carbonate. This, in turn, resulted in the formation of typical Guilin-type karst peak-cluster landforms and cavern systems due to the long-term reception of meteoric freshwater karst [12,13]. This model has successfully guided the exploration of carbonate karst fracture-cavern reservoirs in the Lunnan and Tahe oil fields [14,15]. However, it is extremely rare to find diagenetic carbonate rocks that underwent long-term exposure and karstification, and continental freshwater cannot explain how karstification occurred immediately after the deposition of carbonate rocks [16]. It is theorized that the exposure time may be limited to 10 Ma (1 Ma = 1 million anniversaries) or less [17]. Vacher and Mylroie [18] identified these carbonate rocks as eogenetic karsts.



Over the past ten years, karst pores of the Yingshan Formation in the Tazhong area have generally been classified as continental freshwater karsts [19,20,21,22,23]. However, some special dissolution phenomena (e.g., the large-area distribution of karst caves) have recently been encountered in some drilling wells. None of the large caves are larger than 10 m. The caves are generally small, with a large width/height ratio [23,24] and are filled with clay [20]. In addition, the failure of oil and gas exploration to utilize the continental freshwater karst model suggests that the model may not be adequate to predict the distribution of fracture-cavern reservoirs in the Yingshan Formation in the northern slope of the Tazhong area. Yu et al. [24] proposed that the formation of these karst caves could be attributed to fault karst dissolution, but the genesis of karst caves away from faults was not well explained. In fact, the geological history of this region suggests that the exposure of the Yingshan Formation carbonate in the Tazhong area may be limited, ranging from a few to several dozen Ma [25]. Dan et al. [17] speculated that the Yingshan Formation carbonate karst in the northern slope of the Tazhong area may be an eogenetic karst. Several studies conducted a preliminary analysis of the Yingshan Formation paleokarst in the northern slope of the Tazhong area [26,27]. However, these studies did not provide geochemical evidence or recognize the eogenetic karst pattern in this area.



The study of paleokarst pore-caves under transient exposure conditions during the geological history of the Yingshan Formation is important for enriching paleokarst theories and serving as a guide to oil and gas exploration. The goal of this study was to provide evidence that the paleokarst of the Yingshan Formation in the northern slope of the Tazhong area is an eogenetic karst by utilizing data from the oilfield. This study identified paleokarst phenomena, carried out development statistics on the solution pore-cave system, and analyzed fillings in pores-caves in order to identify the characteristics and environment of the Yingshan Formation paleokarst. The interpretation of the paleokarst pattern was then based on discussion of the morphological features of the paleokarst, development features of the pore-cave system, analysis of the paleokarst environment, and comparison with modern karstification. Thus, the study of paleokarst pore-cave genesis is important for theoretical and practical applications.




2. Geologic Setting


The Tazhong Uplift lies in the central part of the Tarim Basin in northwestern China. The uplift extends to the northwest and is bordered by the Bachu Fault Uplift to the west, the Tadong Low Uplift to the east, the Manjiaer Depression to the north, and the Tangguzibasi Depression to the south [28,29]. From north to south, the Tazhong Uplift can be divided into three third-order structural belts [22], namely the Northern Slope belt, the Central Fault horst belt, and the Southern Slope belt. The study area was located in the Northern Slope belt (Figure 1a,c). There are two important targets when exploring the carbonate formations in the Tazhong area: (1) the reef-bank reservoir in the Lianglitage Formation [30], and (2) the paleokarst weathering crust reservoir in the Yingshan Formation [22]. Pores, caves, and fractures formed by exposed karst have been identified as the main Yingshan Formation reservoir types in the northern slope of the Tazhong area since the commencement of exploration in 2006 [19].


Figure 1. The location and geological setting of the study area. (a) Tectonic division of the Tazhong Uplift and the location of the study area [22]; (b) Generalized stratigraphy and associated unconformities (Northern Slope belt) of the Ordovician in the study area. The stages and ages are from the International Commission on Stratigraphy (2014); (c) Karstification division of the Tazhong Uplift and the location of the Northern Slope belt.
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Previous studies have indicated that carbonate platform-facies comprising of calcarenite and micrite were deposited in the Yingshan Formation during the early Ordovician [31]. During the later stage of the early Ordovician, the area was affected by the first episode of the middle Caledonian, resulting in the uplift of carbonate rock in the Yijianfang and Yingshan formations immediately after deposition, leading to carbonate platform exposure and intense karstification [25,27] (Figure 1b). The erosion of the upper parts of the uplifted formations resulted in large sections of missing strata, primarily in the middle Ordovician Yijianfang and Tumuxiuke formations at the base of the Upper Ordovician. The lower Ordovician Yingshan Formation was also eroded, with the degree of erosion increasing from north to south. The time break between the Yingshan Formation and the Lianglitage Formation was on the order of 12–15 Ma [25,27]. The exposure time of the Yingshan Formation after the deposition of the Yijianfang Formation (Figure 1b,c) was only 7–11 Ma, resulting in the formation of the present-day unconformity. The Yingshan Formation can be divided into four members (Figure 1b). The Ying-1 and Ying-2 members are composed of approximately 300 m of pure limestone, and the Ying-3 and Ying-4 members comprise dolomite-bearing limestone and dolomite. Limestone of the Ying-1 and Ying-2 members is exposed at the top of the Yingshan Formation. The exposure and subsequent weathering of these carbonates led to the formation of large amounts of fractures and caves that constitute a significant portion of the oil and gas carbonate reservoirs in the Tarim Basin [20].




3. Methods


About 90 wells were drilled in the Yingshan Formation on the Northern Slope of the Tazhong Area, where 15 wells were cored and 25 wells underwent image logging. All wells underwent conventional logging. In addition, three-dimensional seismic data acquisition was carried out across the whole study area. All of these provided a solid database for the present study. Abundant formation micro-imager (FMI) logs and cores provided reliable data for distinguishing paleokarst-related phenomena in detail. Core-calibrated FMI logs were used to identify fractures and paleokarst features. Conventional logs, in particular, gamma-ray (GR) and resistivity (Rt) logs, were also used as auxiliary sources for the identification of karst features, such as clay-filled caves that were indicated by an extremely high gamma-ray count. Seismic data, with a bin size of 25 m × 25 m characterized by an effective frequency ranging from 10–30 Hz, covered some 3500 km2. The impedance contrast between the Yingshan Formation and the overlying Lianglitage Formation was small, and reflections corresponding to the top of the Yingshan Formation were weak. Conversely, the large acoustic impedance contrast between the paleocave system and host rocks gave rise to strong reflections highlighted as “bright spots” against the weak reflections of interfaces. In order to better understand the formation environment of paleokarst and determine the type of paleokarst, 15 samples were taken continuously from the cave and its surrounding rock in Well ZG43-1. On the basis of thin-section identification, samples were selected for cathode luminescence analysis and electron microprobe analysis to determine the nature of pore and cave cements and fillings. The testing and analysis methods are described in the following.



3.1. Rock Thin-Section Preparation and Identification


The rock sample was bonded to a glass slide with a non-luminous epoxy resin and ground to a thickness of 0.03–0.06 mm. To meet the requirements of cathode luminescence and electron probe analysis, the surface of the standard thin-section was then highly polished. The thin sections were analyzed under optical plane-polarized light at magnifications ranging from 50× to 500×. A petrographic examination was performed using a Leica Imager microscope-photometer.




3.2. Cathode Luminescence Analysis


Following identification from the thin section, the cathode luminescence analysis focused on the calcite filling from five pores in the surrounding rock and eight fillings in the caverns. The same test conditions, using a beam voltage of 17 kV and a beam current of 500 μA, were performed on all samples. The instrument used for cathode luminescence analysis was a CL8200 MK5 cathode luminescence analyzer produced by CITL in the United Kingdom (in conjunction with a Leica polarizing microscope).




3.3. Electron Microprobe Analysis


An electron beam bombarded the surface of a number of delineated measuring points to generate X-rays. The wavelengths of emitted X-rays were then analyzed using the spectrum analysis method to determine the elemental composition of each measuring point. The experimental conditions were as follows: temperature 25 °C, acceleration voltage 15 kV, beam intensity 10 nA, beam spot diameter 10 μm, detection angle of 52.5°, and correction method ZAF3. Electron microprobe analysis was conducted using an EPMA-1720 H Series analyzer produced by the Shimadzu Corporation. The same test conditions were performed on all samples. The detection limits of EPMA differ for each element and are affected by the overall composition of a sample and the analytical conditions. For most elements, the detection limits for EPMA is between 30 and 300 parts per million (ppm), and with relative errors of 2%.



The analyses, as outlined above, were conducted at the State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Chengdu University of Technology, Chengdu, China.





4. Paleokarst Characteristics


The Tazhong area is located beneath the Taklimakan Desert. No rocks of the Yingshan Formation rocks are exposed. Therefore, the study of paleokarst dissolution characteristics was based primarily on the core from 15 wells and image logs from 25 wells.



4.1. Dissolution Characteristics in the Core


Observations in the core from 15 wells indicate that c. 1 mm solution pores and c. 0.6 m caves are developed near the unconformity. Some solution pores are developed in selected structure–texture positions, are evenly distributed, and occur as alveolus shapes (Figure 2a,b) with pore sizes of <5 mm and densities of 1–3 pores per cm. Some relatively large pores and caves are developed along bedding planes (Figure 2d,e) and occur as tabular configurations. Here, the pores and caves have unclear interfaces with the wall rocks. They commonly display gradual transition features and “easily blooming” characteristics (Figure 2e). Calcareous crust growths and lacery dissolution are observed along the pore-cave margins (Figure 2d,e). Tabular solution pores are filled with carbonate cement. The tabular shape or deformation may indicate compaction after pore formation. Figure 2g shows Swiss cheese-like pores that are filled with clay. These pores fully show the dissolution-filling characteristics of the eogenetic stage when carbonate rocks were not consolidated. Some dissolution phenomena without texture–structure selectivity was also observed. For example, Figure 3c,f show dissolution fractures filled with argillaceous matter, and Figure 2h shows the inside of solution caves where both dissolution dissociation breccias and clay are observed. These characteristics reflect the paleokarstification of the Yingshan Formation.


Figure 2. The dissolution of pores and caves developed in the carbonate rocks of the Yingshan Formation during weak diagenesis in the Tazhong area. (a) Honeycomb-like solution pores in calcarenite, Well TL452, 6463.2 m; (b) Alveolus pores and caves in argillaceous micrite with sizes of <1 cm, wholly filled with calcite, Well LG 106-1h, 6028 m; (c) Dilatant fractures filled with argillaceous matter, Well LG111, 6109.5 m; (d,e) Tabular pores developed along the bedding; pores do not show clear contacts with wall rocks, commonly showing gradual transition and “easily blooming” characteristics. Calcareous crusts and lacery configuration are commonly observable, fully or half-filled with calcite, particularly bitumen, with 2 cm-sized pores, Well LG7, 5835–5838 m; (f) Solution fractures filled with argillaceous matter, Well LG105H, 6201.4 m; (g) Swiss cheese-like solution pores, evenly distributed and filled with argillaceous matter, Well LG512, 5483.7 m; (h) Solution karst caves, filled with clay and breccia, Well TL201-1h, 5460.9 m; (i) Karst caves, 0.6 m high and fully filled with clay and breccia, Well LG43-1, 5288.5–5289.1 m.
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Figure 3. The identification of paleokarst features from the formation micro-imager (FMI) logs and auxiliary conventional logs. Each paleokarst feature is interpreted from FMI logs and core samples [26]. (a) The core and image logging relationships of solution pores; (b) The core and image logging relationships of cave fillings; (c) The core and image logging relationships of cave breccias. GR: gamma ray; Rt: true formation resistivity.
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4.2. Dissolution Characteristics in FMI Logs


The dissolution characteristics of pores and caves can be directly observed in the core. However, due to the high cost of coring and the difficulty in drilling deep wells in the oil field, only shorter cores were cut. Hence, the observed solution phenomena are the “tip of the iceberg” relative to the solution characteristics of the whole area. Additionally, the cores cannot be cut through some large pore-cave intervals. Consequently, only a limited understanding of the solution characteristics of karst pores can be obtained from the core. Therefore, drill-hole image logs are necessary to supplement the deficiency of core observations. The establishment of pore-cave identification relationships using core-image logs can help identify both larger pores and caves and more dissolution characteristics over uncored intervals.



Previous scholars have studied the core and image logging relationships of solution pores and caves in the Tazhong area and provided interpretations of typical images from FMI logs [24].



(1) Solution pores (Figure 3a): These show low-resistivity and medium GR characteristics and appear as densely developed dark spots on FMI logs. Pores are generally developed along bedding. Figure 3a shows pores in the core that are not filled (some pores are filled with mud or calcite). (2) Cave fillings (Figure 3b): Principally comprise clay and calcite. Clay has low resistivity, a high GR, and occurs as a dark blocky configuration on FMI logs. In contrast, calcite fillings have extremely high resistivity and occur as light spots and a blocky configuration on logs. (3) Karst cave breccias (Figure 3c): Formed by crushed bedrock, display color consistent with bedrock, and are surrounded by dark karst cave mudstone on FMI logs.



By using FMI log data to identify and interpret the four classes of high-GR combination forms in the Yingshan Formation, three distinct zones of dissolution combination phenomena were also found:



(1) Spongy-like dissolution zone (containing single-bed or multi-bed karst caves): The first zone shows a unimodal or unidentate high-GR (Figure 4) or multimodal high-GR interval (Figure 5). Image logs show that each high GR peak corresponds to a karst cave, and the height of a single karst cave varies from 0.5–1.5 m (Figure 4). The multi-modal curve indicates 2–3 karst caves (Figure 5), and Swiss cheese-like pores and spongy-like dissolution have developed at the top and bottom of karst caves. Therefore, a dissolution zone comprising of single- or multi-bed karst caves and spongy Swiss cheese-like dissolution has developed over a height of 1–15 m (Figure 4).


Figure 4. The unimodal (or unidentate) high-GR intervals indicate a spongy dissolution zone, which is composed of one karst cave and Swiss cheese-like solution pores in Well LG441. RXO: flushed zone formation resistivity.
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Figure 5. The multi-modal high GR interval indicates a spongy dissolution zone, composed of many small karst caves and Swiss cheese-like solution pores in Well LG433. A, B, and C represent different peaks of the multi-modal high-GR interval in Well LG433. According to image logging, A indicates a spongy dissolution, which is approximately 1.5 m high. B indicates three small-sized karst caves (each cave is approximately 0.5 m high) and the Swiss cheese-like solution pores. A, B, and C vertically constitute a spongy dissolution zone, approximately 15 m in height, which comprises multiple small-sized karst caves and Swiss cheese-like solution pores.



[image: Minerals 08 00345 g005]






(2) Pit cenote: These zones are box-shaped and display high-GR intervals on downhole logs. The pit cenotes are depicted on image logs as a large set of mudstone-filled intervals (Figure 6). Since the pit cenotes are in direct contact with the limestone of the Lianglitage Formation, it is concluded here that mudstone from the Lianglitage Formation filled the pit cenotes and formed a large set of high-GR intervals, some with a thickness of 20 m.


Figure 6. The high-GR interval represents an interpreted pit cenote in Well LG111.



[image: Minerals 08 00345 g006]






(3) Horizontally continuous karst caves: Multiple horizontal wells in the study area intersect continuously and with intermittently high-GR curves in the Yingshan Formation (Figure 7). According to image logs, each peak is a high-GR-filled karst cave (Figure 7). In Well LG23-h2, 41 caves larger than 10 cm were identified with a maximum width of up to 110 m (Figure 10). The horizontal extent of small caves is abruptly contained due to interlayering of bedrock and limestone that forms the partition between individual cave bodies (Figure 10). This phenomenon was also observed in the horizontal well LG21-H5 for approximately 100 m, where three caves with widths ranging from 4–40 m intersected. Adjacent caves show low GR and high resistivity together with well-developed pores and fractures (Figure 7).


Figure 7. The continuous high-GR intervals indicate small karst caves in horizontal wells (LG21-H5).
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5. Development Characteristics of Paleokarst Cave Systems


5.1. Statistics of Pore-Cave Development


After 2006, an increasing number of wells were drilled in the Yingshan Formation in the northern slope of the Tazhong area. Approximately 90 wells have been drilled to date.



Based on tests from about 200 cores in the Yingshan Formation, the carbonate rocks had an average porosity of 0.91% and an average permeability of 3.76 × 10−3 μm2 [19], indicating a relatively low-porosity and low-permeability bedrock. The reservoir mostly contained secondary solution pores and caves formed by karstification with strong heterogeneity.



Drilling and mud logging data together with the interpretation of downhole logs and images from FMI logs provided the data for pore-cave statistical analysis. The results are as follows.

	(1)

	
Drilling and mud logging data indicate some 25 intervals of blow-off/loss/overflow in more than 90 Yingshan Formation wells. About 92% of these intervals had vertical blow-off lengths of <3 m, and only two intervals had vertical blow-off lengths of about 4 m (the first and second intervals had a vertical blow-off length of 4.2 m and 4.3 m, respectively).




	(2)

	
Interpretation of some 72 wells with conventional logging data (e.g., GR and Rt curves) indicated a total of 213 poor-quality reservoir intervals. The majority of reservoirs (about 54%) in the Yingshan Formation were found at least 50 m below the unconformity, and about 31% of the reservoir intervals were found 50–150 m below the unconformity. About 51% of the reservoir intervals had a thickness of <5 m (Figure 8a). Seventy-eight high-quality reservoir intervals were identified out of a total of 213 reservoir intervals, including 16 unfilled cave reservoirs and 60 unfilled fracture-cave reservoir intervals. Based on log analysis, 56 high-GR-filled intervals with heights ranging from 1–15 m were found. Each high-GR filling interval was a dissolution zone containing at least one smaller filled karst caves in the vertical direction, where the average height of a single small karst cave was <3 m. Pore-caves in the study area were mostly filled and displayed high GR on logs. Additionally, statistical analysis shows that reservoir intervals were generally found in the lower parts of filled intervals (Figure 8b).


Figure 8. The distribution and fill characteristics of reservoir intervals below the Yingshan Formation unconformity. (a) Development scale of fracture-cave intervals in drilled wells in the Tazhong area and depth of the Yingshan Formation unconformity; (b) Distribution characteristics of argillaceous-filled caves and unfilled caves.
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	(3)

	
FMI data from 19 wells indicated that there were five wells with >40 cm-sized caves. There were 14 wells that intersected 34 caves; 91% of the caves were <3 m high, and 50% of the caves were <1 m high (Figure 9a). The caves were found over discrete intervals below the top of the Yingshan Formation: 17 caves within 30–50 m, 6 caves within 0–10 m, and 3 caves within 50 m below the formation top.


Figure 9. The statistics of caves intersected by drilling wells according to FMI log data. (a) Height statistics of caves intersected by vertical wells according to FMI log data; (b) Average width of caves intersected by horizontal wells based on the FMI logs.
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	(4)

	
FMI data from six horizontal wells indicated that two wells did not intersect >40 cm-sized caves, and four wells intersected 65 caves (including intermittently distributed caves in one horizontal well). Most of the caves had widths between 1–2 m, and several caves had widths or lengths greater than 10 m, and even up to 100 m (Figure 9b).










5.2. Distribution Characteristics of Paleokarst Pores and Caves


The analysis of dissolution characteristics (Section 3.2) indicates that pores and caves were developed within 1–15 m high dissolution zones. The height of a single karst cave generally ranged between 0.1–3 m, and statistical analysis shows that only 1–3 vertical dissolution zones could be developed at most. In addition, horizontal wells showed that multiple horizontal high-GR intervals could be continuously developed. These were composed of multiple-filled karst caves where the width of a single karst cave could range from several meters to hundreds of meters (Figure 10). Comparison of these horizontal wells with seismic sections was conducted to establish well-seismic correlations. Flaky weak reflections were observed on seismic sections (Figure 10a). Coherent spectral analysis techniques found that flaky reflection was widely developed in seismic sections from the northern slope of the Tazhong area, with an area of up to 331 km2 (Figure 11). Analysis of 90 wells in the Yingshan Formation found that more than 50 wells encountered high-GR karst cave-filled intervals.


Figure 10. The corresponding characteristics between high-GR intervals and seismic reflection. (a) Flaky reflections in the northern slope of the Tazhong area comprise multiple weak “strings of beads” (or weak bright spots); (b) the horizontal drilling in Well LG23-H2 displays multi-intervals with high GR, and a total length of above 500 m; (c) Continuous small karst pores and caves from FMI log interpretation.
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Figure 11. The distribution of flaky reflection from analysis of root mean square amplitude (RMSA) attribute 0–60 ms (0–180 m) below the top of the Yingshan Formation.
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A comprehensive analysis of single karst caves found that they displayed relatively small heights but a large range in widths. Karst caves had relatively large width/height ratios and mostly showed a layered, large-area distribution. These karst cave systems were interpreted as cross-linked anastomosing networks composed of horizontal cave passages in space, where the majority of pore space were filled with argillaceous matter. Minor filled reservoirs occurred in the lower part of filled intervals.





6. Geochemical Characteristics of Paleokarst Cave Fillings


Samples were systematically collected from karst cave intervals. Samples from the upper and lower parts of the karst cave interval in Well LG43-1 were cut for 15 thin sections then polished, and the fillings were analyzed using cathode luminescence and electron microprobe techniques to determine the filling characteristics.



Core observations indicated that pore karst caves in Well LG43-1 were 60 cm high (Figure 3i), and thin-section analysis indicated that the bedrock at the top and bottom of karst caves was mainly composed of calcarenite (Figure 12a,c,e,k). The karst caves were filled with clay, limestone debris, calcite, and limestone gravel (Figure 12g,i). In total, the fillings were composed of 45% clay, 40% limestone debris, and 5% calcite or calcareous cement.


Figure 12. The cathode luminescence characteristics of karst pore and cave fillings of the Yingshan Formation in Well LG43-1. (a,b) Three phases of luminescence inside karst pores, 5282.8 m; (c,d) Calcite inside karst fractures showing weak luminescence zoning, 5283.7 m; (e,f) Weak luminescence zoning in pores in calcarenite, 5288.4 m; (g,i) Limestone debris grains, clay, calcite, and dolomite inside karst caves. Generally, fillings in karst caves did not show luminescence (j) and minor calcite showed weak luminescence (h); 5288.5–5289.1 m; (k,l) Calcite in pores at the lower part of karst caves did not show luminescence, 5289.2 m.
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6.1. Cathode Luminescence Characteristics of Pore Fillings and Identification of Paleokarst Environment


The use of cathode luminescence is particularly advantageous for the identification of paleokarst environments because these environments have strong cathode luminescence features. Huang [32] postulated that strong cathode luminescence features are affected by two aspects: (1) The cathode luminescence of carbonates is mainly controlled by Mn and Fe content. Mn acts as an activator, causing cathode luminescence features to appear in carbonates, while Fe acts as a quencher, thereby inhibiting luminescence. Previous studies have indicated that differences in Fe and Mn content can affect luminescence. Fe only begins to affect luminescence to a greater degree than Mn once the Fe content is greater than 5000 ppm. Additionally, cathode luminescence of carbonate rocks can only be totally quenched when the Fe content is greater than 10,000 ppm. Examples of the latter case are extremely rare because there are very few samples with Fe content greater than 10,000 ppm on the unconformity. This suggests that the cathode luminescence of most carbonate minerals is more closely related to the Mn content than Fe content. (2) Mn2+ has a larger solubility than Fe2+ within a broad range of Eh values. As a result, Mn2+ can appear in more oxidized water, making calcite cement in karst environments richer in Mn2+ and poor in Fe2+ content, resulting in a higher luminescence.



When studying the Ordovician paleokarst breccias of the northern Tarim area, Huang [33] discovered that gravels commonly indicated seawater with low Mn content and with weak or no luminescence. Inter-gravel cements of meteoric water origin contained high Mn concentrations and displayed strong luminescence (Fe content in a meteoric water environment, as a chemical precipitate, is limited). Further, cements with luminescence zoning develop in karst environments, particularly within carbonate rock cements formed in atmospheric undercurrent environments. Mussman and Read [34] discussed this zoning variation. The following are cathode luminescence features of Well LG43-1.



Upper Karst cave: Solution pores were densely developed with diameters of approximately 1 mm, some of which were filled with calcite (Figure 12). The cathode luminescence analysis of calcareous cements in solution pores (Figure 12a) identified three phases of luminescence zones: Phase 1 occurred along margins inside pores as indented calcite showing weak, dark luminescence but light zoning; Phase 2 showed weak, orange-red luminescence; and Phase 3 occurred in the central parts of pores and displayed alternating light–dark luminescence zoning (Figure 12a,b). Additionally, luminescence zoning could be observed in some solution fractures and pores, but only showing one phase (Figure 12d,f). Different luminescence zones represent different fluid properties.



Inside karst cave: Generally, karst cave fillings did not show luminescence (Figure 12i,j), and minor calcite content showed weak luminescence (Figure 12h).



Lower karst cave: Calcite in bedrock pores at the bottom of caves also did not show luminescence (Figure 12k,l).



Cathode luminescence showed that cements in the upper part of karst caves in Well LG43-1 showed three phases of luminescence. The Phase 1 luminescence zone reflected a meteoric freshwater environment. Phase 2 was characterized by a weak luminescence zone and reflected a freshwater–seawater mixed environment. The Phase 3 luminescence zone reflected a meteoric freshwater environment. Therefore, it was inferred that this class of karst pore cement in the upper part of karst caves was formed in a rapidly changing karst environment, possibly near coastal margins. Additionally, fillings in the lower part of karst caves generally did not show luminescence (for either grains or calcite), and the electron microprobe analysis showed a low Mn content, indicating calcite precipitated in seawater.




6.2. Trace Elements Testing of Fillings and Identification of Paleokarst Environments


The chemical and trace element composition of calcite, clay, and limestone grains in karst cave fillings, as well as calcarenite grains and calcite cements among calcarenite grains in the upper part of karst caves, were mainly analyzed using an electron microprobe. The results are shown in Table 1. Sr/Ba and Fe/Mn ratios were used to identify paleokarst environments [33,35,36,37,38]. Previous research has indicated that the Sr/Ba ratio in clay or mudstone increases with salinity. Ratios >1 indicate marine sedimentation and those <1 indicate continental sedimentation [33,35,36,37]. However, Fe/Mn ratios of 1 indicate normal seawater salinity, while Fe/Mn < 1 indicates highly saline water, and ratios of 5 or greater indicate freshwater sedimentation. Therefore, the higher the Fe/Mn ratio, the lower the salinity [33,37,38].


Table 1. The components analyzed by electron microprobe and calculating the results of the main parameters of bedrocks and fillings in upper karst caves.





	
Spot ID

	
Analyzing Item

	
MgO (wt %)

	
Al2O3 (wt %)

	
SiO2 (wt %)

	
K2O (wt %)

	
CaO (wt %)

	
Mn (ppm)

	
Fe (ppm)

	
Fe/Mn

	
Sr (ppm)

	
Ba (ppm)

	
Sr/Ba

	
Identification of Paleokarst Environment




	
Sr/Ba

	
Fe/Mn

	
Environments






	
a-1

	
Calcite in karst caves

	
0.042

	
0.392

	
0.604

	
0.199

	
55.050

	
0

	
529

	
/

	
0

	
0

	
/

	
/

	
<1

	
Cannot identify




	
a-2

	
0.018

	
0.032

	
0.037

	
0.040

	
55.649

	
403

	
54

	
0.13

	
0

	
179

	
0




	
a-3

	
0.019

	
0.042

	
0.136

	
0.059

	
55.746

	
279

	
443

	
1.59

	
0

	
0

	
/




	
a-4

	
Limestone grains in karst caves

	
0.194

	
0.094

	
0.070

	
0.028

	
55.546

	
116

	
0

	
0

	
152

	
0

	
/

	
>1

	
/

	
Seawater




	
a-5

	
0.197

	
0.343

	
0.590

	
0.102

	
55.027

	
62

	
342

	
5.52

	
0

	
18

	
0

	
<1

	
≈5

	
Freshwater




	
a-6

	
0.404

	
0.038

	
0.132

	
0.063

	
55.269

	
0

	
490

	
/

	
381

	
0

	
/

	
>1

	
/

	
Seawater




	
a-7

	
Clay in karst caves

	
2.040

	
28.133

	
41.72

	
10.722

	
0.766

	
318

	
12,903

	
40.58

	
0

	
152

	
0

	
<1

	
>5

	




	
a-8

	
2.069

	
26.849

	
39.381

	
9.815

	
1.213

	
372

	
6510

	
17.50

	
0

	
152

	
0

	
Freshwater




	
a-9

	
1.927

	
27.916

	
41.316

	
10.239

	
1.262

	
225

	
6844

	
30.42

	
0

	
242

	
0

	




	
b-1

	
Calcite in karst caves

	
0.198

	
1.010

	
1.661

	
0.267

	
53.479

	
0

	
1680

	
/

	
0

	
0

	
/

	
>1

	
≈1

	




	
b-2

	
0.076

	
0.153

	
0.203

	
0.058

	
55.497

	
0

	
529

	
/

	
0

	
0

	
/

	
Seawater




	
b-3

	
0.132

	
0.566

	
0.267

	
0.018

	
55.082

	
132

	
210

	
1.59

	
676

	
0

	
/

	




	
c-1

	
Calcite in karst caves

	
0.070

	
0.081

	
0.187

	
0.046

	
55.593

	
0

	
319

	
/

	
617

	
125

	
4.94

	
>1

	
/

	




	
c-2

	
0.018

	
0.039

	
0.180

	
0.014

	
55.785

	
0

	
506

	
/

	
0

	
0

	
/

	
Seawater




	
c-3

	
0.086

	
0.197

	
0.409

	
0.041

	
55.246

	
0

	
1291

	
/

	
0

	
0

	
/

	




	
d-1

	
Calcite cement of calcarenite in upper karst caves

	
0.150

	
0.065

	
0.172

	
0.012

	
55.525

	
0

	
630

	
/

	
592

	
0

	
/

	
>1

	
≈1

	




	
d-2

	
0.088

	
0.112

	
0.079

	
0.014

	
55.696

	
0

	
482

	
/

	
0

	
0

	
/

	
Seawater




	
d-3

	
0.132

	
0.566

	
0.267

	
0.018

	
55.082

	
132

	
210

	
1.59

	
676

	
0

	
/

	




	
e-1

	
Arenite grains of calcarenite in upper karst caves

	
0.208

	
0.097

	
0.153

	
0

	
55.462

	
0

	
179

	
/

	
0

	
0

	
/

	
>1

	
≈5

	




	
e-2

	
0.168

	
0.574

	
0.385

	
0

	
55.034

	
85

	
389

	
4.58

	
101

	
215

	
0.47

	
Freshwater




	
e-3

	
0.179

	
0.033

	
0.119

	
0.010

	
55.648

	
0

	
0

	
/

	
0

	
0

	
/

	










Electron microprobe analysis of calcite and limestone grains in karst cave fillings were characterized by Sr/Ba > 1 and Fe/Mn ≈ 1 (Figure 13a–c, Table 1). These ratios support the theory that limestone grains and calcite inside karst caves originated from a seawater environment since clay minerals in karst caves showed Sr/Ba < 1 and Fe/Mn > 5 (Figure 13a, Table 1) [35,36,37,38]. Additionally, the electron microprobe analysis of calcarenite in the upper part of karst caves showed Sr/Ba < 1 and Fe/Mn ≈ 5 (Figure 13d, Table 1), indicating that karst cave formation and clay filling were affected by meteoric freshwater [35,36,37,38]. Therefore, it was interpreted that the formation of karst caves in Well LG43-1 was controlled by meteoric freshwater and mixed-water dissolution, where the clay fillings inside karst caves were of freshwater origin, and calcite was precipitated in seawater. Thus, the formation and filling of karst caves may have occurred in a coastal margin environment.


Figure 13. The electron microprobe analysis spots of fillings in Well LG43-1. (a) Spots 1–3 were located above the calcite in karst cave; spots 4–6 were located above limestone grains in karst cave; spots 7–9 were located above the clay in the karst cave; (b) Spots 1–3 were located above the calcite in the karst cave; (c) Spots 1–3 were located above the calcite in karst cave; (d) Spots 1–3 were located above the arenite grains of calcarenite in the upper karst cave.
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7. Paleokarst Types and Genetic Model of the Yingshan Formation Karst in the Northern Slope of the Tazhong Area


7.1. Comparison between the Yingshan Formation Karst Characteristics and Modern Karst Types


Based on our results, the karsts of the Yingshan Formation in the northern slope of the Tazhong area have the following characteristics: (1) Exposure occurred soon after sedimentation, leading to karstification, with an exposure time of 7–11 Ma. (2) Solution pores and caves with no structural texture show Swiss cheese-like dissolution features and spongy dissolution zones. The pores are primarily filled with gravels, clay, and calcite, and a pit cenote at the top of the Yingshan Formation in Well LG111. (3) Most karst pores and caves are developed within 50 m below the unconformity, and single karst caves are generally between 0.1–3.0 m high, but their widths can range up to one hundred meters. Seismic attribute analysis indicates that these pores and caves are distributed over a large area, and it is comprehensively inferred that karst pore-cave systems comprise a network of crosscutting pipe-like caves. (4) Cathode luminescence and electron microprobe analyses indicate that clay fillings in karst caves are of freshwater origin, and calcite is of seawater origin. Pore cements show three phases of cathode luminescence, indicating an alternating freshwater and seawater environment. (5) The reservoirs commonly develop in the lower part of filled intervals. The features described above differ from long-term exposed buried hill (or typical continental) karsts, and cannot be explained as continental freshwater karsts. However, they can be explained as eogenetic karsts.



Modern studies of eogenetic karsts suggest that carbonate does not form under eogenetic conditions. Rather, soft rock karsts with high porosity and permeability form instead [39]. Even so, large solution cavities may be developed under such conditions [40,41,42]. For example, large-sized flank-margin caves have been found on the periphery of modern carbonate islands [43,44,45]. Additionally, Smart et al. [46] reported that eogenetic karstification resulted from large-area exposure soon after the formation of a large-scale carbonate platform in the Yucatan Peninsula of Mexico, where cross-linked anastomosing cave systems were also found. The study found that the mixed-water dissolution in the seawater–freshwater mixing zone resulted in the formation of eogenetic karst caves [39]. The Yucatan Peninsula study of Lace and Mylroie [39] provided a reference model for studying karst cave genesis formed during short-term exposure. Some scholars have used this pore development model of karst formation for reference when studying the formation of paleokarst pores-caves using outcrop investigation, core, seismic attribute, and other methods [16,47,48]. Karsts in the Tazhong area display different characteristics from karsts in modern island settings. Karst caves in islands are dominated by flank-marginal caves and develop near coastal margins, but either decrease in abundance or do not develop toward island centers [43,44,45]. These patterns are not reflected in the large areal distribution of pores and caves in the Tazhong area. Additionally, modern island karsts have small catchment areas, differing greatly from the exposed karsts in medium–large-sized carbonate platforms, and are more similar to the exposed platform karsts found in the Yucatan Peninsula in Mexico [39].



Comparison with the exposed platform karsts of the Yucatan Peninsula in Mexico shows high similarities in exposure time (several Ma), exposure type (carbonate platform), karst shape (both have spongy dissolution zones), fracture pore-cave development characteristics (both have a network of crosscutting, pipe-like cave systems), and filling characteristics (pore-caves are largely filled). Additionally, geochemical characteristics indicate the paleokarsts formed in an alternating seawater–freshwater environment, which further suggests the karsts of the Yingshan Formation are extremely similar to the eogenetic karsts of the Yucatan Peninsula in Mexico. The latter can be taken as a reference for the study of pore and cave development in the northern slope of the Tazhong area.




7.2. Development Model of Pores and Caves Controlled by Eogenetic Karsts


Eogenetic karst pores and caves of the Yucatan Peninsula in Mexico were mainly developed in freshwater–seawater mixed dissolution zones, and were primarily controlled by changes in sea level [39,46]. Statistical comparison of filled intervals and non-filled intervals of the Yingshan Formation showed that the formation of pores and caves was controlled by three phases of mixed-water dissolution, representing three periods of relatively stable sea level (Figure 14). The Sandbian-Katian sea Level curve was obtained by continuous sampling of sediments from the Tumuxiuke Formation and Lianglitage Formation on a regional scale. This curve indicated three changes in sea level [49]. From the study of Well Sn5 in the eastern part of the No. 1 fault belt of the Tazhong Area, it was found that nearly 20 m of the Tumuxiuke Formation was developed above the Yingshan Formation (Figure 15) [27]. In the present study area, intervening strata between the Tumuxiuke Formation and the Liang-3 depositional stage continuously overlie the Yingshan Formation, suggesting that the Yingshan Formation underwent the transgression after exposure. The Liang-5 and Liang-4 depositional stages and the Tumuxiuke Formation represent three periods of relatively stable sea level, which correspond to three sections that developed pores and caves (Figure 15).


Figure 14. Three sections that developed pores and caves represent three phases of relatively stable sea level in the northern slope, Tazhong area. (a–c) respectively represent three sections that developed pores and caves from different locations. The development of the phase 3 pore-cave section showed a good correlation across the different locations. Each phase of the pore-caves in plain view exhibits cross-linked anastomosing network characteristics. The network distribution was developed by eogenetic karstification of the mixing-water under the control of sea level during that phase. The three sections of pore-caves in the Yingshan Formation were controlled by three phases of sea level. Paleotopographic lines were drawn based on the paleogeomorphic restoring technique of Deng et al. [50]. The plane locations of section lines are shown in Figure 11.
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Figure 15. The comparison diagram of the Yingshan Formation and Lianglitage Formation in the Northern Slope, Tazhong Area (Liang-3 Top Level). An unconformable contact is interpreted between the Yingshan Formation and Lianglitage Formation. In the interval from the Tumuxiuke Formation to the Liang-3 depositional stage, the strata constantly overlie the Yingshan Formation, suggesting that the Yingshan Formation underwent the transgression after exposure. The Tumuxiuke Formation, Liang-5, and Liang-4 depositional represent three periods of relatively stable sea level, which correspond to three sections that developed pores and caves. In addition, Well Sn5 is located east of the No. 1 fault in the Tazhong Area where sediments of the Lianglitage Period were interpreted as a deep-water facies comprising marlstone and lime mudstone. The lithology and thickness of these faces are obviously different from the platform facies intersected in the four wells west of the No. 1 fault (the distribution of wells is shown in Figure 11).
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Previous research has indicated that there is no absolute stable sea level, so the relatively stable sea level refers to periods of weak sea level fluctuation, varying within ten meters or less, where the sea level rise and fall is controlled by global interglacial periods [39,46]. During interglacial periods, high sea levels (the highstand period) led to the formation of a network of crosscutting, pipe-like pores or caves in mixed dissolution zones. When the sea level dropped (lowstand period), pipe-like caves in the early mixed zones were exposed. Some caves collapsed because rocks were weakly consolidated and prone to collapse. When the surface collapsed, pit cenotes were formed. Surface freshwater dissolution produced clay that entered the karst caves and, along with seepage water, was deposited to form argillaceous fillings. When the sea level rose again (interglacial period), clay in seawater together with gravel derived from surface freshwater dissolution filled the fractures and caves. If the pores and caves were located in seawater undercurrent zones, calcite precipitated and quickly filled the karst caves.



The sequence of events as formulated above represents a new model for the development and filling of pores and caves affected by sea level fluctuation. The northern slope of the Tazhong area underwent three phases of relatively stable sea level where the development and filling of pores and caves were controlled by sea level change (Figure 16). Previous pore-cave systems were filled during the transgressive stage of the Linglitage Period. Further, the pressure of newly deposited sediment led to the collapse and compaction of existing pore space, leaving only smaller pore spaces in the lower part of the Yingshan Formation. This resulted in the formation of the present-day reservoirs.


Figure 16. The filling and development model for karst caves in the Yingshan Formation in the northern slope of the Tazhong area. (a) The development of the karst pore-caves was dominated by the karstification of the eogenetic mixing-water under the control of phase 2 sea level. Pore-caves formed a cross-linked anastomosing network in plain view; (b) when sea level rose, the development of the karst pore-caves was dominated by the karstification of the eogenetic mixing-water under the control of the phase 3 sea level. However, phase 2 pore-caves were filled with mud and calcite cements. Furthermore, as the overburden pressure increased, most of the pore-caves collapsed and spaces within pore-caves of phase 2 decreased.
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8. Conclusions


The results from this study on the genesis of paleokarst pore-caves in the Yingshan Formation represent a major contribution towards the formulation of paleokarst models. The carbonate platform of the Yingshan Formation was uplifted after the first episode of middle Caledonian tectonic activity when it was exposed for about 7–11 Ma. The formation then underwent intense karstification, resulting in the formation of alveolar-like karst pores, Swiss cheese-like karst pores, spongy-like dissolution zones, pit cenotes, and horizontally continuous small karst caves. Based on the statistical analysis, it was found that most karst pore-caves are located within 50 m below the unconformity. The caves generally range in height from 0.1–3.0 m but reach up to hundreds of meters in width. Moreover, pore-caves are frequently filled with mixtures of gravel, clay, and calcite. Horizontal well and seismic attribute analyses showed that these pore-caves are widely distributed on a horizontal plane, and hence it is concluded that the interpreted cross-linked anastomosing network of horizontal cave passages is coincident with the plane of the Yingshan Formation karst pore-cave system in the Tazhong area. These features further suggest the Yingshan Formation contains eogenetic karsts that are similar to the eogenetic karsts of the Yucatan Peninsula in Mexico. Further, the Yingshan Formation pore-caves mainly developed in the mixed freshwater–seawater saturated karst zone, and were affected by sea level. Meanwhile, geochemical data from karst cave fillings in the Yingshan Formation indicate that the fillings were deposited in a mixed seawater–freshwater environment. Compared to pore-caves, it was found that three sections of mixed-saturated karst developed in the Yingshan Formation during the period of exposure. As a result, the development of karst pore-caves in the Yingshan Formation of the northern Tazhong slope was dominated by eogenetic mixed-water karstification under the control of three phases of relatively stable sea levels.
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