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Abstract

:

The origin of natural gas and the mechanisms that lead to gas accumulation in the marine calcareous mudstone of the Lower Silurian Shiniulan Formation in northern Guizhou province are special and complicated. According to a combination of qualitative and quantitative methods, including the reconstruction of hydrocarbon generative potential and gas content’s measurement, in the context of some geochemistry information—the origins of the natural gas of Shiniulan Formation is suggested to be mixed gas. Furthermore, the accumulation of the natural gas can be proposed combined with some geological information. Results indicated that the volume of the in-place gas content of Shiniulan samples, reinstated by the formulas’ computation, reaches a yield of 3.67 m3·t−1 in rock. The theoretical gas content for Shiniulan Formation mudstone ranges from 1.6 to 5.8 m3·t−1 using the indirect calculation of gas content, and the total gas contents of those samples range from 0.065 to 0.841 m3/t, according to the United States Bureau of Mines’ (USBM) direct method. According to the combination of the reconstructed in-place gas content and the gas content, even mudstone in the Shiniulan Formation has potential to generating gas but could not satisfy the actual gas content in Shiniulan Formation. In addition, according to the composition, the carbon and hydrogen isotope charts of gaseous hydrocarbons further indicate that the gas origin of Shiniulan Formation is a mixed gas, which also means that the gas is not just generated in the layer, but has partly migrated from other formations, such as the Wufeng–Longmaxi Formation. The lower Shiniulan Formation in the study area is characterized by frequent interbed of limestone and calcareous mudstone. The geological information shows that well-developed fractures of mudstone and faults can be used as main pathways for the upward migration of gases from the underlying strata to the Shiniulan Formation. The limestone with fairly low porosity and permeability hinders the migration of natural gas as much as possible and keeps that efficiently reserved in the horizontal fractures of calcareous mudstone. This migration pattern implies that the interbedded rock association is also favorable for gas accumulation in the Shiniulan Formation.
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1. Introduction


The great success of shale gas’s exploration in North America has tremendously promoted the exploration and development of shale gas worldwide. The resources, such as net crude oil and petroleum-related production, are increasingly independent of imports, which has contributed mostly to the development of tight oil and shale gas reservoirs, as suggested by Jia et al. [1]. According to the Energy Information Administration (EIA) in 2017 [2], the new record for shale plays in the northeast extends to a longer-term trend of development, and the upward trends have continued in the days thereafter.



The exploration of shale gas is undergoing rapid development in China. In particular, the Lower Paleozoic marine facies rich in organic shale are an advantageous area for marine shale gas exploration. These facies are spread widely over the upper Yangtze region, with rich sources of rock layers, high organic matter abundance, rich organic matter types, high thermal maturity, a high content of brittle minerals, and moderate development of fractures having been demonstrated by Zhang and Zou and Wang and Tan [3,4,5,6]. Through the determination of the actual gas content of drilling cores in many areas of the southern Paleozoic, the shale gas content of the Lower Cambrian Qiongzhusi Formation was found to be distributed in the range of 0.13‒5.02 m3·t−1, with an average of 2.14 m3·t−1. Accordingly, the shale gas content of the upper Ordovician Wufeng–lower Silurian Longmaxi Formation ranges from 0.29 to 6.50 m3·t−1 as pointed out by Zou et al. [7].



The northern Guizhou area is one of the research areas for the strategic investigation of shale gas resources in China; this area lies to the south of the Sichuan basin and has a generally low level of petroleum geological evaluation and exploration. The upper Ordovician Wufeng Formation–lower Silurian Longmaxi Formation and the Lower Cambrian Qiongzhusi Formation, which developed in the northern Guizhou area, have the most potential shale layers, with good hydrocarbon generation capabilities as effective formations in geological research and exploration for marine shale gas, as presented according to Han et al. and Zhao et al. [8,9].



The AY (AnYe)-1 well is located in Anchang Town, Zhengan County, in the north of Guizhou Province. The structural location belongs to the west wing of the Anchang syncline in the Wuling folded region. The purpose of drilling was to explore the upper Ordovician Wufeng Formation–lower Silurian Longmaxi Formation for shale gas. More remarkably, a number of high-pressure gas reservoirs were drilled in the Shiniulan Formation of the Silurian. This is the first time that high-yield gas flows have been obtained in the interbedded marine limestone and mudstone layers of the strata in southern China. The black shale was drilled for nearly 20 m from the upper Ordovician Wufeng Formation to the Lower Silurian Longmaxi Formation, which met the standard for the commercial exploration of shale gas. Furthermore, natural gas was prospected first in the Permian Qixia Formation, and then in the Baota Formation outside the Sichuan Basin. The drilling of the AY-1 well is a major breakthrough in the new area, which has a new formation system, and new types of natural gas and have opened up new areas for oil and gas exploration in southern China.



There is a fairly prominent gas logging abnormality in the gas source rock of the Shiniulan Formation, with 15 layers of gas logging abnormality drilled in the well depth of 2105‒2204 m. The anomalous total hydrocarbon value rapidly soared from 0.35% to 85.40% while the abnormal methane value also rose from 0.25% to 80.5%. The initial production of the well AY-1 attained a maximum of 420 × 103 m3 per day, as presented by Liu et al. [10]. It is expected that the output can reach 200 × 103 m3 per day after acid fracturing. At present, the daily output reaches approximately 5000 cubic meters, and the cumulative gas production is nearly 600,000 cubic meters, signifying a principal breakthrough for gas exploration in Guizhou Province.



As a new stratum for natural gas exploration and trial in China, the investigation of gas potential and gas accumulation condition of reservoir is of vital importance to the next step of exploration and development in study area. This paper aims to evaluate the potential of the hydrocarbon generation of calcareous mudstone in the Shiniulan Formation by different methods which have not used in previous research, combined with the relationship between the stable isotopic compositions of gaseous hydrocarbons and the molecular composition of gases to confirm the origin of natural gas in lower part of the Shiniulan Formation due to its complexity and multiple solutions. Afterwards, characterizing the fault and fractures as controlling factors was used to estimate the accumulation model of natural gas in the reservoir with high yields.




2. Geological Setting


The Silurian in the upper Yangtze area has a good material foundation, which is not only widely distributed but also has a large thickness with rich organic matter, as presented by Wang. [11]. With the development of shale gas exploration, the resources of the Lower Silurian have achieved many breakthroughs in the Weiyuan, Changning, Fushun-Yongchuan, Fuling, and Pengshui areas in the southern Sichuan basin. Many wells have obtained high yields during the process of the gas testing suggested by Liang et al. [12].



The study area belongs to the South Sichuan–Northern Qianbei sub-region in the upper Yangtze (Figure 1). The Paleozoic strata have developed to a great extent, while Carboniferous and Devonian areas are lacking in the northern region of Guizhou Province. According to the lithology, sedimentary facies, and paleontological characteristics, the Sinian–Cambrian strata are divided into east and west regions. The study area is mainly exposed of the upper Cambrian–Silurian Formation, which is distributed in the anticlinoria. Among the strata, the Silurian strata are relatively developed with a large number of fossils that contact the underlying Ordovician but are in uncomfortable contact with the overlying Lower Permian. The Lower Silurian is divided into three groups from the bottom to top: the Silurian Longmaxi Formation, the Shiniulan Formation, and the Hanjiadian Formation.



Silurian exists as an important source of rocks in the upper Yangtze region. The lithology of the Wufeng–Longmaxi Formation shows mainly black carbonaceous shale with a small amount of thin-layer of bioclastic limestone or bioclastic limestone strips, and the upper part is mainly a thin interbed of argillaceous limestone and mudstone refer to Wang et al. [13]. Furthermore, the lithology of the Shiniulan Formation is mainly composed of a set of bioclastic limestone in an argillaceous limestone and calcareous mudstone interbedding, which is in a conformity relationship with the underlying strata. The thickness of limestone increases from bottom to top, while that of calcareous mudstone diminishes slightly (Figure 2).




3. Materials and Methods


3.1. Sample Selection


Twenty-four fresh core samples from depths of 2110 to 2348 m of AY-1 well were analyzed, 15 of which were from the Shiniulan Fm., and nine of which were from the Longmaxi Fm. A series of experiments were used for evaluating the characteristics of mudstone samples and the gas potential of the Shiniulan Fm. in the upper Yangtze area.



Eleven gas samples from Shiniulan Fm. in AY-1 were collected from the wellheads or separators for the molecular composition and isotopes of carbon and hydrogen analyses. To collect the gas samples, double-ended stainless-steel bottles equipped with a maximum pressure of 15 MPa and vacuumed before sampling were used. During sampling, the stainless-steel bottles were repeatedly flushed and replaced with a gas stream, and then the exhaust valve was closed. The filling gas pressure was made stable at 4 MPa, the intake valve was closed, and the bottle was covered in water in case of gas leakage.




3.2. Organic Matter Properties


The total organic carbon (TOC) content was determined using a Leco CS230 carbon/sulfur analyzer following the Chinese National Standard GB/T19145-2003. [14]. Vitrinite reflectance values (Ro%), a representative indicator for characterizing the thermal maturity of organic matter, were evaluated by an MPV-SP microphotometer under an oil-immersion objective lens. The photometry of samples was obtained at the temperature of 23 °C according to the Chinese standard SY/T5124-2012 [15]. Maceral composition observations were performed using polished sections under reflected white and fluorescent light with a Leica MPV microscope. According to the type index (TI) following the criteria of the Chinese oil and gas industry standard SY/T5125-1996 [16]. and Cao [17], the abundances of the maceral components could be evaluated for organic matter type identification. All of these experiments and analyses were performed by at the geochemistry laboratory of Yangtze University, Jingzhou, China.




3.3. Parameterization of the Gas Content


3.3.1. Indirect Calculation of the Gas Content


By adding together the adsorbed and free gas contents, the total gas content can be obtained. The content of adsorbed gas in mudstone cannot be obtained directly. At present, methane isothermal adsorption is commonly used to signify the capacity of gas adsorption and to measure the amount of adsorbate (methane); that is, through isothermal adsorption, a simulation experiment is conducted to establish the relationship model between the adsorption gas content and pressure and the temperature, as pointed out in previous publication by Wang et al. [18]. The experimental process involves testing the capacity of the adsorption gas under different pressures at a constant temperature.



The methane adsorption isotherm was formed at a temperature of 30 °C and a humidity level of 2.31% by the isothermal adsorption/desorption analyzer (HPVA-200-4). Through the isothermal adsorption test, eight equilibrium pressure points were measured at 30 °C (about the same as the ground temperature at 500 m depth), as was the equilibrium moisture of pure methane at 0, 0.35, 1.07, 2.25, 4.31, 6.24, 8.72, and 11.13 MPa, respectively. The equilibrium time of each pressure point was approximately 12 h, and then it was pressurized to the next pressure point under the experimental environment with a methane gas concentration greater than 99.999%. The adsorption volume of methane was obtained by the following equation; see Dang [19], Gasparik et al., [20], Ji et al., [21], and Tan et al., [4], Dang [22].





  m =  m  t o t a l   −  ρ  g a s    V  v o i d    



(1)




where m is the volume of methane adsorption; mtotal represents the amount of gas drawn into the sample cell; and ρgas is the density of gas; the void volume (Vvoid) generally is contingent on helium expansion. The adsorption profile used the Gibbs adsorption calculation which neglects the volume occupied by the adsorbed phase in calculating the amount of unadsorbed gas and Vvoid is viewed as being available to the unadsorbed gas suggested by Sudibandriyo et al. [23].



According to the Langmuir isotherm equation, as pointed out by Langmuir [24], which is related to the adsorption of gas molecules on a solid surface under a fixed gas pressure and temperature, the methane adsorption’s experimental results can be obtained:


  V =  V L  P /  (   P L  + P  )   



(2)







PL is the pressure at which the adsorbed gas content is equivalent to the half of the Langmuir volume; V means the adsorbed gas volume; and P is the gas pressure; VL indicates the maximum capacity of the adsorbent’s adsorption



Free gas is generally stored in the pores and microfractures of mudstone. The main influential factors of the content include porosity, pressure conditions, the temperature system, and gas saturation. The content of free gas was calculated by the following equation proposed by Lewis et al. [25].





   G f  =   φ ×  S g     B g  ×  ρ b     



(3)




where Gf is the content of free gas, m3·t−1; Φ is the rock porosity (%); Sg is the original gas saturation (%); Bg is the factor of gas formation volume; and ρb is the formation density, g·cm−3.



The factor of gas formation volume is the volume of natural gas per unit volume under formation standard state (20 °C, 0.101325 MPa). The formula of the factor of gas formation volume as follows.





   B g  =    V g     V  s c      



(4)






PscVsc = nRTsc



(5)






PVg = nZRT



(6)




where Vg is the volume of n mol gas under formation conditions, m3; Vsc is the volume of n mol gas under formation conditions, m3; n is the number of moles, k mol; T is the formation temperature, K(T = (273.15 + t)K); P is the formation pressure, MPa; R is the universal gas constant, MPa·m3(k mol·K)−1; t is the formation temperature, °C; tsc is the formation temperature in standard state, tsc = 20 °C; and Z is the compressibility factor, which can be obtained by the two-parameter compression factor chart of natural gas. Psc = 0.101235MPa; Tsc = (273.15 + 20) °C (under standard state).




    B g  =    P  s c      (  20 + 273.15  )    ×   Z ( t + 273.15 )  P  = 3.456 × 10 − 4 Z     t + 273.15  P    



(7)






    G f  = k   2893.5 φ S g P   ρ Z ( t + 273.15 )     



(8)





The key to this calculation is to determine the effective porosity and gas saturation of free gas. The reservoir space of free gas consists of matrix pores and fractures. Both of these factors directly affect the content of free gas. The reservoir space can be characterized by effective porosity.



Therefore, the effective porosity of the free gas in the reservoir is the summation of the matrix porosity and fracture porosity, which are obtained through high-precision experiments and log interpretation. The comparative matrix’s porosity can be measured by sound waves, neutrons, density, and other well logging data; and accurate fracture porosity is commonly obtained by dual lateral logging data. The gas saturation is obtained from a formula named the total shale model, which was described by Schlumberger (1972) [26]. The calculation of the total shale model is as follows:


   1   R t    =    φ m  ×  S w n    a  R w  ×  (  1 −  V  s h    )    +    V  s h   ×  S w     R  s h      



(9)




where, Rsh is the resistivity of mudstones; Rt presents the rt true formation resistivity; and Sw is the water saturation. Then, Rw is the formation water resistivity, which has units of Ω·m; φ is the formation porosity (%); a is the lithology factor; n is the saturation exponent; and m is the formation cementation exponent.




3.3.2. USBM Direct Method


The USBM direct method, as one of the industry standards, is used to evaluate the gas content, as presented by Diamond et al. [27], Yee et al. [28], Diamond and Schatzel [29], and Dang et al. [30]. The core samples lifted from the wellhead are quickly loaded into stainless-steel cans and sealed. The adsorbed gas content can be measured by spherical particles, which are characterized by a surface concentration of zero and a constant initial gas concentration (see Dang et al. [26] for details). The lost gas content is estimated by linear regression analysis of the square root of the adsorbed gas content and desorption time when the desorption of gas is completed.





3.4. Original TOC and Hydrocarbon Potential


An analysis was carried out with 10 g of powdered sample. Each sample was heated to 600 °C by Rock-Eval 6 pyrolysis equipment manufactured by Vinci® Technologies (Nanterre, France). Herein, we focused mainly on the following parameters, which were recorded during the pyrolysis phase: Some parameters can be obtained by experimentation, including the volatile hydrocarbon content, mg HC·g‒1 Rock (S1); remaining hydrocarbon generative potential, mg HC·g‒1 Rock (S2); and the temperature of maximum pyrolysis yield (Tmax). The hydrogen index (HI) and the production index (PI), which were proposed by Behar et al. [31], were calculated through the calculation formula. Finally, we used the following equation, according to Jarvie et al. [32], to acquire the original hydrocarbon generative potential:


S2o = HIo × TOCo × 100−1



(10)




where HIo is the original hydrogen index; TOCo is the total organic carbon; and S2o is the original generative potential of hydrocarbon, mg HC·g−1 Rock.




3.5. Natural Gas Geochemistry


The compositions of the 11 gas samples in this study were analyzed by a gas chromatograph (GC); i.e., an Agilent 6890 N integrated with a flame ionization detector (FID) and a thermal conductivity detector (TCD). A capillary column (PLOT Al2O3 50 m × 0.53 mm) was used for hydrocarbon gas components (C1–C3) fractions. The temperature program of the GC oven included an initial heating at 30 °C, which was then increased to the temperature of 180 °C with a final hold time for 20–30 min at 10 °C·min−1.



The carbon isotope compositions of the gas components were obtained using a mass spectrometer (Finnigan Mat Delta Plus). The target gas component was separated on a fused silica capillary column. The temperature program of the GC oven was increased from 35 °C to 80 °C at 8 °C·min−1 and reached 260 °C at 5 °C·min−1 (held for 10 min). The stable hydrogen isotope analyses of alkane gases were performed on a mass spectrometer (Finnigan GC/TC/IRMS). Helium, as the carrier gas with a rate of 1.5 mL·min−1, was injected into an HP-PLOT Q column (30 m × 0.32 mm × 20 μm) to separate the alkane gas components. The GC oven temperature was initially held at 40 °C for 4 min, increased at a rate of 10 °C·min−1 to 80 °C, then to 140 °C at °C·min−1, and finally, turned up to 260 °C at a rate of 3 °C·min−1 and held for 10 min. The values of stable carbon and hydrogen isotopes are presented in the δ-notation (δ13C, ‰) as V-PDB (Vienna-Pee Dee Belemnite) and V-SMOW (Vienna-standards mean ocean water), respectively. The analytical error of the carbon and hydrogen isotopic compositions was less than 3‰, as suggested by Ni et al. [33], Dai et al. [34], Dai et al. [35].




3.6. Observation and Statistical Classification Method for Fractures


The observation and statistical analyses of the length, opening, dip, and density of core fractures are fundamental for the study of the fracture development and distribution features of cores.



In the identification and observation of core fractures, the core is generally immersed in water so that fractures can be clearly observed before the core surface is entirely dry. The reason for this is that there are many microfractures in cores. After the water immersion, the water on the surface completely evaporates, but does not completely evaporate in the microfractures; thus, water marks with the same dip size were observed on the core.



(1) Statistical analysis and research into the fracture length of cores:



The length distribution of fractures can be divided into three different types: length (L) < 6.5 cm, length L ≥ 10 cm, and 6.5 cm ≤ L < 10 cm.



(2) Statistical analysis and research into the degree of the fracture development of cores:



A fracture’s density is a significant parameter to describe the degree of fracture development, which can intuitively reflect the intensity of a fracture. The fracture liner density is one of the most effective parameters indicating the degree of fracture development. It refers to the ratio of the number of fractures intersecting a straight line to the length of the line:


  D =  N H   



(11)







N is the total number of fractures observed in the core unit; H is the core length in the unit, m; and D is the liner density of a fracture, m−1.





4. Results and Discussion


4.1. Organic Geochemical Bulk Parameters and the Hydrocarbon-Generative Source Rock


The type of organic matter affects the gasification capacity and gas content, both of which were demonstrated in the pioneering work by Boyer, C. et al. [36]. Some information about the depositional environment can be revealed by the compositional characteristics of kerogen, proposed by Romero and Philp [37]. The type of kerogen not only has an influence on the hydrocarbon generation of the rock, but can also affect the adsorption and diffusion rates of natural gas.



The results of the microfractional analysis for samples in the Longmaxi Formation show that the organic matter types of the organic-rich shale are mainly distributed in type I and II1, and the macerals are mainly composed of sapropelinite and inertinite groups and lack-of-vitrinite groups (Table 1). In the chitin group, the sapropelinite group is mainly composed of the dispersed mineral asphalt matrix. Although the content of organic carbon is fairly low, the analysis of the microstructure shows that the organic type of the calcareous mudstone in the Shiniulan Fm. is type II1 which indicates good hydrocarbon generation capability (Figure 3).



As proposed by Bowker et al. [38], there is a large amount of organic matter in the shale reservoir, and its abundance and maturity have a significant impact on shale gas resources. Boyer C et al. [36] demonstrated that the organic carbon content (TOC) is an important controlling factor for the accumulation of shale gas, dominating not only the physicochemical properties of shale, but more importantly, controlling the gas content of shale.



The geochemical experiment of calcareous mudstone in the Shiniulan Formation shows that the TOC content is generally less than 1% and is distributed mostly at 0.1%, with an average value of 0.16%; the distribution of organic carbon in the Wufeng–Longmaxi Formation ranged from 3.5% to 5.4%, with an average of 4.5%. According to geochemical logging data, the shale gas enrichment section of the Wufeng–Longmaxi Fm. was concentrated at 2311–2331 m; the organic carbon content was between 0.2% and 4.8%, with an average of 2.96%; and the organic carbon content (TOC) increased with the depth (Figure 4). However, the TOC of samples in the lower Shiniulan Fm. were generally low, being less than 1% at most.



The maturity of all samples was greater than 2%. The maturity of the Silurian mudstone samples changed within the range of 2.79% to 3.32%, with an average of 3.11%, both of which are in the over-mature stage. Owing to the rather high thermal evolution in the Shiniulan Fm., the maturity was between 2.75% and 2.92% with an average of 2.95% (Figure 5).



For hydrocarbon source rocks of the same or similar quality, in general, a higher Ro indicates a greater possibility of producing, fracture development (the greater the relative content of free gas), and a greater production of gas. Thermal maturity has some effect on the hydrocarbon generation potential of organic matter and directly influences the amount of gas generated by source rock and affects the occurrence condition, migration, and aggregation state of natural gas after hydrocarbon generation.



The organic matter content before the threshold of oil generation when hydrocarbons are not produced in large numbers or expelled, is considered to be the original organic matter content. However, the organic matter content of core samples measured at present is usually the residual organic matter content after massive hydrocarbon expulsion. The abundance of organic matter drops significantly during maturation, according to Qin et al. [39]. Thus, the present organic matter cannot show the original geochemical characterization of the mudstone cores accurately, owing to the thermally over-mature organic matter. As a result, we probably underestimated the hydrocarbon generation potential of source rock. Thus, restitution of the original TOC was needed. Therefore, we used a formula proposed by Jarvie et al. [32] to evaluate the hydrocarbon generation potential by arithmetic and parameters, such as HIo, TRHI (Transformation ratio), TOCo, and S2o according to Dang et al. [40] (Table 2).



The results obtained by different formulas show that the TRHI is distributed in the range of 92%‒100%, with a mean value of 97.6%, which occurs when organic matter is at the post-mature stage. Furthermore, the quite low S2 indicates that the current organic matter has hydrocarbon generation.



For an amount of generated hydrocarbon equal to S2o minus S2, the result ranges from 1.18 to 3.39 with an average number of 2.8 mg HC·g−1 rock for Shiniulan Fm. mudstones. As the final step, we obtained the QHC, which was transformed to a volume of CH4 per unit mass of rock by means of the formulas shown below the table, and then obtained the average result of about 3.67 m3·t−1 rock of Shiniulan mudstone. It was proven that the Shiniulan mudstone has a certain hydrocarbon generation potential. However, it is far from enough to satisfy the gas content in the reservoir.




4.2. The Gas Content Measurement of Source Rock in the Shiniulan Formation


The amount of adsorbed gas with pressure changes can be divided into three stages. When the pressure is low (0.00‒2.25 MPa), the amount of adsorbed gas and the pressure are approximately linear, with rapidly increasing values; when the pressure is moderate (2.25‒11.13 MPa), the amount of adsorbed gas rises slowly with the increasing pressure. The adsorption reaches monolayer saturation when the pressure is large enough (greater than 11.13 MPa), and the amount of adsorption does not change with pressure, which is consistent with the adsorption process demonstrated by the Langmuir equation theory. Table 3 shows the experimental data of four mudstone samples of the Shiniulan Fm., indicating that the adsorption performance of mudstone in the Shiniulan Fm. is not strong based on the analysis of the result of the isothermal adsorption experiment (Figure 6).



It can be seen from Figure 7 that the TOCs of samples from Shiniulan Fm. are positively correlated with the adsorption capacity of mudstone (Figure 7). The higher the organic matter abundance, the more micropores that develop in mudstone, resulting in a greater adsorption capacity.



The isothermal adsorption experiments mentioned above also show a relationship in which the Langmuir volume is negatively correlated with the Langmuir pressure (Figure 8). The fitting coefficient (R2) reaches 0.899, indicating that the Langmuir pressure is one of the influential factors of Langmuir volume.



Adding up the data points obtained from the isothermal adsorption experiments of the samples implies a good fit for the formulas regarding the relationship between the Langmuir pressure and the Langmuir volume, and the Langmuir volume and the TOC, respectively. Consequently, the formulas for the adsorption gas content of the Shiniulan Fm. samples can be derived.




PL=−0.276 VL + 1.2839



(12)






VL = 2.0404TOC + 0.393



(13)





Substituting the fitting formula into the Langmuir model (using Equation (2)), the formation pressure is converted into an equation between the formation pressure coefficient and depth and other parameters. The adsorption gas content of calcareous mudstones (units of m3/t) was obtained based on the following equations.





P = k × Ph



(14)






Ph = ρgh



(15)






  Q =    (  20 T O C + 3.8514  )  k h   − 506 T O C + 1173.9 + 9.8 k h    



(16)




where k is the formation pressure coefficient, h is the depth, Ph is the hydrostatic pressure, ρ is the density of water, and g is the gravitational acceleration.



Through the calculated volumes of the adsorption gas and free gas from the Shiniulan Fm., the theoretical gas content of the Shiniulan Fm. gas can be obtained (Table 4).



The porosity data of core samples from the Shiniulan Fm. show a good linear correlation with the content of free gas (Figure 9). Under the condition that the amount of generated gas is definite, the volume of the free gas is mainly affected by the porosity of mudstone. The extent of the porosity is controlled by the development of the pores and the fractures. Thus, the more developed the pores and the fractures, the higher the content of free gas. In addition, a large number of fractures are conducive to the desorption of adsorbed gas, which was converted into more free gas.



Thus, the theoretical gas content of samples can be obtained by the volumes calculated of the adsorption gas and free gas together, as shown in Table 5.



Table 6 provides the results of the gas content (including the desorbed gas content and lost gas content) of the samples. The total gas contents of the mudstone in Shiniulan Fm. range from 0.065 to 0.841 m3·t−1. The total gas contents of Wufeng (2.3‒6.2 m3·t−1)-Longmaxi (3.1‒6.1 m3·t−1) Fm. are generally greater than 3 m3·t−1, even reaching 6 m3·t−1 at the depth of 2323–2326 m. It is apparent that the content of the Shiuniulan mudstone is much lower than that of the Wufeng–Longmaxi Fm. shale (Figure 10).



However, the desorbed gas contents we collected of samples with active oil-gas were especially low, ranging mainly from 0.1 to 0.2 m3·t−1; the maximum was 0.842 m3·t−1. The gas of Shiniulan mudstone mainly exists in free states. Thus, the low desorbed gas contents tend to be primarily caused by the escape of free gas from horizontal fractures (Figure 11) during the processes from lifting the drill to canning. What you should note here is that the USBM direct method is usually used to predict the gas contents of shale or coal. These data would be fairly low due to the gas samples extracted from the interbedded rock association, with only appropriate meaning as a reference.




4.3. The Origin of Gas from the Siniulan Formation


Alkane gas is one of the most fundamental and major components of natural gases in the Shiniulan Fm. As shown in Table 7, for eleven gas samples from sample AY-1, the CH4 and C2-3 contents were in the range of 95.244%‒96.432% and 2.167%‒2.2%, respectively. CO2 is the most fundamental and major part of the non-hydrocarbons in the gas samples, with a content in the range of 0.709%‒0.864%.



The experimental results of the stable carbon and hydrogen isotopic compositions of alkanes indicate that the δ13C1 values in methane vary from −33.9‰ to −33.2‰ (average −33.5‰), compared with −37.0‰ to −36.2‰ (average −36.7‰) in ethane. Furthermore, the hydrogen isotope (δD) data were obtained, which are mainly distributed from −156.6‰ to −145.8‰ (average −150‰). The δ2HC2H6 values could not be detected due to the low concentration of ethane (Table 7).



The compositions of carbon and hydrogen isotopes in association with the molecular composition can be utilized extensively to discern the gas origin, as suggested by Berner and Faber [41], Chung et al. [42], Schoell [43], Whiticar [44], Strąpoć et al. [45], and Strąpoć et al. [46]. Galimov [47], Colombo et al. [48], Stahl [49], and Schoell [50] showed that the molecular composition of natural gases and the isotope ratios in the hydrocarbons are both in control of processes during the formation of the gases.



The X-identification chart, which was proposed by Zhang et al. [51] is used to determine the natural gas genetic type according to Dai. [52]. As shown in Figure 12, all gas samples from the Shiniulan Fm. could be recognized as a mixed source when deep-seated. According to the carbon isotope of methane and ethane distribution characteristics, the natural gas genetic type identification criteria and principles are used to determine the origin of the natural gas—which is a mature–highly mature oil-based mixture in the Shiniulan Fm.(Figure 13)—as presented by Ding et al. [53].



That combination of the δ13C values of ethane and methane is also useful for determining the genetic types of the gases. According to the δ13C2-δ13C1 identification chart to identify the gases from Shiniulan Fm., in the study area, they fall into field M in the chart, which might be due to the methane in over-mature zones below the formation possibly migrating through these areas (Figure 14).



In general, the carbon isotope of organic origin primary alkane gas is a series of normal carbon isotopes (δ13C1 < δ13C2 < δ13C3 < δ13C4) according to Dai et al. [54]. The cause of the reverse of the carbon isotope series of organic alkane hydrocarbons in Shiniulan Fm. is a mixed gas which is derived from the same source rock with different gas generating stages or the same genetic types in different source rocks.



Natural gas in the Shiniulan Fm. is mainly distributed in the carbon isotope inverted series gas zone based on the carbon isotope chart of methane and ethane of natural gas proposed by Dai (Figure 15) [55]. Furthermore, δ13C values of alkane gases in Shiniulan Fm. are close to those reported previously in the Wufeng–Longmaxi shale in southern Sichuan Basin, indicating that Wufeng–Longmaxi Fm. may have been a potential gas source rock for Shiniulan Fm. The isotopic rollovers of natural gas in Shiniulan Fm. may have resulted from carbon exchange at high temperature (Dai et al. [56]). The potential contribution of Wufeng–Longmaxi Fm. is also consistent with the gas content results. Through the comprehensive comparison of the in-place gas content reconstructed, the amount of gas measured by the indirect methods and direct methods from the Shiniulan calcareous mudstone samples reflect the fact that mudstone samples with lower organic abundance have certain hydrocarbon-generation potential, which is largely insufficient to satisfy the gas content currently stored within its layer. It can be preliminarily concluded that the gas source of the Shiniulan Fm. mudstone is partly derived from the gas source rocks in other formations, probably Wufeng–Longmaxi Fm. However, there are not enough figures and information to determine definite gas sources in Shiniulan Fm., and thus further studies are needed.



Through the comprehensive comparison of the reconstructed in-place gas contents, the amounts of gas measured by the indirect methods and direct methods from the Shiniulan calcareous mudstone samples reflect the fact that mudstone samples with lower organic abundance have certain hydrocarbon-generation potential, which is largely insufficient to satisfy the gas content currently stored within its layer. It can be preliminarily concluded that the gas source of the Shiniulan Fm. mudstone is partly derived from the gas source rocks in other formations. In addition, it can be concluded that there is a mixed-nature gas gathering in the Shiniulan Fm. by the isotope chart. The shale of Wufeng–Longmaxi Fm. is thought to be a potential gas source rock for Shiniulan Fm. However, there are not enough figures and information to determine definite gas sources in Shiniulan Fm., and thus further research is necessary. Through the preliminary judgment of the natural gas types in the Shiniulan Fm., the natural gas accumulation model of the Shiniulan Fm. can be further deduced.




4.4. Accumulation Factors and Natural Gas Accumulation Model of Shiniulan Formation


4.4.1. Accumulation factors of the natural gas from the Shiniulan Formation


It has been confirmed by two-dimensional seismic exploration that the direction of the Anchang slope axis is in the NW–NE direction; the southeast wing is steep, while the northwest wing is gentle. The northwest wing’s inclination angle is approximately 24°, while the southeast wing’s is approximately 30°. It gradually closes, with the increased buried depth of the strata developing near the fault of the slanting core. In the slanting direction, due to the northwest–south–eastward compression of the Yanshan movement and the north–south direction of the early Himalayan movement, three northeast–southwest strike faults were developed. The length of the fault in the bottom of the Longmaxi Fm. varies from 3 to 11 km, with a distance from 80 to 670 m and an inclination between 30° and 50°.



In addition, through the observation and measurement of the outcrop in the Lower Silurian Shiniulan Fm. (Figure 16), it was found that the structural fractures of the Shiniulan Fm. included tensile fractures and shear fractures. The shear fractures have a deep cutting-bed section, stable occurrence, and further extension, with fracture angles in the range of 45°‒90°. Tension fractures often appear in parallel and in groups, with obvious directionality and regular distribution. Structural fractures are generally filled with materials such as calcite and are produced in the areas in which the deformation is severe or the faults are well-developed.



The systematic observation (Figure 17) and statistical analyses of the fractures, in which the length of the cores was 51.5 m and the number of fractures was 1176, from cores of Shiniulan Fm., was completed.



Through the statistical analysis of core fractures, shrinkage fractures resulting from diagenesis in the Shiniulan Fm. mudstone are well-developed, while the structural fractures formed due to stress are rare (Figure 18). The microfractures that developed in mudstone are mainly caused by mineral phase transformation or shrinkage caused by water loss during diagenesis, and consolidation and had nothing to do with structuring. Moreover, most of the microfractures in the Shiniulan Fm. shale are not filled with minerals, while most of the microfractures developed in the limestone are filled with calcite.



Microfractures, as important channels for natural gas, increase the porosity and permeability, and thus improve the capacity of the reservoir, which is conducive to the increase of the free gas volume and the desorption capability of adsorbed gas. A large number of fractures due to diagenesis developed in the special combination of limestone and mudstone to accumulate free methane gas in the Shiniulan Fm. Fractures are hardly developed in limestone, so the limestone is an available cap rock to prevent the leakage of shale gas (Figure 19).



A series of oil and gas exploration practices have shown that the presence of fracture development zones in reservoirs results in high-yield zones with favorable porosity and permeability. The fractures, on the one hand, provide a storage space for oil and gas; on the other hand, they can significantly improve the matrix permeability and the pore connectivity of tight reservoirs, providing an effective channel for fluid migration.




4.4.2. Natural Gas Accumulation Model of Shiniulan Formation


The origin of natural gas in Shiniulan Fm. is a special mixed gas derived from different strata. In addition, the pore size distribution of mudstone and limestone in the Shiniulan Fm. shows that the pore size of the limestone is concentrated at approximately 2.88 nm, while the pore size of the mudstone is mainly concentrated at approximately 7.13 nm. The limestone is denser than the mudstone and can effectively seal the natural gas in the mudstone. The combination of lithology as a good preservation condition makes the formation relatively closed; thus, facilitating the preservation of gas reservoirs.



Natural gas is mainly concentrated in a large number of horizontal fractures developed in mudstone. The partly-developed, high-angle fractures provide good channels for horizontal migration, which allows natural gas to migrate upwards at short distances and accumulate, causing abnormally high pressures. When the drilling reaches this layer, a local decompression occurs, which causes the natural gas in the fractures to accumulate in the wellbore. Finally, a high yield is formed where horizontal fractures develop while high-angle fractures are scarce.



The stratum of the Silurian stopped moving during the Triassic, while the three faults that developed in the Anchang syncline core continue to be active under the Yanshan–Hishan movement. Due to the simultaneous extrusion of multi-phase tectonic movements, the fractures in the oblique core are developed, accompanied by a large number of associated microfractures; thus, providing an important channel for the supply of gas to the Shiniulan Fm. from the lower formation. The well-developed fractures, which are dominated by shrinkage fractures that result from diagenesis in the Shiniulan Fm., are more conducive to the formation of a low potential area to accumulate gases. Similarly, the limestone in the Baota Fm. also developed a small amount of fractures due to the effect of fractures, while the shale gas from the Longmaxi Fm. was partially migrated and stored in the limestone of the Baota Fm. through the fractures. Therefore, a high-pressure fractured gas reservoir is predicted to be in the limestone of the Baota Fm.



The high yield in the Shiniulan Fm. is due to the accumulation of mudstone gas and the mixing of the shale gas from underlying strata. Natural gas accumulates along fractures in the Shiniulan Fm. through fault and hydrocarbon self-generation, forming a unique, abundant accumulation model in the Shiniulan Fm. (Figure 20).






5. Conclusions


	
Combined with the gas contents by different methods above, it was indicated that the Shiniulan mudstone has a certain hydrocarbon generation potential; however, it is far from enough to satisfy the gas content in the reservoir.



	
The origin of natural gas from the Shiniulan Fm. is a mixed source type. It can be considered that the gas source of the Shiniulan Fm. is not only derived from its own source rock but also migrated from other gas-source rock, such as the shale of the Wufeng–Longmaxi Fm.



	
The diagenetic microfractures are well-developed, while the tectonic fractures formed by stress are rare. Moreover, the microfractures in the limestone are filled with calcite. This lithological association as a good element facilitates the accumulation of gas reservoirs.



	
Due to the specific lithological association consisting of frequent calcareous mudstone and limestone interbedding, the limestone with low porosity and permeability and poorly developed fractures act as cap layers to restrain the natural gas from escaping to other layers and effectively seal the gas into well-developed fractures of mudstone.



	
The development of local faults and high-angle microfractures provides a channel for the upward and downward migration of shale gas, allowing the abundant accumulation of natural gas in horizontal fractures developed in the mudstone of the Shiniulan Fm.
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Figure 1. The geological map of the study area with the location of the sampling well and outcrop profile. 
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Figure 2. The generalized stratigraphic column and characteristics of logging curves of the upper Ordovician Wufeng–lower Silurian Longmaxi and lower Silurian Shiniulan Formation in the northern Guizhou. 
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Figure 3. Microscopic compositional characteristics of organic matter in the Shiniulan Formation and Longmaxi Formation of AY (AnYe)-1. 
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Figure 4. The relationship of the organic matter abundance of samples and the depth of AY-1 well. 
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Figure 5. Relationship between maturity of samples and depth. 
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Figure 6. Methane adsorption isotherms of different Shiniulan mudstone samples at 30 °C. 
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Figure 7. The relationship of total organic carbon (TOC) of samples and adsorption capacity (VL) of mudstone. 
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Figure 8. The relationship of Langmuir pressure (PL) and Langmuir volume (VL). 
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Figure 9. The relationship of porosity of samples and the free gas content of mudstone. 
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Figure 10. The distribution of total gas contents from different formations in the AY-1 well. 
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Figure 11. The photos about fracture characteristics of cores from Shiniulan Formation. 






Figure 11. The photos about fracture characteristics of cores from Shiniulan Formation.



[image: Energies 12 04087 g011]







[image: Energies 12 04087 g012 550] 





Figure 12. X identification chart of natural gas genetic type in Shiniulan Formation (After Zhang et al. [51]). 
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Figure 13. Discrimination of natural gas genetic types of Shiniulan Formation (using Ding et al. [53]). 
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Figure 14. Carbon isotope variations in ethane related to carbon isotope variations in methane (taking after Schoell M. [50]). 
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Figure 15. Determination of natural gas genesis based on carbon isotope composition (using Dai. [55]). 
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Figure 16. Photos about the development of fractures at the outcrop. 
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Figure 17. Photos about the core fractures of Shiniulan Formation. 
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Figure 18. Comparison of mudstone and limestone fractures of Shiniulan Formation. (a) The variety trend of liner density of cracks from 2107 to 2125 meters. (b) The variety trend of liner density of cracks from 2125 to 2156 meters. 






Figure 18. Comparison of mudstone and limestone fractures of Shiniulan Formation. (a) The variety trend of liner density of cracks from 2107 to 2125 meters. (b) The variety trend of liner density of cracks from 2125 to 2156 meters.



[image: Energies 12 04087 g018]







[image: Energies 12 04087 g019 550] 





Figure 19. The Fractures’ development pattern in the Shiniulan Formation. 






Figure 19. The Fractures’ development pattern in the Shiniulan Formation.



[image: Energies 12 04087 g019]







[image: Energies 12 04087 g020 550] 





Figure 20. Natural gas accumulation model of Shiniulan Formation in AY-1 well. 






Figure 20. Natural gas accumulation model of Shiniulan Formation in AY-1 well.



[image: Energies 12 04087 g020]







[image: Table] 





Table 1. The microscopic examination of organic matter microscopic components of AY-1.
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Maceral (%)

	
Shiniulan Formation

	
Longmaxi Formation




	
AY-1-1

	
AY-1-3

	
AY-1-4

	
AY-1-5

	
AY-1-6

	
AY-1-17

	
AY-1-18

	
AY-1-19

	
AY-1-20






	
Sapropelinite

	
82

	
83

	
88

	
84

	
96

	
95

	
87

	
96

	
86




	
Liptinite

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Vitrinite

	
17

	
16

	
10

	
15

	
3

	
2

	
9

	
3

	
8




	
Inertinite

	
1

	
1

	
2

	
1

	
1

	
3

	
4

	
1

	
6




	
Type index

	
68

	
70

	
78

	
71

	
93

	
91

	
76

	
93

	
74




	
Type

	
II1

	
II1

	
II1

	
II1

	
I

	
I

	
II1

	
I

	
II1
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Table 2. The calculated results of parameters for evaluating hydrocarbon generative potential of samples.
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Sample

	
Depth (m)

	
Formation

	
Measured Data

	
Calculated Data




	
S1 (mgHC·g−1 Rock)

	
S2 (mgHC g−1 Rock)

	
TOC (wt%)

	
HIo (mgHC·g−1 Rock)

	
PIpd (%)

	
HI (mgHC·g−1Rock)

	
TRHI

	
TOCo (wt%)

	
S2o (mgHC·g−1 Rock)

	
QHC (mgHC·g−1 Rock)

	
Vre (cm3·g−1 Rock)






	
AY-1-1

	
2110

	
Shiniulan

	
0.007

	
0.023

	
0.12

	
637

	
0.23

	
34.1

	
0.97

	
0.22

	
1.39

	
1.37

	
2.14




	
AY-1-2

	
2116

	
Shiniulan

	
0.017

	
0.037

	
0.11

	
643

	
0.31

	
98.7

	
0.92

	
0.21

	
1.38

	
1.34

	
2.11




	
AY-1-3

	
2118

	
Shiniulan

	
0.014

	
0.035

	
0.24

	
674

	
0.29

	
40.9

	
0.97

	
0.49

	
3.28

	
3.24

	
5.02




	
AY-1-6

	
2131

	
Shiniulan

	
0.012

	
0.022

	
0.16

	
649

	
0.35

	
17.4

	
0.99

	
0.33

	
2.14

	
2.11

	
3.27




	
AY-1-7

	
2156

	
Shiniulan

	
0.007

	
0.034

	
0.14

	
680

	
0.17

	
24.9

	
0.98

	
0.28

	
1.88

	
1.85

	
2.88




	
AY-1-18

	
2318

	
Wufeng

	
0.021

	
0.021

	
4.11

	
686

	
0.50

	
5.4

	
1.00

	
10.80

	
74.10

	
74.08

	
113.47




	
AY-1-23

	
2328

	
Wufeng

	
0.141

	
0.065

	
0.80

	
692

	
0.68

	
20.0

	
0.99

	
1.86

	
12.88

	
12.81

	
19.72




	
AY-1-24

	
2334

	
Wufeng

	
0.004

	
0.004

	
1.20

	
705

	
0.50

	
22.5

	
0.99

	
2.87

	
20.24

	
20.24

	
31.00













	(1)

	
    HI  O  =  (     % type  I   100   × 750  )  +  (     % type  II   100   × 450  )  +  (     % type  III   100   × 125  )  +  (     % type  IV   100   × 50  )   , and the % type is the percentages of kerogen macerals.




	(2)

	
    TR   HI   = 1 −     HI   pd    [  1200 −   HI  O   (  1 −   PI  O   )   ]      HI  O   [  1200 −   HI   pd    (  1 −   PI   pd    )   ]     ;     TOC  o  =     HI   pd    (    TOC   pd    )  × 83.33     HI  O   (  1 −   TR   HI    )   (  83.33 −   TOC   pd    )  −   HI   pd    (    TOC   pd    )      (83.33 is the mean number of hydrocarbons carbon).     PI  O  = 0.02 /   PI   pd    ;



S2o = HIo-TOCo/100, mg HC·g−1 Rock; QHC = S2o − S2, mg HC·g−1 Rock.




	(3)

	
Vre = (n × QHC)/MCH4, where n is molar volume of gas under the experimental environment with the temperature of 25 °C and the pressure of 1.01 × 105 Pa, 24.5 L/mol; MCH4 is the methane molar mass, 16 g·mol−1.
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