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Abstract

:

The migration system, as the primary medium linking source rocks and traps, plays a vital role in studying hydrocarbon migration, accumulation, and reservoir formation. This study focuses on Late Paleozoic source rock (mudstone and coal rock) and sandstone samples from the Ordos Basin. By analyzing permeability, porosity, and their ratios under various conditions, this study evaluates the quality of hydrocarbon migration pathways across different lithologic strata, identifies optimal migration routes, and offers new insights for identifying favorable hydrocarbon exploration areas in the Late Paleozoic of the Ordos Basin. The findings indicate that the permeability ratio between parallel and vertical bedding planes in source rock and sandstone samples ranges from 1 to 4. Post-fracturing, permeability increases by over twofold. On average, sandstone permeability is approximately 0.1 × 10⁻3 μm2, while source rock permeability is about 0.03 × 10⁻3 μm2. Key conclusions include that without fracture development, permeability, and porosity parallel to bedding planes outperform those perpendicular to bedding planes, with sandstone showing better properties than source rocks. When fractures are present, permeability and porosity along the fracture direction are highest, followed by sandstone, with source rocks showing the lowest values. These results advance the theoretical understanding of hydrocarbon migration systems and provide significant guidance for hydrocarbon reservoir exploration and development.
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1. Introduction


The study of migration systems has long been a challenging aspect of hydrocarbon accumulation research [1,2,3,4,5,6,7,8]. Earlier investigations primarily concentrated on the processes occurring after hydrocarbons are expelled from source rocks during primary migration and before they reach traps, focusing predominantly on secondary migration stages [9,10]. However, the primary migration of hydrocarbons within source rocks has received comparatively little attention [11,12,13,14]. Secondary migration has often been deemed sufficient to describe hydrocarbon pathways leading to accumulation. Nonetheless, recent findings, particularly in light of concepts like shale gas, indicate that hydrocarbon accumulation processes begin within source rocks themselves [15,16,17,18,19,20]. Hence, to thoroughly understand the impact of migration systems on hydrocarbon accumulation, studies must encompass pathways within source rocks.



Porosity and permeability measurements are key to characterizing hydrocarbon migration pathways in both source rocks and sandstone reservoirs. The quality of these pathways significantly influences the selection of migration routes, which in turn affects the localization of hydrocarbon accumulation regions [21,22,23,24]. Consequently, the assessment of migration pathway quality is a central focus in migration system research (Figure 1). Current research on migration pathways primarily addresses two components: source rock pathways during primary migration and sandstone pathways during secondary migration [25,26,27]. Detailed analysis of these components is essential for understanding their role in hydrocarbon migration and accumulation.



The quality of hydrocarbon migration pathways is primarily determined by porosity and permeability. Previous research has often focused solely on pathways either parallel or perpendicular to bedding planes, neglecting a comparative analysis of the two [1,5,6,7,8,13,15,16,17,29]. Additionally, increasing burial depth intensifies formation pressure, causing rock strata to fracture and generate cracks [11,14,30]. However, the impact of these cracks on migration pathway quality has not been thoroughly investigated, nor has a detailed comparison been made between conditions with and without fractures [14]. Thus, exploring migration pathway quality under diverse conditions is crucial to advancing hydrocarbon migration system theories.



The Late Paleozoic strata of the Ordos Basin, China, host significant shale gas resources and represent a key area for shale gas exploration and development [31,32,33]. Thick coal and mud shale deposits are prevalent in the Benxi–Taiyuan Formation [34,35,36], while the overlying Shanxi, Shihezi, and Shiqianfeng Formations consist primarily of thick sandstone layers [37,38,39]. These formations provide abundant sample data for investigating the migration pathway characteristics of source rocks (coal and mud rocks) and sandstones.



This study employed permeability measurement techniques for full-diameter coal and argillaceous rocks, as well as for porous and fractured mudstones and sandstones, to evaluate permeability values and ratios parallel and perpendicular to bedding planes. It also examined changes in permeability and porosity of various lithological pathways under increasing formation pressure until cracks formed, assessing the resulting migration pathway quality. Using the Late Paleozoic strata of the Ordos Basin as a case study, this paper discusses the implications of these findings for identifying favorable hydrocarbon target areas.




2. Geological Setting


The Upper Paleozoic strata of the Ordos Basin, situated in the western region of the North China Plate, represent a critical oil and gas basin in China. Its geological evolution has been shaped by multiple tectonic events, including the Caledonian, Hercynian, Indosinian, and Yanshan movements (Figure 2), resulting in a complex structural framework conducive to hydrocarbon generation [40,41,42]. Key tectonic units include the Yimeng Uplift, Weibei Uplift, Tianhuan Depression, and Shanbei Slope, each with distinct features. The Yimeng Uplift has thin strata and simple structures, offering untapped potential; the Weibei Uplift is characterized by structural complexity and significant hydrocarbon indications; the Tianhuan Depression features thick sedimentary layers and well-developed source rocks, serving as a major hydrocarbon generation zone; and the Shanbei Slope, with its gentle structure and well-matched reservoirs and source rocks, has become a prime exploration target, hosting several large gas fields [43,44,45].



This study focuses on the Paleozoic strata of the Ordos Basin, which include key formations such as the Benxi, Taiyuan, and Shanxi Formations (Figure 3). The Benxi Formation comprises marine–terrestrial transitional deposits, featuring coal seams, dark mudstones, and sandstones. It serves as both a source rock layer and, in some cases, a potential reservoir [34,35,36]. The Taiyuan Formation, similarly characterized by marine–continental transitional sediments, contains extensive coal seams and dark mudstones as source rocks, with diverse sandstones providing favorable conditions for hydrocarbon accumulation [34,35,36]. The Shanxi Formation mainly consists of terrestrial clastic rocks, with well-developed sandstone reservoirs [37,38]. These sandstones, combined with source rocks, create an effective source–reservoir–cap rock system, making the formation a critical target for hydrocarbon exploration. Additionally, the favorable reservoir properties and stable distribution of certain sandstones in the Shanxi Formation play a pivotal role in the development of Paleozoic oil and gas reservoirs [39].




3. Experimental Methods


3.1. Experimental Sampling


This study mainly carried out core sampling from the Late Paleozoic strata in the Ordos Basin. Because the Ordos Basin was rich in oil and gas resources during the Late Paleozoic period and contained various types of source rocks (mudstone and coal rock) and sandstone, it was possible to comprehensively study the role of oil and gas migration channels in different rock types in oil and gas migration. Taking six wells in the Late Paleozoic of the Ordos Basin as the research area, they were named A-1 to A-6, respectively (see Figure 2 above). Three groups of representative non-fractured mudstone with a total of 12 samples were selected from them and named starting with B, D, and J, respectively. Three groups of non-fractured sandstone with a total of 12 samples were selected and named starting with E, K, and N, respectively. Then, 6 groups of fractured sandstone with a total of 18 samples were selected and named starting with G, I, M, O, P, and Q, respectively. One group of full-diameter coal rock with a total of two samples was named starting with L. The basic characteristics of the experimental samples are shown in Table 1. Then, the permeability tests in the directions parallel and perpendicular to the bedding plane and the observation and analysis of the pore structure of cast thin sections were carried out, respectively (Figure 4). Through the comparative analysis of permeability and porosity in the cases of non-fracturing and fracturing, the changes in oil and gas migration channels during the process of strata burial depth were obtained, and then the path selection of oil and gas migration was deduced.




3.2. Experimental Principles for Characterizing Full-Diameter Permeability


Permeability tests on full-diameter samples were conducted in accordance with the petroleum and natural gas industry standard of the People’s Republic of China, SY-T5336-1996, Conventional Core Analysis Method. The tests measured permeability in both parallel and perpendicular directions to bedding planes in heterogeneous rocks, including fractured argillaceous and coal rocks, to analyze differences in their conductivity. The measurement process included principles, instruments, equipment, and procedural steps as detailed below.



	(1)

	
Measurement Principle







When gas flows through a rock sample, the permeability can be calculated using the following formula derived from Darcy’s law for one-dimensional steady-state gas filtration:


   k a  =    2  P a  ·  Q o  · μ · L ×   10  2    A · (    P 1   2  −    P 2   2  )     











In the formula:




	
ka represents the permeability of the rock, with the unit of μm2;



	
Pa represents the applied pressure, with the unit of Pa;



	
Qo represents the flow rate of air passing through the rock per unit time, with the unit of cm3/s;



	
μ represents the viscosity of the fluid, with the unit of 10⁻3 Pa·s;



	
L represents the length of the rock, with the unit of cm;



	
p1 and p2 represent the pressure differences before and after the fluid passes through the rock, with the unit of MPa;



	
A represents the cross-sectional area through which the air passes through the rock, with the unit of cm2.








	(2)

	
Instruments and Equipment







The instruments used in the experiment are as follows:




	①

	
Permeameter;




	②

	
Full-diameter core holder;




	③

	
Vacuum pump;




	④

	
Pressure pump;




	⑤

	
High-pressure gas cylinder;




	⑥

	
Air compressor.









	(3)

	
Experimental Steps







	①

	
After removing oil (salt) from the samples to be tested, dry them and place them in a desiccator for standby.




	②

	
Use 2–3 standard blocks to test the instrument’s reliability. That is, compare the measured values with the calibrated values. If the relative error does not exceed 5%, the instrument is considered qualified.




	③

	
The cylindrical rock sample’s side surface is divided into four equal sections (as shown in Figure 5). Surfaces 1 and 3 form one pair of air inlet and outlet surfaces, while surfaces 2 and 4 form another pair. One pair of surfaces (1, 3) is selected as the measurement direction, with surfaces 2 and 4, which are perpendicular to surfaces 1 and 3, representing the alternative measurement direction. In the report, the permeability value measured along the middle direction is labeled as Rmax, and the two other measured values are denoted as R90.




	④

	
Cover surfaces 1 and 3 with two metal meshes of corresponding sizes, and then cover the meshes with two smooth metal arc plates of the same size.




	⑤

	
Place the metal mesh and the arc plate on one pair of surfaces of the core, and fix them with rubber bands. Evacuate the air and send the core into the holder, ensuring that the rock sample and the upper and lower plungers are on the same central line. Push a pressure 0.05 MPa higher than the confining pressure into the top of the core, and then add a confining pressure of 1.4–2.8 MPa. To avoid turbulence, the flow velocity of the test gas should be less than 8 cm3/s. After the flow velocity becomes stable, record the upstream and downstream pressures (C value, hw) and the value of the restrictor.




	⑥

	
For vertical permeability measurement, place a sieve of appropriate size on both the upper and lower end surfaces of the rock sample. After evacuating the air, insert the core into the core holder and release the air. Apply an upward pressure of 0.05 MPa higher than the confining pressure, followed by adding a confining pressure between 1.4 and 2.8 MPa. Begin measuring the flow velocity. Once the flow velocity stabilizes, record the upstream and downstream pressures as well as the flow value of the restrictor.




	⑦

	
After a batch of samples has been measured, it is necessary to use 2–3 standard samples to measure their values to verify the reliability of the instrument throughout the entire testing process.







By analyzing the permeability measurements along the directions parallel and perpendicular to the bedding planes, along with the pore structure observations from casting thin sections, the conductive properties of full-diameter argillaceous and coal rocks in different directions are compared and evaluated. Based on these findings, the natural gas charging direction in the full-diameter argillaceous and coal rocks is determined.




3.3. Experimental Principles for Characterizing Porosity and Permeability


In accordance with the petroleum and natural gas industry standard SY-T5336-1996 Conventional Core Analysis Method, permeability tests were conducted on the collected sandstone and mudstone samples [11]. The principles, instruments, equipment, and measurement procedures are outlined as follows:




	(1)

	
Measurement Principle









The experimental principle is the same as that in Section 3.2.



	(2)

	
Instruments and Equipment







The schematic diagram of the permeameter, which is one of the processes for measuring gas permeability, is shown in Figure 6. It specifically includes the following:




	①

	
Pressure gauges, mercury manometers, and water column manometers;




	②

	
Soap film flow meters or restrictors;




	③

	
Hassler-type core holders are designed for cylindrical rock samples. To ensure a proper seal, the rubber sleeves in the holders must have good elasticity and the confining pressure should be set between 1.4 and 2.8 MPa.









	(3)

	
Experimental Steps







	①

	
Use 3–5 standard blocks to check the instrument’s reliability. Compare the measured values of the standard blocks with their calibrated values. If the relative error is within 5%, the instrument used is considered qualified.




	②

	
For the measurement of core dimensions, vernier calipers can be used to measure regularly shaped rock samples. If the rock samples need to be encapsulated with other materials, use calipers to measure their lengths, and use other methods to measure their volumes. Then, divide the total volume by the length to obtain the average cross-sectional area of the rock samples.




	③

	
Load the rock samples to be tested into the appropriate core holders and apply the sealing pressure.




	④

	
When dry gas flows through the rock samples, measure the gas flow velocity and adjust the pressure difference across the sample by controlling the gas flow rate. Record both the inlet and outlet pressures, as well as the gas flow velocity.




	⑤

	
After a batch (one time) of samples has been measured, re-measure the standard blocks according to the requirements in the first step of this procedure. Compare the measured values with the standard values to check whether they meet the requirements. If they do not meet the requirements, find out the reasons and re-measure the samples.







Based on the permeability measurements in both parallel and perpendicular directions to the bedding planes, along with the pore structure observations from casting thin sections, the differences in conductive performance across various directions of porous and fractured mudstone and sandstone samples are compared and analyzed. From these results, the charging direction of natural gas in the permeable and fractured mudstone and sandstone is determined.





4. Results Analysis


4.1. Bedding Plane Impact on Mudstone Pore Network Distribution


Conventional permeability tests were conducted on 12 mudstone samples in 3 groups, with the results shown in Table 2. For sample D, the porosities measured in the parallel direction to the bedding plane were 10.2% and 9.1%, while the permeabilities were 0.0802 × 10⁻3 μm2 and 130.0 × 10⁻3 μm2, respectively (sample B-H2 contains fractures). In the perpendicular direction, the porosities were 10.4% and 9.9%, with permeabilities of 0.0440 × 10⁻3 μm2 and 0.0618 × 10⁻3 μm2, respectively, giving an average value of 0.0529 × 10⁻3 μm2. For sample B, the porosities in the parallel direction were 1.4% and 1.6%, with permeabilities of 0.0194 × 10⁻3 μm2 and 0.0189 × 10⁻3 μm2, yielding an average of 0.0192 × 10⁻3 μm2. In the perpendicular direction, the porosities were 0.7% and 0.8%, with permeabilities of 0.0216 × 10⁻3 μm2 and 0.0162 × 10⁻3 μm2, respectively, averaging 0.0189 × 10⁻3 μm2. For sample J, the porosities in the parallel direction were 1.4% and 1.5%, with permeabilities of 0.0551 × 10⁻3 μm2 and 0.1080 × 10⁻3 μm2, respectively, resulting in an average of 0.0816 × 10⁻3 μm2. In the perpendicular direction, the porosities were 2.2% and 1.1%, with permeabilities of 0.0223 × 10⁻3 μm2 and 0.0205 × 10⁻3 μm2, respectively, averaging 0.0214 × 10⁻3 μm2.



The difference in porosity between the parallel and perpendicular directions to the bedding plane of mudstone is not significant. The permeabilities generally range from 0.0162 to 0.108 × 10⁻3 μm2. The average permeability in the parallel direction is 0.0603 × 10⁻3 μm2, while in the perpendicular direction, it is 0.03107 × 10⁻3 μm2. The permeability is higher in the parallel direction than in the perpendicular direction to the bedding plane.



As shown above, the permeability in the parallel direction to the bedding plane of mudstone is higher than in the perpendicular direction. The ratio of permeability in the parallel direction to that in the perpendicular direction generally ranges from 1.013 to 3.811.




4.2. Variation in Porosity and Permeability in Mudstone Under Pressure Changes


To simulate the burial and uplift processes of hydrocarbon source rocks under real underground conditions as much as possible, based on the above experiments, some mudstone samples were selected and vertically pressurized. During the pressurization process, the changes in their permeability with the variation in pressure were measured. After the pressurization measurement was completed, the samples were depressurized, and the changes in the samples’ permeability as the pressure decreased were measured simultaneously.



Figure 7 presents two permeability variation curves for a sample during the pressurization and depressurization processes. As shown, during pressurization from the initial state to 10 MPa, the permeability rapidly decreased by 80%. From 10 MPa to 30 MPa, the permeability dropped more slowly. After completing the pressurization, the permeability of the mudstone sample was only about 3% of its original value. During depressurization, the permeability gradually recovered, increasing by approximately 75%.



As shown in Figure 8, the experimental results of multiple sample groups were analyzed to determine the reduction and increase ranges of permeability during pressurization and depressurization. During pressurization, the permeability reduction for several groups ranged from 93.72% to 98.96%, with an average reduction of 97.38%. At a pressure of 30 MPa, the permeability was only 3% of the original value.



During depressurization, the permeability increase for several sample groups ranged from 75.51% to 1472.65%, with an average increase of 357.63%. This shows that the permeability of mudstone increased significantly during the depressurization process.



As shown in Figure 8 and Figure 9, the permeability variations in mudstone samples in both directions were measured during the pressurization and depressurization experiments. During pressurization, the permeabilities in both the parallel and perpendicular directions to the bedding plane decreased. The average reduction rate of permeability in the parallel direction was 96.72%, and in the perpendicular direction, it was 98.04%. This indicates that during the burial process, the permeability of the mudstone samples decreased rapidly, with significant reductions in both directions.



During depressurization, the increase in permeability was notably smaller in the direction perpendicular to the bedding plane compared to the direction parallel to the bedding plane. The average increase in the perpendicular direction was 211.80%, while in the parallel direction, it was 180.39%. This suggests that in an underground uplift environment, the permeability in the direction parallel to the bedding plane is superior to that in the perpendicular direction.




4.3. Permeability and Fracturing in Mudstone Samples


In actual underground conditions, as burial depth increases, mudstone develops fractures, leading to significant changes in its permeability. The aim of this experiment is to study the permeability variation before and after fracturing.



Figure 10 shows a comparison of the permeability data of mudstone samples before and after fracturing. We can see that the permeability of mudstone has been significantly improved after fracturing. The average permeability after fracturing is about 41 times that before fracturing, and at its highest, the ratio of permeability before and after fracturing even reached 21,000.



The sample data above show that fractures in mudstone significantly enhance its permeability. The experiment further demonstrates that mudstone and its fractures can act as a migration system, influencing the movement of oil and gas.



Further experiments on the permeability changes during pressurization and depressurization were conducted on fractured mudstone samples. The results varied among the samples. For some, permeability decreased significantly with further pressurization and depressurization, while for others, permeability increased. In some cases, there was little change in permeability. As the mudstone’s permeability had been nearly compacted to its limit, its impact on the results was minimal. During further pressurization, the fractures created after fracturing had the greatest influence on the permeability. Differences in fracture directions and numbers caused variations in permeability test results. It is speculated that the direction and number of fractures in the mudstone are responsible for this phenomenon. To investigate this, additional experiments were conducted to explore the impact of fracture extension direction on permeability during pressurization.



Based on the test results shown in Figure 11, when the pressure is applied parallel to the fractures, the permeability increases as pressure increases. During depressurization, the permeability further increases and exceeds the initial value. However, when pressure is applied perpendicular to the fractures, the permeability decreases sharply with the increase in pressure. During depressurization, the permeability gradually recovers but remains lower than the initial value. This indicates that after mudstone fractures, changes in its permeability during further burial or uplift depend on the direction and number of fractures. If most fractures are perpendicular to the bedding plane, permeability decreases significantly with further pressurization. If most fractures are parallel to the bedding plane, permeability may increase slightly with pressure. Generally, fractures parallel to the bedding plane have better conductivity than those perpendicular to it. In summary, any fractures generated in mudstone will lead to significant changes in its permeability.




4.4. Bedding Plane Impact on Sandstone Pore Network Distribution


The permeability results measured in different directions for three groups of samples are shown in Table 3. For fine sandstone, the porosities in the direction parallel to the bedding plane are 1.3% and 1.3%, with permeabilities of 0.0486 × 10⁻3 μm2 and 0.0492 × 10⁻3 μm2, respectively. The average permeability is 0.0489 × 10⁻3 μm2. In the direction perpendicular to the bedding plane, the porosities are 1.9% and 2.4%, and the permeabilities are 0.0391 × 10⁻3 μm2 and 0.0317 × 10⁻3 μm2, respectively, with an average permeability of 0.0354 × 10⁻3 μm2. For medium sandstone, the porosities in the parallel direction are 7.3% and 7.7%, and the permeabilities are 0.182 × 10⁻3 μm2 and 0.181 × 10⁻3 μm2, with an average permeability of 0.182 × 10⁻3 μm2. In the perpendicular direction, the porosities are 5.2% and 6.1%, and the permeabilities are 0.072 × 10⁻3 μm2 and 0.073 × 10⁻3 μm2, with an average permeability of 0.072 × 10⁻3 μm2. For coarse sandstone, the porosities in the parallel direction are 9.8% and 10.2%, with permeabilities of 4.540 × 10⁻3 μm2 and 3.150 × 10⁻3 μm2, respectively. The average permeability is 3.845 × 10⁻3 μm2. In the perpendicular direction, the porosities are 10.3% and 9.7%, and the permeabilities are 1.170 × 10⁻3 μm2 and 1.580 × 10⁻3 μm2, respectively, with an average permeability of 1.375 × 10⁻3 μm2.



As observed from above, for porous sandstone, there is little difference in porosity between the direction parallel to the bedding plane and the direction perpendicular to it. However, there is a significant difference in permeability, with the permeability parallel to the bedding plane being higher than that perpendicular to it. The permeability ratio between the two directions typically ranges from 1.38 to 2.80.




4.5. Variation in Porosity and Permeability in Sandstone Under Pressure Changes


Figure 12 shows two curves of porosity and permeability changes in a certain sample during the pressurization process and the depressurization process. As shown in the figure, during the process when the pressure increased from the initial state to 42 MPa, the permeability of this sample dropped rapidly by 83%. Eventually, after the pressurization process ended, the permeability of the sandstone sample was only about 17% of the original value. During the depressurization process, the permeability of the sample gradually recovered, and the growth rate of the permeability was approximately 78%. However, during these two processes, the porosity of the sample did not change significantly, and its variation range was roughly around 10%.



The final results after pressurization, as shown in Figure 13, Figure 14 and Figure 15, reveal a decrease in the porosity of each sample. The sample with the smallest decrease in porosity exhibited a reduction of 4.51%, while the highest decrease reached 56.65%, with an average reduction of approximately 16.03%. The decrease in permeability was more pronounced, with the sample showing the smallest decrease at 35.93%, and the largest at 98.27%, averaging around 81.22%. Additionally, it is evident that the extent of permeability reduction is linked to the shale content in the sandstone: the higher the shale content, the greater the decrease in permeability.



During the depressurization process, the porosity of each sample also showed an increasing phenomenon. The lowest increase amplitude was 3.66%, the highest reached 56.82%, and its average value was about 13.88. The lowest increase amplitude of the permeability was 31.79%, the highest was 1520%, and its average value was about 271.06%.




4.6. Permeability and Fracturing in Sandstone Samples


Figure 16 shows the permeability data of sandstone samples before and after fracturing. It can be seen from the figure that the permeability of sandstone has been improved to a certain extent after fracturing. The average ratio of the permeability after fracturing to that before fracturing is above 1, and at its highest, the ratio of the permeability before and after fracturing even reaches 178.57.



The sample data above suggest that fractures in sandstone have a positive effect on its permeability. The experiment further demonstrates that sandstone, along with the fractures it forms, can act as a migration pathway, influencing the movement of oil and gas.



As illustrated in Figure 17 and Figure 18, analogous to the observations made in the mudstone samples, the subsequent pressurization and depressurization experiments on fractured sandstone samples revealed a notable decline in permeability in some samples, whereas, in other samples, permeability exhibited a marked increase under either pressurization or depressurization. Additionally, some samples demonstrated minimal alterations in permeability.



The experimental results shown in Figure 17 and Figure 18 confirm that the behavior of fractures in sandstone is similar to that in mudstone samples. Under pressurization, where the pressure is applied parallel to the fractures, fracture permeability increases with pressure. During depressurization, permeability continues to rise, exceeding its initial value. In contrast, when the pressure is applied perpendicular to the fractures, fracture permeability decreases rapidly as pressure increases. During depressurization, permeability gradually recovers but remains lower than the initial value. Overall, these experiments demonstrate that the permeability of fractured sandstone is influenced by the direction and number of fractures, especially when the rock is subjected to further burial or uplift.





5. Discussion


5.1. Analysis of Differences in Transport Properties of Source Rocks (Mudstone and Coal Rock)


Based on the results of porosity and permeability measurements, it was found that both mudstone and coal rock exhibit significantly higher permeability in the direction parallel to the bedding plane compared to the direction perpendicular to it. Furthermore, the connectivity parallel to the bedding plane is also superior to that perpendicular to the bedding plane. These results indicate a clear correlation between permeability in different directions and the pore structure of the rock: the direction with higher permeability tends to have better pore connectivity.



Microscopic observations of cast thin sections reveal that full-diameter coal rock develops microfractures in the direction parallel to the bedding plane (Figure 19). Experimental results show that coal rock samples with fractures exhibit much higher permeability and connectivity than those without fractures.



In summary, both mudstone and coal rock samples demonstrate the best connectivity along the fracture direction, followed by the direction parallel to the bedding plane, with the poorest connectivity in the direction perpendicular to the bedding plane. Therefore, during the primary migration of oil and gas in source rocks, if fractures are present, the migration will preferentially occur along the fracture direction. In the absence of fractures, migration pathways parallel to the bedding plane will serve as the dominant channels for the primary migration of oil and gas.




5.2. Analysis of Differences in Transport Properties of Sandstone


Based on experimental results, it can be observed that in sandstone samples, the permeability parallel to the bedding plane is greater than that perpendicular to the bedding plane, and the connectivity follows the same pattern. This indicates that, like source rocks (mudstone and coal), the direction of high permeability in sandstone corresponds to better connectivity of the pore structure.



Through conventional permeability measurements and cast thin section observations, the shape of particles in porous clastic sandstone is determined by the relative sizes of the long, medium, and short axes of the clasts. Based on the ratios of these three axes, clastic particles can be categorized into four shapes: spherical, ellipsoidal, prolate spheroidal, and oblate spheroidal. During deposition, the long axis of the particles tends to align horizontally, resulting in a higher number of throat openings in the horizontal direction per unit area, while the number of throat openings in the vertical direction is relatively lower. This means that in the direction parallel to the bedding plane, there are more channels available for oil and gas migration, whereas fewer channels are present in the vertical direction (Figure 20). As a result, oil and gas are more likely to migrate along the direction parallel to the bedding plane under the same driving force. Furthermore, porous sandstone tends to form intragranular and intergranular cracks parallel to the bedding plane, which improves pore connectivity. In contrast, microcracks do not form in the perpendicular direction, leading to poorer pore connectivity.



Cast thin section observations reveal that in samples containing fractures, the fractures are predominantly flat and unevenly opened, with the best pore connectivity along the fracture direction. In fractured sandstone samples, whether the fractures are parallel to the bedding or nearly vertical, the permeability along the fracture direction is the highest, followed by the permeability in the direction parallel to the bedding plane, and the lowest permeability is found perpendicular to the bedding plane. Additionally, the coarser the grain size of the sandstone, the higher the permeability (Table 4).



In conclusion, during the secondary migration of oil and gas in sandstone reservoirs, fractures will preferentially direct the migration if they are present. In the absence of fractures, migration will primarily occur along the direction parallel to the bedding plane.





6. Conclusions


	
This experimental study demonstrates that, across different rock types, the permeability parallel to the bedding plane is greater than that perpendicular to it. This is primarily due to the higher number of throat channels parallel to the bedding plane compared to those perpendicular.



	
As burial depth increases, formation pressure also rises, leading to a decline in the connectivity of various rock types. However, when the pressure reaches a level sufficient to induce fractures, the permeability of the rock increases more than onefold compared to its pre-fracture state. This indicates that rocks exhibit better connectivity when fractures are present.



	
Since the connectivity parallel to the bedding plane is superior to that perpendicular to it, migration pathways parallel to the bedding plane will become the dominant channels for both primary and secondary oil and gas migration. In the context of shale gas exploration in the Late Paleozoic of the Ordos Basin, greater attention should be given to studying migration pathways parallel to the bedding plane. This approach will offer new research perspectives for oil and gas migration and contribute to further exploration of potential shale gas resources in the Late Paleozoic of the Ordos Basin.
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Figure 1. Concept of a hydrocarbon migration and accumulation unit (MAU). (A) A map illustrating the extent of three MAUs (I, II, and III) formed during a single migration–accumulation event. (B–E) Cross-sectional views displaying the distribution of seven MAUs within a petroleum system across four migration–accumulation events. The migration direction is indicated by green arrows for oil and red arrows for gas. Individual MAUs are outlined with dashed red lines. Abbreviations: CB = carrier bed, FT = fault, SR = source rock, TR = trap [28]. 
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Figure 2. Location distribution map of well sites for Late Paleozoic samples in the Ordos Basin [46]. 
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Figure 3. Lithological column chart of the Late Paleozoic in the Ordos Basin [47]. 
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Figure 4. Diagram of sample sampling methods. 
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Figure 5. Equal division diagram of the side surface of the rock sample. 
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Figure 6. Schematic diagram of the permeameter. 1—gas source; 2—drying tower; 3—mercury manometer; 4—standard pressure gauge; 5—water column manometer; 6—core holder; 7—soap film flowmeter; 8—regulating valve; 9—six-way valve seat; 10—pressure gauge. 
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Figure 7. The variation law of permeability of mudstone samples under two conditions. 
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Figure 8. The variation law of permeability of mudstone samples under two conditions (pressurization on the left and depressurization on the right). 
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Figure 9. Comparison of the average reduction and increase ranges of permeability for mudstone samples (Red represents the pressurization process, and blue represents the depressurization process). 






Figure 9. Comparison of the average reduction and increase ranges of permeability for mudstone samples (Red represents the pressurization process, and blue represents the depressurization process).



[image: Energies 18 00210 g009]







[image: Energies 18 00210 g010] 





Figure 10. Comparison of the permeability of mudstone samples before and after rupture. 
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Figure 11. Changes in the permeability of mudstone fractures during the pressurization and depressurization processes with fractures in different directions. 
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Figure 12. The variation in porosity and permeability of sandstone under different conditions. 
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Figure 13. The reduction amplitudes of the two kinds of data under the pressurization condition of the samples. 
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Figure 14. The increased amplitudes of the two kinds of data under the depressurization condition of the samples. 
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Figure 15. The comparison chart of the average values of the variation amplitudes of porosity and permeability of sandstone samples. 
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Figure 16. The comparison chart of the permeability of sandstone before and after fracturing. 
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Figure 17. The diagram of permeability changes in parallel bedding plane fractures in sandstone samples under different stress conditions. 
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Figure 18. The diagram illustrating the changes in permeability of fractures perpendicular to the bedding plane in sandstone samples under varying stress conditions. 
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Figure 19. Comparison chart of the permeability and pore structure of full-diameter coal rock. 
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Figure 20. A comparison of the number of pore throats in the directions parallel and perpendicular to the bedding plane. 
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Table 1. Summary of sample sampling.
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Well Number

	
Sample

Number

	
Depth

(m)

	
Stratigraphic Position

	
Lithology






	
A-1

	
B-Horizontal strata (H)1

	
1666.25

	
Qian 5

	
Interbedded argillaceous siltstone and silty mudstone




	
B-H2




	
B-Vertical strata (V)1




	
B-V2




	
A-1

	
D-H1

	
2046.7

	
Shan 1

	
Silty mudstone




	
D-H2




	
D-V1




	
D-V2




	
A-1

	
E-H1

	
2041.7

	
Shan 1

	
Coarse sandstone




	
E-H2




	
E-V1




	
E-V2




	
A-1

	
G-Coalface fractures (C)

	
1684.5

	
Qian 5

	
Medium sandstone




	
G-CH




	
G-CV




	
A-1

	
I-Fractures perpendicular to the plane (F)

	
1685.05

	
Qian 5

	
Medium sandstone




	
I-FH




	
I-FV




	
A-2

	
J-H1

	
2727.85

	
Benxi Formation

	
Silty mudstone




	
J-H2




	
J-V1




	
J-V2




	
A-3

	
K-H1

	
2851.55

	
Lower He 8

	
Medium sandstone




	
K-H2




	
K-V1




	
K-V2




	
A-3

	
L-H

	
2891.3

	
Shan 2

	
Coal rock




	
L-V




	
A-4

	
M-C

	
3589.1

	
Upper He 8

	
Fine sandstone




	
M-CH




	
M-CV




	
A-5

	
N-H1

	
3221.2

	
He 7

	
Fine sandstone




	
N-H2




	
N-V1




	
N-V2




	
A-5

	
O-C

	
3215.4

	
He 7

	
Coarse sandstone




	
O-CH




	
O-CV




	
A-5

	
P-F

	
3646.7

	
Upper He 8

	
Coarse sandstone




	
P-FH




	
P-FV




	
A-6

	
Q-F

	
3182.94

	
Shan 1

	
Fine sandstone




	
Q-FH




	
Q-FV








Note: Among them, ‘C’ represents samples with fractures parallel to the bedding plane, ‘F’ represents samples with fractures perpendicular to the bedding plane, ‘H’ represents samples aligned parallel to the bedding plane, and ‘V’ represents samples aligned perpendicular to the bedding plane. ‘B, D, E, G, I, J, K, L, M, N, O, P, Q’ stands for sample number.













 





Table 2. Comparison of permeability between the parallel and perpendicular directions to the bedding plane for mudstone samples.
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Well Number

	
Depth

(m)

	
Lithology

	
Sample

Number

	
Porosity

(%)

	
Air Permeability

(10−3 μm2)

	
Average Permeability

-H

(10−3 μm2)

	
Average Permeability

-V

(10−3 μm2)

	
Average Permeability

-H/V

	
Annotation






	
A-1

	
1666.25

	
Interbedded argillaceous siltstone and silty mudstone

	
B-H1

	
10.2

	
0.0802

	
0.0802

	

	
1.516

	
Sample

B-H2 contains fractures




	
B-H2

	
9.1

	
130.0




	
B-V1

	
10.4

	
0.0440

	

	
0.0529




	
B-V2

	
9.9

	
0.0618




	
A-1

	
2046.7

	
Silty mudstone

	
D-H1

	
1.4

	
0.0194

	
0.01915

	

	
1.013

	




	
D-H2

	
1.6

	
0.0189




	
D-V1

	
0.7

	
0.0216

	

	
0.0189




	
D-V2

	
0.8

	
0.0162




	
A-2

	
2727.85

	
Silty mudstone

	
J-H1

	
1.4

	
0.0551

	
0.08155

	

	
3.811

	




	
J-H2

	
1.5

	
0.1080




	
J-V1

	
2.2

	
0.0223

	

	
0.0214




	
J-V2

	
1.1

	
0.0205




	
Mean value

	

	
1.34

	

	
0.0603

	
0.03107

	
2.113

	
Samples of the B series are excluded








Note: Among them, ‘H’ represents samples aligned parallel to the bedding plane, and ‘V’ represents samples aligned perpendicular to the bedding plane. ‘B, D, J’ stands for sample number.













 





Table 3. Comparing the permeability of sandstone in the directions parallel and perpendicular to the bedding plane.
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Well

Number

	
Depth (m)

	
Lithology

	
Sample

Number

	
Stratigraphic Position

	
Porosity (%)

	
Air Permeability (10−3 μm2)

	
Average Permeability

-H

(10−3 μm2)

	
Average Permeability

-V

(10−3 μm2)

	
Average Permeability

-H/V






	
A-1

	
2041.7

	
coarse sandstone

	
E-H1

	
Shan 1

	
9.8

	
4.540

	
3.845

	

	
2.80




	
E-H2

	
10.2

	
3.150




	
E-V1

	
10.3

	
1.170

	

	
1.375




	
E-V2

	
9.7

	
1.580




	
A-3

	
2851.55

	
medium sandstone

	
K-H1

	
Lower He 8

	
7.3

	
0.182

	
0.182

	

	
2.53




	
K-H2

	
7.7

	
0.181




	
K-V1

	
5.2

	
0.072

	

	
0.072




	
K-V2

	
6.1

	
0.073




	
A-5

	
3221.2

	
fine sandstone

	
N-H1

	
He 7

	
1.3

	
0.0486

	
0.0489

	

	
1.38




	
N-H2

	
1.3

	
0.0492




	
N-V1

	
1.9

	
0.0391

	

	
0.0354




	
N-V2

	
2.4

	
0.0317








Note: Among them, ‘H’ represents samples aligned parallel to the bedding plane, and ‘V’ represents samples aligned perpendicular to the bedding plane. ‘E, K, N’ stands for sample number.













 





Table 4. Comparison of permeability in the directions parallel and perpendicular to the bedding plane between fractured sandstone and porous sandstone.
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Well Number

	
Depth

(m)

	
Sample

Number

	
Lithology

	
Stratigraphic Position

	
Porosity (%)

	
Air Permeability (10−3 μm2)

	
Permeability

H/V

	
The Ratio of Fracture Permeability to Parallel Bedding Plane Permeability






	
A-1

	
1684.5

	
G-C

	
Medium Sandstone

	
Qian 5

	
15.9

	
28800

	
1.59

	
36,970.47




	
G-CH

	
6.8

	
0.78




	
G-CV

	
6.6

	
0.49




	
A-1

	
1685.05

	
I-F

	
Medium Sandstone

	
Qian 5

	
5.6

	
2510

	
2.36

	
12,938.14




	
I-FH

	
4.3

	
0.19




	
I-FV

	
4.1

	
0.08




	
A-4

	
3589.1

	
M-C

	
Fine Sandstone

	
Upper He 8

	
3.3

	
28100

	
1.18

	
536,259.54




	
M-CH

	
1

	
0.05




	
M-CV

	
1.5

	
0.04




	
A-5

	
3215.4

	
O-C

	
Coarse Sandstone

	
He 7

	
15.6

	
19400

	
1.26

	
13,379.31




	
O-CH

	
16.3

	
1.45




	
O-CV

	
15.7

	
1.15




	
A-5

	
3646.7

	
P-F

	
Coarse Sandstone

	
Upper He 8

	
6.5

	
52600

	
1.37

	
407,751.94




	
P-FH

	
5.3

	
0.13




	
P-FV

	
5

	
0.09




	
A-6

	
3182.94

	
Q-F

	
Fine Sandstone

	
Shan 1

	
7.9

	
649

	
2.85

	
6300.97




	
Q-FH

	
5.1

	
0.10




	
Q-FV

	
4.9

	
0.04








Note: Among them, ‘C’ represents samples with fractures parallel to the bedding plane, ‘F’ represents samples with fractures perpendicular to the bedding plane, ‘H’ represents samples aligned parallel to the bedding plane, and ‘V’ represents samples aligned perpendicular to the bedding plane. ‘G, I, M, O, P, Q’ stands for sample number.
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