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Abstract

:

Diabase intrusion is a common geological phenomenon in lacustrine shale formations in continental basins in China, which has important effects on the physical and chemical properties of shale oil reservoirs. In this paper, we systematically analyzed the pore structure of diabase-intruded lacustrine shale in the Gaoyou sag of the Subei Basin using geochemical tests, thin-section observation, argon ion polishing scanning electron microscopy (SEM), low-temperature nitrogen adsorption experiments (LTNA), and other methods combined with monofractal and multifractal theories. The results show that the intrusion metamorphic segments are a diabase zone, hornfels zone, slate zone, and normal shale zone from the intrusion center. The pores of hornfels and slate are mostly oriented and dissolution is obvious. Many microfractures and secondary minerals such as quartz and chlorite are observed. The pore volumes of diabase and hornfels are small, while those of slate and normal shale are larger. The monofractal dimensions D1 and D2 of the intrusion segment show a general trend of decreasing first and then increasing from the intrusion center to the shale zone. The multifractal parameters’ H index decreases gradually from the lower normal shale to the upper metamorphic zone hornfels, while Δα and Rd increase gradually. The total organic carbon (TOC) content of the intrusion zone has little effect on the pore structure, and the fractal characteristics fluctuate weakly, while the vitrinite reflectivity (Ro) value change has a significant impact on the monofractal characteristics of the shale pore. Pore volume also affects the pore heterogeneity; the larger the specific surface area (SSA) and total pore volume (TPV), the lower the pore heterogeneity and the higher the surface roughness and pore connectivity. The diabase intrusion caused three modification mechanisms of mechanical squeezing, the thermal effect, and chemical action on the shale surrounding rocks, resulting in different degrees of pore formation or change. The pore evolution model of the metamorphic belt with the combined action of “mechanical-thermal-chemical” is established, and the influence of diabase intrusion on the pore types and pore size distribution (PSD) of shale reservoirs is quantitatively described, providing a new perspective and method for understanding the impact of diabase intrusion on the characteristics and exploration potential of shale oil reservoirs.
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1. Introduction


Shale and volcanic oil reservoirs are both key areas of petroleum exploration and development, and oil reservoirs related to magmatic activity have always concerned many scholars [1]. The existing exploration targets are mostly volcanic clastic rock reservoirs and conventional reservoirs near volcanic rocks [2,3,4,5], while intrusive rocks and shale surrounding rocks receive relatively less attention [6], and the influence of the relationship between intrusive rocks and shale surrounding rocks, especially the influence on the micropore structure, is lacking in-depth research.



The high-temperature diabase intrusion from deep strata can have profound effects on the adjacent mudstone, leading to a series of geological processes that alter the original pore characteristics of the shale and create a unique hydrocarbon accumulation mode. Specifically, the thermal energy released by the diabase intrusion causes significant thermal alteration of the mudstone. This thermal alteration can lead to the maturation of organic matter, enhancing the generation and expulsion of hydrocarbons [7]. Additionally, the elevated temperatures can induce mineral transformations, such as the conversion of smectite to illite, which can affect the porosity and permeability of the shale [8].



The mechanical impact of the diabase intrusion is equally significant. The intrusion can cause extrusion fractures in the surrounding mudstone, creating new pathways for fluid migration. These fractures can significantly increase the permeability of the shale, facilitating the movement of hydrocarbons [9].



The mechanism and extent of the influence of diabase intrusion on the shale pore structure are still unclear, and there are some controversies. Some studies believe that diabase intrusion can improve the pore structure of shale oil reservoirs by generating secondary pores and microfractures [10,11,12], while other studies believe that diabase intrusion can cause pore blockage by increasing thermal maturity and compaction, thereby deteriorating the porosity of shale oil reservoirs [13] and the process and degree of transformation need to be refined.



Diabase is a typical shallow intrusive rock which is widely distributed in the world. A large number of diabase intrusions were found in the Subei Basin, Songliao Basin, Bohai Bay Basin, and Santanghu Basin in China. Among them, the diabase intrusion area in the Subei Basin can reach up to 1000 km2, and good shale oil and gas have been observed in the shale strata of the Gaoyou Sag, Baiju Sag, and Hai’an Sag [14,15]. This study starts by describing the petrology, geochemistry, and pore characteristics of shale reservoirs and uses the monofractal and multifractal theory [16] to analyze how diabase transforms the micropore structure of shale surrounding rocks. Then, a transformation model of diabase for shale surrounding rocks is proposed. This study quantitatively analyzes the micropore characteristics of intrusive rocks and metamorphic shale surrounding rocks and compares pore structures and fractal parameter characteristics of shale with different metamorphic degrees, providing a useful case for this type of unconventional oil and gas reservoir exploration, which can be better applied to intrusive rock strata such as the Gunnedah Basin in Australia [17] and the Sverdrup Basin in the Arctic region of Canada [18], expanding the research field of shale and volcanic oil reservoirs.




2. Geological Setting


The Subei Basin, a large Mesozoic–Cenozoic sedimentary basin in Jiangsu Province, China, spans about 3.6 × 104 km2 (Figure 1a,b). It has undergone multiple tectonic cycles and has a complex geological history. The Gaoyou Sag, a sub-basin within the Subei Basin, covers about 2600 km2 and has a spoon-shaped structure with a high northwest and a low southeast, bounded by a southern fault step zone. According to the tectonic position, it can be divided into three parts, the northern slope, deep depression zone, and the fault step zone (Figure 1c) [19]. The Funing Formation (Fm.) is one of the main shale oil layers in the basin, influenced by the Paleogene lacustrine transgression during the sedimentary period [20]. It consists of four sub-sections, of which the second member of the Funing Fm. is dominated by dark mud shale, a fine-grained sedimentary rock of a deep–semi-deep lake environment. It is a petroliferous shale oil reservoir section (Figure 1d). This study focuses on the diabase and metamorphic shale rock of the Funing Fm. in the north-central part of the Gaoyou Sag. The intrusion range can reach 1000 km2 and the single-layer thickness range is about 10–200 m [5,21,22].




3. Materials and Methods


This research collected 11 core samples from wells A, B, and C in the Gaoyou Sag of the Subei Basin (Figure 2), and the well locations are shown in Figure 1c. This study employed SEM, LTNA, geochemical analysis, and mono- and multifractal analysis to characterize the structure and properties of various materials (Table 1).



N2 adsorption is widely used for determining the specific surface area and pore size distribution of porous materials due to its non-destructive nature and high sensitivity to micropores and mesopores. However, it has certain limitations, especially when characterizing macropores or highly hydrophobic materials. In contrast, MIP is more suitable for measuring larger pores and can provide detailed information on the pore throat size distribution, which is crucial for understanding the transport properties of porous media. Mercury intrusion porosimetry (MIP), however, may not be as effective in detecting microporosity and can sometimes cause structural damage to fragile samples. Since this study takes hornfels, slate, and shale as the research objects and mainly focuses on micropores and mesopores, N2 adsorption will be more suitable.



The experimental procedure consisted of the following steps: several materials were selected and ground into fine powders. Scanning electron microscopy (SEM) was performed on each powder sample using an electron microscope to examine their morphology. The SEM images of each sample were obtained and analyzed. Nitrogen adsorption was then carried out on each sample using an adsorption analyzer. The LTNA isotherms of each sample were recorded and their SSA and PSD were calculated by supporting software. Furthermore, the monofractal and multifractal theory were applied to each sample to perform multifractal analysis, which yielded their multifractal spectrum and singularity spectrum. These spectra were compared among different samples to evaluate their scaling behavior and complexity.



3.1. Scanning Electron Microscopy


The mudstone, slate, and gneiss samples were cut into standardized cubic shapes and polished meticulously. The initial sanding with coarse-grit sandpaper created a flat surface, followed by finer-grit sanding to refine the texture. An argon ion beam was finally employed to achieve a highly polished surface, then the samples were sprayed with carbon to avoid contamination and oxidation. The prepared samples were observed using the advanced Carl Zeiss electron microscope at the National Key Laboratory of China University of Petroleum, Beijing, which enabled a deep analysis of their mineralogical and structural characteristics. This rigorous sample preparation process, coupled with advanced equipment, facilitated the production of high-quality and accurate images for a thorough understanding of the studied rock samples.




3.2. N2 Adsorption Experiment


Nitrogen gas adsorption is a powerful technique for measuring the SSA and PSD of porous materials. Here, this research performed N2 gas adsorption and desorption experiments on 11 carefully selected samples that were crushed to a particle size of 40–60 mesh, using the Micromeritics ASAP 2460 instrument from Micromeritics Instrument Corporation U.S. Before analysis, this research dried the powder samples under vacuum and degassed them (approximately 0.5 g, <100 mesh) for 8 h at 423 K [23]. This research obtained adsorption–desorption isotherms at 77.3 K with relative pressures (P/P0) from 0.001 to 0.995.



This research conducted N2 gas adsorption measurements at 298 K and relative pressure (P/P0) from 0.01 to 0.995. The data were analyzed using density functional theory (DFT) models to determine the SSA and TPV. This research also applied modified BET and DFT models to obtain various pore structure parameters, such as the SSA and PSD [24,25].




3.3. Monofractal Model and Parameters


Monofractal methods can quantify the complexity and irregularity of the material surface and structure and provide a more intuitive assessment of the micro-features of shale oil reservoir pores [26,27]. The FHH (Frenkel–Halsey–Hill) model is a widely used monofractal method that can perform monofractal analysis on the nitrogen adsorption–desorption curve with the following equation [28]:


  ln V = C +  (  D − 3  )  ln  (  ln  (  P /  P 0   )   )   



(1)




where P is the equilibrium pressure, MPa; P0 is the saturated vapor pressure, MPa; V is the adsorbed gas volume, cm3/g; and D is the monofractal dimension.



When D = 2, it means that the pore surface of the sample is absolutely smooth, and when D = 3, it means that the pore surface is absolutely rough and complex.




3.4. Multifractal Model and Parameters


The box-counting method is used to process the LTNA data in shale porosity studies to explore the theory and calculation methods of multifractal analysis. This technique provides insights into the complex behavior of porous materials at different scales.



The box-counting method uses a set of boxes (or subintervals) of equal length to cover the total length of the research object in characterizing the multifractal behavior in porous media [29,30]. The total length is assigned to these boxes using a binary scaling method [31], N(r) = 2^k (k = 0, 1, 2, 3…). The density probability Pi(r) in box i can be expressed as [32]


   P i   ( r )  =  V i   ( r )  /   ∑   i = 1   N  ( r )     V i   ( r )    ∝  r   α i     



(2)




where Vi(r) is the volume of adsorbed gas in the i-th box and N(r) is the total number of boxes. αi is the singularity index, which represents the singularity degree of the research object.



For a research object with multifractal properties, Nα(r) follows a power law with r in the multifractal interval.


   N α   ( r )  ∝  r  − f  ( α )     



(3)




where Nα(r) represents the number of boxes in the multifractal with [α, α + dα]; f(α) corresponds to the multifractal spectrum or singularity spectrum, indicating that these boxes have the same or similar α values. α(q) and f(α) can be calculated by the following formulas [33]:


  α  ( q )  ∝  [    ∑   i = 1   N  ( r )     μ i   (  q , r  )  × l o g  P i   ( r )   ]  / l o g  ( r )   



(4)






  f  ( q )  ∝  [    ∑   i = 1   N  ( r )     μ i   (  q , r  )  × l o g  μ i   (  q , r  )   ]  / l o g  ( r )   



(5)




where


   μ i   (  q , r  )  =       P i   q   ( r )      ∑   i = 1   N  ( r )       P i   q   ( r )      



(6)







The denominator of μ(q, r) in the above equation is the partition function at scale r, also known as the statistical moment function [34], which defines η(q, r) to show the magnitude of Pi(r); we can obtain the power of Pi(r) from q’s scaling exponent as follows:


   η i   (  q , r  )  =   ∑   i = 1   N  ( r )       P i   q   ( r )   



(7)




where τ(q) is the mass scaling function of the multifractal, which can be calculated by logη-logr, as shown below.


       τ q     =    l i  m  r → 0      l o g   ∑   i = 1   N  ( r )       P i   q   ( r )    l o g  ( r )          



(8)







When τ(q) is a constant for a specific q value, it shows a single regularity. When τ(q) varies with q, the research object shows multifractal characteristics. Thus, the generalized dimension Dmq is obtained [35].


   D  m q   =   1  q − 1    l i  m  r → 0      l o g   ∑   i = 1   N  ( r )       P i   q   ( r )    l o g  ( r )     =    τ  ( q )    q − 1     



(9)







When q = 1,


   D  m 1   = l i  m  r → 0      l o g   ∑   i = 1   N  ( r )     P i   ( r )  × l o g  P i   ( r )    l o g  ( r )      



(10)







The generalized dimension spectrum D(q) and singularity spectrum f(α) are the basic descriptive parameters of multifractal behavior.



The Hurst index (H) characterizes the local autocorrelation of the PSD. It has a range of 0.5~1, and the higher the values, the better the connectivity between pores [36].


  H =  (   D  m 2   + 1  )  / 2  



(11)







The singularity width Δα quantifies the heterogeneity of the entire PSD. The larger the value, the more pore heterogeneity.


  Δ α =  α  − 10   −  α  10    



(12)







The Rd parameter describes the degree of deviation of the spectrum from the surrounding symmetry (Δα = 0). Negative Rd values indicate a dominant pore concentration in specific regions [37,38].


   R d  =  (   α 0  −  α  10    )  −  (   α  − 10   −  α 0   )   



(13)







Multifractal analysis based on log-transformed P/P0 data by quantifying the gas adsorption volume density probability reveals the inherent multifractal properties of shale samples and provides valuable insights into shale porosity distribution, connectivity, and heterogeneity [39,40].





4. Results


4.1. Pore Type


The hornfels metamorphic zone in well A is a high-temperature low-pressure thermal contact metamorphic rock, with a high degree of metamorphism and being close to the intrusion center, usually at the edge or outside of the intrusion. Core samples show abundant structural microfractures, mostly filled with calcite, with irregular shapes and orientations. Some fractures intersect or cross each other, indicating that they are multi-stage fractures (Figure 3a). The fractures are filled with a white material, which is calcite sediment, indicating that these fractures underwent later hydrodynamic and chemical precipitation processes. The calcite fillings show a bright white color, contrasting with the black metamorphic mudstone. The calcite fillings have different morphologies in the fractures, with some showing a crystal structure, some showing a fibrous structure, and some showing a layered structure, indicating that the calcite sediments experienced different origins and evolution processes. Under an optical microscope, fine clay particles can be seen, tightly arranged between the particles, with a fine-grained recrystallization structure and blocky structure, being dense and hard and without obvious pores (Figure 3e). Core samples from well B show that part of the upper core is yellow-brown slate and the rest is gray-black mudstone (Figure 3b). Slate is a medium-grade metamorphic mudstone, with an obvious cleavage structure composed of fine platy or scaly metamorphic products such as mica, muscovite, illite, etc. Slate is a low-temperature low-pressure regional metamorphic rock, formed by the metamorphism of mud shale. Slate contains characteristic metamorphic minerals, such as staurolite, kyanite, sillimanite, etc. Slate has a low degree of metamorphism and has an obvious cleavage or plate structure. Slate is far from the intrusion center, usually outside or not in contact with the hornfels. The surface of the core from the diabase section in well A shows obvious large numbers of vertical fractures in the same direction. The vertical fractures are secondary fractures caused by the volume shrinkage of the diabase intrusion during cooling. They have a certain directionality and connectivity, but their number and width are not large and their contribution to oil and gas storage and migration is low (Figure 3c). The optical microscope photo shows an obvious diabasic structure, larger pyroxene particles, and smaller plagioclase particles. There are some gaps between the particles (Figure 3g).



The intrusion of diabase caused different degrees of metamorphism in the surrounding rocks, forming three different metamorphic zones, namely a hornfels zone, diabase zone, and slate zone. Each metamorphic zone has different main pore types [8]. The first line is the hornfels zone, which is the innermost layer of contact between the diabase intrusion and the surrounding rocks. Due to the dual influence of high temperature and high pressure, the shale has undergone intense metamorphism, forming hornfels. Because of the high temperature, organic matter (OM) pores are developed in the hornfels zone. The main micropore structure type of the hornfels zone comprises structural microfractures, which are secondary pores produced by the deformation and fracture of the surrounding rocks due to high temperature and pressure. The dissolution degree is severe (Figure 4a–c). The characteristics of structural microfractures are that they have a certain directionality and connectivity, but their number and width are very small and their contribution to oil and gas storage and migration is very low (Figure 4d). The second line is the diabase zone, which is the diabase intrusion itself, composed of basic minerals such as pyroxene and plagioclase, with a typical diabasic or sub-diabasic structure. The main micropore structure type of the diabase zone comprises intergranular pores, dissolution pores, and shrinkage fractures. Chlorite-filled fractures can be seen, which are secondary pores produced by the origin and evolution of the diabase intrusion itself (Figure 4e,g,h). The characteristics of intergranular pores are that they are formed by the gaps between basic minerals such as pyroxene and plagioclase, with a certain regularity and uniformity, but their size and shape are inconsistent. Dissolution pores are micropores produced by the thermal alteration of minerals under high temperature and pressure (Figure 4e,h). Shrinkage fractures are secondary fractures caused by volume shrinkage of the diabase intrusion during cooling. The third line is the slate zone, which is the outermost layer of contact between the diabase intrusion and the surrounding rocks. It is affected by a medium degree of metamorphism, and the mud shale undergoes slatification. The characteristic of slate is that it has an obvious cleavage structure composed of fine platy or scaly metamorphic products such as mica, muscovite, illite, etc., with some gaps between cleavages (Figure 4i,h). The reservoir space in the slate zone comprises mainly secondary pores and secondary fractures, and fine OM pores can also be seen (Figure 4i,j). Primary pores are formed by gaps between cleavages and secondary fractures are formed by condensation shrinkage and dissolution (Figure 4k,l). The fourth line is the normal mudstone zone, which is mud shale that has not been affected by diabase intrusion without metamorphism. The characteristic of normal mudstone is that it has a bedding structure composed of fine clay, carbonate, siliceous particles, etc., with a small amount of pyrite. The pores in normal mudstone are mainly primary pores and secondary fractures, with some intergranular pores developed. OM pores are not developed, and the dissolution degree is small.




4.2. Pore Structure


Isotherm shapes reveal the surface properties of adsorbents, PSD, and the nature of interactions between adsorbents and adsorbates. The N2 adsorption isotherms of the metamorphic zone samples show some variations but generally exhibit filled micropores and mono-multilayer adsorption, accompanied by capillary condensation and evaporation (Figure 5). The existence of desorption hysteresis loops was observed in each sample, indicating the surface properties, PSD, and interaction characteristics of the samples [38]. According to IUPAC recommendations (2015) [41], all sample isotherms resemble Type V isotherms, suggesting the presence of mesopores and macropores with a dominance of mesopores and capillary condensation occurring within the pores. There is a marked upward trend at P/P0 ≥ 0.9, while desorption curves converge with adsorption curves at P/P0 < 0.5, indicating weakened capillary condensation and predominant monolayer adsorption. The isotherm adsorption curves for hornfels and diabase exhibit Type H4 hysteresis loops, implying the presence of wedge-shaped pore structures in these rocks with relatively small pore sizes and, consequently, smaller adsorption volumes. In contrast, the isotherm adsorption curves for slate and mudstone show Type H3 hysteresis loops, demonstrating that the pore structures in these rocks are mainly parallel, plate-like, and with stronger connectivity. Due to their larger pores, these rocks have relatively larger adsorption volumes.



The PSD of the samples from the metamorphic zones was analyzed using the DFT model based on the adsorption isotherm branches. The PSD can be described by plotting the differential pore volume (dV/dlog(D)) and the pore width. Since the area under the curve is proportional to the actual pore volume, the curve can effectively show the pore volume difference under different pore sizes [42]. The four scatter plots in the figure represent the nitrogen adsorption pore size characterization results of hornfels, diabase, slate, and mudstone, respectively. It can be obtained from the figure that the four rocks have significant differences in pore width and pore volume fraction, reflecting their different pore structure and physical properties. All samples have a peak at 4 nm, which is caused by the nitrogen adsorption experiment process. Hornfels and diabase have a small overall PSD; hornfels have multi-peak characteristics at 14 and 20–40 nm, with a peak height of about 0.04 cm3/g possibly due to being closer to the intrusion center and being more affected by physical compression. Diabase has only a single peak at 4 nm, with no other peaks, consistent with the core and thin-section observation results, being dense and having undeveloped pores. Slate and normal mudstone have multi-peak characteristics in the PSD, with a peak height of about 0.06 cm3/g, a larger pore volume, and more complex pore development. By comparing slate and mudstone from well A and well C, metamorphism may enhance shale’s storage capacity. In addition, Table 1 lists the shale pore structure parameters obtained from N2 adsorption experiments, including the SSA and TPV.




4.3. Fractal Characteristics


The monofractal and multifractal characteristics of the samples from the metamorphic zones were obtained by applying the single and multifractal analysis to the isotherms of the nitrogen adsorption experiments. The nitrogen adsorption hysteresis loop was treated by the FHH monofractal model, and the observed curve presented a two-stage formula, indicating that the sample had a single fractal feature. Table 2 shows the mono-and multifractal parameters, including the monofractal dimension, the multifractal generalized dimension spectrum, and the singularity characteristic spectrum. There are few studies on metamorphic surrounding rocks and a lack of fractal analysis and comparison. The fractal results of the diabase obtained are similar to the single fractal dimension of diabase material roughness by Ji’s laser scanning confocal microscope experiment [43].



The nitrogen adsorption monofractal curve has a two-segment linear shape, and the monofractal dimensions D1 and D2 are obtained from the slopes of two segments (Figure 6). When P/P0 < 0.45, the relative pressure is not high and N2 molecules mostly adsorb on the pore surface as a monolayer. The slope of this segment can be used to calculate the monofractal dimension D1, which characterizes the roughness of the pore surface. When P/P0 ≥ 0.45, the capillary condensation phenomenon of N2 molecules is obvious, and the slope of this segment can be used to calculate the monofractal dimension D2, which represents the spatial complexity of the pores. The higher the monofractal dimension of the FHH model, the stronger the heterogeneity of the pores [44,45].



If a research object has multifractal characteristics, three conditions must be met, namely that (1) Dm(q) and a(q) are strictly monotonically decreasing with q; (2) τ(q) and q are strictly increasing convex functions; and (3) f(a) and a are convex functions [38]. The multifractal characteristics of shale nitrogen adsorption curves indicate the irregularity and heterogeneity of the shale pore microstructure and properties at different scales. The multifractal characteristics can be characterized by a generalized dimension spectrum, singularity spectrum, mass index, and other parameters, which can be obtained by LTNA and multifractal model calculations (Figure 7). The generalized dimension Dm(q) curve and singularity spectrum indicate that the PSD of the metamorphic zones has multifractal characteristics between 2 and 50 nm. Figure 7a shows the multifractal generalized dimension spectra of hornfels, slate, diabase, and mudstone. As q increases, Dm(q) shows a monotonically decreasing trend, which also represents the range of PSD fluctuation probability. For uniform multifractals, the correlation curve between Dm(q) and q is an approximate straight line. For non-uniform multifractals, they show a decreasing function transition trend. The steeper the relationship curve between Dm(q) and q, the wider the range of Dm(q), that is, the larger the distribution range of different singularity intensity multifractal structures, the greater the heterogeneity of multifractal structures. Dm0 is considered as the capacity dimension or box dimension. The values of all samples are 1.006, indicating the multifractal measurement of non-empty boxes with a density probability at different scales. If the mass or porosity of any box is not zero, the value of Dm0 will be equal to 1 [46]. The value range of the information dimension Dm1 is 0.684~0.815, which is usually considered to evaluate the local concentration degree and pore interval of PSD. The range of correlation dimension Dm2 is 0.504~0.665, which reflects the characteristics of the second sampling moment [47]. Generally speaking, the larger the multifractal dimension, the more complex the pore structure characterized, the larger the spectral width, and the more obvious the multifractal characteristics. Dm-10 ranges from 1.454 to 1.587, and Dm10 ranges from 0.330 to 0.490. The spectral width (Dm-10–Dm10) ranges from 0.964 to 1.246. The range of the H value is 0.752~0.833, and the average value is 0.782. The singularity spectrum can also describe the multifractal characteristics (Figure 7b). The singularity spectra of all samples are convex parabolic. The singularity index α0 of the samples ranges from 1.174 to 1.299, and the average value is 1.256. Generally speaking, the Δα values were lower in the samples with a wider PSD and higher gas adsorption capacity. For example, sample A6 has the smallest Δα value of 1.136, indicating that its PSD is most uniform; for example, samples with obvious double-peak PSD and a lower gas adsorption volume have higher Δα values. The PSD heterogeneity of sample A1 is the strongest, and the Δα value can reach up to 1.419, which is closely related to the PSD characteristics. For PSD caused by intrusion metamorphism, the peak width is narrower, the peak height is higher, and Δα is larger. The cross-sections of the left curves of singularity spectra are wider and longer than those of right curves relative to symmetric lines. The singular spectrum lines reflect regions where the probability density of pore volume distribution is relatively high (concentrated) and low (sparse) on both sides of the symmetry line, respectively. The Rd values of all samples are positive, indicating that sparse areas dominate in pore volume distribution in these samples.





5. Discussion


5.1. Differences Between Diabase Intrusive and Non-Intrusive Shale Reservoirs


5.1.1. Difference In Monofractal and Multifractal Behaviors Between Metamorphic Shale and Normal Shale


The pore type and size of the shale in metamorphic zones are significantly different and heterogeneous due to the influence of intrusion metamorphism. This research selected the well A samples with intact cores from the metamorphic zones for separate discussion, avoiding the effect of compaction at different depths. As shown in Figure 8, the monofractal dimensions D1 and D2 of the intrusion zone show a general trend of decreasing first and then increasing from the intrusion center to the normal shale zone, while the monofractal dimension D2 of the normal shale is lower, indicating that the pore surface of the normal shale is rough and the complexity of the pore space is lower than that of the intrusion center zone. This may be due to the combined effect of mechanical compression, dissolution, and baking on the metamorphic zone [48].



The multifractal parameters can further analyze the pore morphology characteristics of the upper and lower metamorphic zones. As shown in Figure 8, the H index gradually decreases from the lower normal shale to the upper metamorphic zone hornfels, while Δα gradually increases from the lower to the upper metamorphic zone hornfels, indicating that the pore connectivity of the upper metamorphic zone is poor and the pore heterogeneity is strong. Rd values are all positive, showing that the PSD is mainly controlled by sparse pores [38,49].



The nitrogen adsorption parameters also confirm the above inference. From the intrusion center to the normal shale zone, the SSA and TPV increase gradually, and the pore structure of the lower metamorphic zone, especially the slate metamorphic zone, is better.




5.1.2. Impact of Geochemical Features


The intrusion of high-temperature and high-pressure diabase can change the geochemical properties of surrounding rocks, such as organic abundance and maturity. The cross-plot of pore structure monofractal parameters (D1 and D2), multifractal parameters (Δα and H), and geochemical parameters (TOC and Ro) (Figure 9) were drawn to reveal the influence of geochemical properties on pore heterogeneity. With the increase in TOC content, the monofractal parameters of the metamorphic zone decreased, indicating a slight decrease in pore surface roughness and spatial complexity. TOC had no significant impact on the multifractal parameters of the metamorphic zone. Ro variation had an obvious effect on the monofractal characteristics of the shale pore structure. Affected by the high-temperature intrusion, the Ro value of the low-maturity shale layer increased gradually towards the intrusion center [50] and both D1 and D2 decreased, indicating a decrease in pore surface roughness and spatial complexity. The multifractal dimension Δα increased, while the H index decreased, indicating an increase in pore heterogeneity and a decrease in connectivity. The compression effect of diabase on the surrounding rocks caused deformation and compaction of the surrounding rocks, mineral orientation, and filling or deformation of the original pores, resulting in a reduction in pore space and a decrease in pore surface roughness. At the same time, the compaction of the surrounding rocks also increased the density of the rocks and reduced the connectivity of the pores. The high temperature brought about by the intrusion promoted the OM to generate hydrocarbons in the surrounding rocks, forming OM pores in shale. The organic acids produced could further dissolve mineral particles to form secondary dissolution pores and affect the morphology of the pore surface, enhancing shale pore heterogeneity [51]. The closer to the intrusion center, the stronger the mechanical compaction effect and the higher the Ro value. Therefore, it showed that with the increase in Ro, pore surface roughness and connectivity decreased and heterogeneity increased.




5.1.3. Impact of Pore Volume on Pore Heterogeneity


Figure 10 shows the correlations between D1, D2, Δα, and H and the SSA and TPV. The SSA and TPV have some influence on the monofractal dimension D1, showing a weak positive correlation (Figure 10a,e), but no obvious correlation with D2 (Figure 10b,f). For the multifractal parameters Δα and the H index, Δα decreases as the SSA and TPV increase (Figure 10c,g), while the H index shows the opposite correlation (Figure 10d,h). The increase in the SSA and TPV reduces the heterogeneity of shale pores in the metamorphic zone and increases the surface roughness and connectivity of pores.





5.2. Influence Mechanism of Diabase Intrusion on Shale Reservoir


5.2.1. Physical Effect


The intrusion of diabase into shale caused a significant amount of kinetic energy to compress the surrounding rocks [52,53]. The nearby shale dehydrated due to metamorphism, became more brittle, and fractured under mechanical compression (Figure 4k), forming numerous microcracks. Mineral particles showed orientation characteristics in the high-energy environment, and the pore direction tended to be consistent (Figure 4d).




5.2.2. Thermal Effect


In the initial phase of the intrusion process, the large temperature difference between the central rock mass and surrounding rocks caused the fluid in mudstone to expand, generating stress concentration and resulting in cracks or an extension of existing cracks in the reservoir. The high temperature makes the OM of low-maturity shale generate hydrocarbons, promote the formation of OM pores, and further enhance the heterogeneity of pores in the metamorphic zone. After the intrusion rock cooled, its volume shrank, causing the surrounding mudstone to be subjected to tensile stress [54]. Coaxial tensile microcracks were visible in the hornfels metamorphic zone and slate metamorphic zone (Figure 3a,b). The LTNA hysteresis loop showed that the samples from the hornfels zone closest to the intrusion were mostly wedge-shaped narrow slit pores (Figure 5a,c), which further confirmed the existence of a large number of microcracks.




5.2.3. Chemical Effect


The hydrothermal fluid brought about by diabase intrusion and the acidic fluid from the hydrocarbon generation of OM reacted with the surrounding rocks in a water–rock interaction, dissolving or precipitating some minerals, such as calcite dissolution, quartz recrystallization, pyrite formation, and clay mineral transformation, forming new pores or changing the original pore morphology [13,55,56,57,58]. At the same time, it changed the chemical composition and physical properties of the surrounding rocks, producing new mineral phases, such as rhodochrosite, garnet, diopside, and other minerals. These processes increased the porosity and permeability, enhancing the storage capacity of the surrounding rocks, which was beneficial for oil and gas accumulation.




5.2.4. Transformation Model of Shale Micropores by Diabase Intrusion


The intrusion of diabase into shale surrounding rocks mainly underwent two stages of transformation. In the first stage, due to the continuous compression effect of high-temperature rock mass, mechanical fractures occurred in the surrounding rocks, which caused mineral orientation in the surrounding rocks and formed a large number of microcracks. Due to the intrusion of high-temperature rock mass, high-temperature baking occurred in the surrounding rocks, which caused a metamorphism of minerals in the surrounding rocks, making them brittle. The intrusion also brought stratum water, which could promote the hydrocarbon generation of OM under high temperature. These generated hydrocarbons filled in the surrounding rocks to form some OM pores and secondary dissolution pores (Figure 11a,b).



After entering the second stage, the high-temperature rock mass began to cool down, causing a cooling shrinkage of rock mass. This cooling shrinkage process produced some condensation shrinkage cracks. These condensation cracks were wider and deeper than microcracks, and they developed along the fractures and cracks of the rock mass. These condensation cracks were usually filled with minerals such as chlorite, and the formation of fillers gave condensation cracks a certain stability (Figure 11c).



Through these two stages in the process, diabase intrusion into shale surrounding rock produced significant transformation effects on surrounding rocks. Mechanical fracture, mineral orientation, OM pores, secondary dissolution pores, and condensation shrinkage cracks provided important mechanisms for the changes in and evolution of properties and structure of surrounding rocks. These transformation effects had some impact on the physical and chemical properties of shale, which then affected the storage capacity and fluid migration ability of reservoirs.





5.3. Petroleum Geological Significance of Shale Pore Change Caused by Diabase Intrusion and Transformation


The changes in the shale pore structure observed due to diabase intrusion have a profound impact on oil and gas recovery in practical applications. Diabase intrusion usually leads to a thermal alteration and mechanical deformation of the surrounding shale matrix. In terms of heat, intrusion will lead to an increase in temperature, which may cause the thermal maturation of organic matter and enhance the conversion of kerogen to hydrocarbons. In mechanics, intrusion can induce the formation of new fractures and modify the existing pore network, thereby increasing the permeability and porosity of shale. These changes can significantly improve the connectivity between pores, enhance fluid flow, and make hydrocarbons more easily extracted. However, the extent and nature of these impacts are highly variable and depend on several key factors. These include the temperature and duration of thermal exposure, the chemical and physical composition of diabase, and the initial properties of shale. For example, higher temperatures and longer exposure times can lead to more extensive thermal maturation and pore network modification, while the presence of certain minerals in diabase can affect the mechanical properties of shale.



By addressing these research areas, a more comprehensive understanding of the interactions between diabase intrusion and shale pore structure can be found, ultimately leading to more effective and efficient hydrocarbon recovery practices.





6. Conclusions


Based on the above study of the transformation of a shale pore structure by diabase intrusion, the following conclusions can be drawn:




	(1)

	
The shale after diabase intrusion transformation shows stronger pore heterogeneity than normal shale but lower pore roughness. The pore connectivity of the upper metamorphic zone is poor and the pore heterogeneity is strong, while the lower metamorphic zone has a better pore structure.




	(2)

	
OM abundance has no obvious effect on the pore structure of the metamorphic zone, while Ro variation has a significant impact on the fractal characteristics of shale pores. Pore volume also affects pore heterogeneity. Larger SSA and TPV have lower pore heterogeneity as well as higher surface roughness and pore connectivity.




	(3)

	
The transformation of shale surrounding rocks by diabase intrusion is mainly influenced by three factors, namely mechanical compression, the thermal effect, and chemical effect. In terms of mechanical compression, the intrusion effect of diabase causes fracture and microcrack formation in the surrounding rocks, leading to increased pore heterogeneity. In terms of the thermal effect, high temperatures promoted the hydrocarbon generation of OM and pore formation, and the condensation shrinkage cracks produced by the cooling process also affected the pore structure. In terms of the chemical effect, the hydrothermal fluid of the intrusion zone reacts with the surrounding rocks, dissolves or precipitates minerals, forms new pores, and changes the pore structure.




	(4)

	
A transformation model of shale micropores by diabase intrusion was established. Diabase intrusion into shale surrounding rocks produces an important transformation of the properties and structure of surrounding rocks through mechanical fracture, mineral orientation, OM pores, secondary dissolution pores, and condensation shrinkage cracks. These transformation effects have a significant impact on the pore structure of shale reservoirs, affecting their storage performance.
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Figure 1. (a) Location of the research area; (b) division of the basic tectonic units of the north Subei Basin location; (c) Gaoyou Sag substructural units and diabase distribution area; (d) stratigraphic characteristics of the north Subei Basin. 
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Figure 2. Electrical characteristics and sampling locations of intrusion sections of wells A, B, and C in Gaoyou Sag. (Tips: well location distribution is shown in Figure 1c.) 
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Figure 3. Core and optical microscopic characteristics of the intrusive metamorphic segment. (a) Well A, 1572.01–1572.25 m, black metamorphic mudstone. (b) Well B, 2680.41–2680.59 m, upper section of yellow-brown slate and lower section of gray-black mudstone. (c) Well A, 1602.35–1602.47 m, dark gray amphibolite. (d) Well A, 1664.83–1664.86 m, gray-black laminated sandy mudstone. (e) Well A, 1568.47 m, gray-black mudstone. (f) Well B, 2681.12 m, gray mudstone. (g) Well A, 1603.64 m, gray-black diabase. (h) Well A, 1778.73 m, gray-black argillaceous mudstone. 
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Figure 4. Pore types under SEM in the intrusive metamorphic section: (a) A2, 1571.87 m, organic pore development. (b) B2, 2681.12 m, calcite particle corrosion. (c) A2, 1571.87 m, chlorite and augite. (d) B2, 2681.12 m, shrinkage fracture. (e) A3, 1603.64 m, structural microfracture and calcite solution hole. (f) A3, 1603.64 m, chlorite-filled structure microfracture. (g) A3, 1603.64 m, condensation shrinkage microfracture. (h) A3, 1603.64 m, feldspar dissolution microfractures. (i) C2, 1339.78 m, small amount of OM pores. (j) C2, 1339.78 m, dissolution pores and OM pores. (k) C2, 1339.78 m, chlorite-filled shrinkage microfracture. (l) C2, 1339.78 m, feldspar dissolution pore. (m) C3, 1391.8 m, clay mineral pore and non-pore OM. (n) C3, 1391.8 m, intergranular pore. (o) C3, 1391.8 m, pyrite particles are accompanied by OM. (p) C3, 1391.8 m, intercrystalline pores of clay minerals. (Tips: OM: organic matter; Dol: dolomite; Cal: calcite; F: feldspar; Py: pyrite.) 
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Figure 5. Nitrogen adsorption hysteresis loop in the invaded metamorphic section (a) Hornfels; (b) diabase; (c) slate; (d) shale; nitrogen adsorption PSD in the intrusive metamorphic section (e) Hornfels; (f) diabase; (g) slate; (h) shale. 
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Figure 6. Fractal characteristics and fractal dimensions of nitrogen adsorption in the intrusive metamorphic section. (a) Hornfels; (b) diabase; (c) slate; (d) shale. 
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Figure 7. Multifractal generalized dimension spectrum, singular feature spectrum (a), mass index feature (b), and multifractal parameter feature (c) of intrusive metamorphic section. 
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Figure 8. Variation characteristics of fractal and pore structure parameters of surrounding rocks in intrusive metamorphic section. 
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Figure 9. The impact on pore structure heterogeneity of the intrusive metamorphic profile samples from organic geochemical characteristics. (a,b) D1 and D2 vs. TOC; (c,d) Δα and H vs. TOC; (e,f) D1 and D2 vs. Ro; (g,h) Δα and H vs. Ro. 
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Figure 10. Intersection diagram of monofractal and multifractal parameters with SSA and pore volume of intrusive metamorphic zone. (a,b) D1 and D2 vs. SSA; (c,d) Δα and H vs. SSA; (e,f) D1 and D2 vs. TPV; (g,h) Δα and H vs. TPV. 
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Figure 11. Micropore evolution model of diabase intrusion metamorphic zone. (a) Schematic diagram of shale particles and pores before diabase intrusion after sedimentary diagenesis; (b) schematic diagram of influence of diabase on mineral particles and pores in early stage of intrusion; (c) schematic diagram of mineral particles and pores from end of intrusion to end of metamorphism. 
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Table 1. Sampling information, pore structure, and geochemical parameters of the intrusive metamorphic section samples.
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	Sample

ID
	Well

No.
	Depth

/m
	Lithology
	Surface Area

/m2·g−1
	Pore Volume

/cc.g−1
	TOC

/%
	Ro

/%
	S1

/mg.g−1
	S2

/mg.g−1
	Tmax

/°C





	A1
	A
	1568.47
	Hornfels
	5.078
	0.014
	0.98
	2.20
	0.29
	0.17
	402



	A2
	A
	1571.87
	Hornfels
	5.106
	0.013
	1.30
	2.17
	0.44
	0.27
	409



	A3
	A
	1603.64
	Diabase
	2.958
	0.008
	0.07
	/
	0.01
	0.01
	435



	A4
	A
	1657.65
	Hornfels
	7.691
	0.02
	2.04
	1.35
	0.61
	0.23
	408



	A5
	A
	1664.82
	Slate
	16.4
	0.03
	0.08
	1.27
	0.01
	0.01
	498



	A6
	A
	1778.73
	Shale
	14.95
	0.023
	0.79
	0.52
	0.11
	1.96
	445



	B1
	B
	2642.31
	Slate
	2.903
	0.009
	0.10
	/
	0.02
	0.03
	381



	B2
	B
	2681.12
	Hornfels
	6.707
	0.018
	0.05
	/
	0.03
	0.04
	368



	C1
	C
	1337.14
	Hornfels
	7.04
	0.014
	0.07
	/
	0.28
	0.83
	436



	C2
	C
	1339.78
	Slate
	19.676
	0.052
	0.89
	/
	0.13
	0.86
	409



	C3
	C
	1391.80
	Shale
	33.688
	0.063
	/
	/
	0.07
	1.56
	427










 





Table 2. Monofractal and multifractal parameters of the intrusive metamorphic profile samples derived from N2 adsorption.
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Sample

ID

	
Monofractal Parameters

	
Multifractal Parameters




	
Generalized Dimension Spectrum

	
Singularity Spectrum




	
D1

	
D2

	
Dm0

	
Dm1

	
Dm2

	
Dm10

	
Dm-10

	
Dm0–Dm1

	
Dm-10–Dm10

	
H

	
α0

	
α-10

	
α10

	
Δα

	
Rd






	
A1

	
2.520

	
2.510

	
1.006

	
0.684

	
0.504

	
0.330

	
1.577

	
0.322

	
1.246

	
0.752

	
1.293

	
1.716

	
0.297

	
1.419

	
0.573




	
A2

	
2.559

	
2.464

	
1.006

	
0.730

	
0.554

	
0.369

	
1.510

	
0.276

	
1.141

	
0.777

	
1.249

	
1.644

	
0.332

	
1.312

	
0.522




	
A3

	
2.575

	
2.566

	
1.006

	
0.707

	
0.542

	
0.375

	
1.542

	
0.300

	
1.167

	
0.771

	
1.280

	
1.680

	
0.338

	
1.342

	
0.543




	
A4

	
2.538

	
2.520

	
1.006

	
0.710

	
0.539

	
0.362

	
1.552

	
0.296

	
1.190

	
0.769

	
1.273

	
1.687

	
0.326

	
1.361

	
0.533




	
A5

	
2.662

	
2.659

	
1.006

	
0.725

	
0.568

	
0.425

	
1.565

	
0.281

	
1.140

	
0.784

	
1.268

	
1.706

	
0.394

	
1.312

	
0.435




	
A6

	
2.724

	
2.514

	
1.006

	
0.815

	
0.665

	
0.490

	
1.454

	
0.192

	
0.964

	
0.833

	
1.174

	
1.585

	
0.449

	
1.136

	
0.313




	
B1

	
2.535

	
2.479

	
1.006

	
0.713

	
0.542

	
0.364

	
1.567

	
0.294

	
1.203

	
0.771

	
1.270

	
1.713

	
0.328

	
1.385

	
0.500




	
B2

	
2.590

	
2.588

	
1.006

	
0.689

	
0.520

	
0.354

	
1.569

	
0.318

	
1.215

	
0.760

	
1.299

	
1.710

	
0.319

	
1.391

	
0.570




	
C1

	
2.652

	
2.633

	
1.006

	
0.735

	
0.575

	
0.420

	
1.587

	
0.272

	
1.166

	
0.787

	
1.255

	
1.731

	
0.385

	
1.347

	
0.395




	
C2

	
2.595

	
2.505

	
1.006

	
0.735

	
0.569

	
0.394

	
1.523

	
0.272

	
1.129

	
0.785

	
1.248

	
1.663

	
0.355

	
1.308

	
0.479




	
C3

	
2.675

	
2.523

	
1.006

	
0.783

	
0.627

	
0.461

	
1.485

	
0.223

	
1.024

	
0.814

	
1.203

	
1.618

	
0.423

	
1.194

	
0.364
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