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Abstract

:

The complex pore structure of unconventional oil and gas reservoirs is one of the reasons for the difficulties in resource evaluation and development. Therefore, it is crucial to comprehensively characterize the pore structure, understand reservoir heterogeneity from multiple perspectives, and gain an in-depth understanding of fluid migration and accumulation mechanisms. This review outlines the methods and basic principles for characterizing microporous systems in unconventional reservoirs, summarizes the fractal analysis corresponding to the different methods, sorts out the relationship between the fractals and reservoir macroscopic physical properties (porosity, permeability, etc.) with the reservoir microscopic pore structures (pore structure parameters, pore connectivity, etc.). The research focuses on cutting-edge applications of characterization techniques, such as improved characterization accuracy, calibration of PSD ranges, and identification of different hydrogen compositions in pore systems for dynamic assessment of unconventional reservoirs. Fractal dimension analysis can effectively identify the quality level of the reservoir; complex pore-throat structures reduce permeability and destroy free fluid storage space, and the saturation of removable fluids is negatively correlated with Df. As for the mineral composition, the fractal dimension is positively correlated with quartz, negatively correlated with feldspar, and weakly correlated with clay mineral content. In future qualitative characterization studies, the application and combination of contrast agents, molecular dynamics simulations, artificial intelligence techniques, and 4D imaging techniques can effectively improve the spatial resolution of the images and explore the adsorption/desorption of gases within the pores, and also help to reduce the computational cost of these processes; these could also attempt to link reservoir characterization to research on supercritical carbon dioxide-enhanced integrated shale gas recovery, carbon geological sequestration, and advanced underground hydrogen storage.
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1. Introduction


1.1. Unconventional Reservoirs


The microscopic pore system, which is the main control parameter for fluid movement, controls the reservoir’s macroscopic properties (porosity and permeability) [1,2]. Depositional environment and diagenetic alteration resulted in a diverse range of pore sizes, pore types, developed nanoscale pores, complex structures and massive nonhomogeneity. Exploration and exploitation of unconventional resources need a comprehensive understanding of the characteristics of the pore system since all of these factors impact the reservoirs’ storage performance [3,4,5].



Unconventional resource types come in different varieties (Table 1). The primary types of unconventional oil resources are tight oil, shale oil, thick oil, oil sands, and oil shale. Meanwhile, the main types of unconventional natural gas resources are tight sandstone [6,7], shale gas [2,8], coal bed methane [9], natural gas hydrate [10], etc.



Reservoirs are generally divided into clastic reservoir (sandstone, mudstone, shale), igneous reservoir and metamorphic reservoir. Originally loose and deposited in low-lying areas, the reservoir sediments were mainly caused by the damaging effects of weathering and erosion of primary rocks. After extended periods of sedimentary evolution, the overlying sediments gradually thickened, while the lower sediments were buried deeper, and eventually solidified into rocks as a result of compression, dehydration and cementation effects.




1.2. Pore System


The microscopic structure of pores or throats refers to the width, size distribution, geometric, topological properties and connectivity of pores, which affects the storage performance of reservoirs (Figure 1). The features of unconventional reservoir pore systems are loss of primary porosity, mainly developing secondary (dissolved) pores and micropores, and the existence of slits [11]. When characterizing micropores, it is necessary to select appropriate methods for joint characterization [12,13].



Currently, the most extensively used pore size classification systems are the Hodot pore size classification (micropore < 10 nm; micropore 10–100 nm; mesopore 100–1000 nm; macropore > 1000 nm) and the IUPAC pore classification (micropore < 2 nm; mesopore 2–50 nm; macropore > 50 nm) [11]. Furthermore, pores can be classified as intergranular pores, intragranular pores and microcracks, etc. (Figure 1) according to the pore morphology, the pores can also be classified into brittle mineral pores, clay mineral pores and other mineral pores based on the mineral components, spatial position and genesis (Table 2).



As the channel connecting pores, the size and shape of the throat and the way it connects with pores control the seepage capacity of the reservoir. Table 3 [14] lists the four different forms of throat.



For the purpose of identifying and evaluating reservoirs, estimating oil and gas capacity, and enhancing oil and gas recovery, pore system characterization is crucial [2,15,16]. Pore structure, quantitative parameter characterization, reservoir classification, and evaluation are the key areas of research. The geometry, size, pore size distribution, interconnection, and composition of pores and throats are all regarded as parts of pore structure. These characteristics may reflect the combination or interaction of various kinds of pores [3,17,18].




1.3. Methods for Reservoir Characterization


The reservoir micropore system can be qualitatively and quantitatively analyzed using a variety of techniques.



Qualitative methods include optical microscope (OM), casting thin section (CTS) [19], field emission scanning electron microscopy (FESEM) [2,16,20,21,22,23,24], transmission electron microscope (TEM) [25,26,27,28,29], focused ion beam scanning electron microscopy (FIBSEM) [30,31,32,33,34,35,36,37], focused ion beam helium ion microscope (FIBHIM) [38,39], atomic force microscope (AFM) [40,41,42,43,44,45,46], X-ray computed tomography (X-CT) [12,47,48,49,50,51,52,53,54]; the quantitative methods can be divided into mercury injection capillary pressure (MICP) [5,55,56,57], constant-rate mercury injection (CRMI) [58,59,60,61], nuclear magnetic resonance (NMR) [59,62,63,64,65,66,67,68,69], small angle X-ray scattering (SAXS), small-angle neutron scattering (SANS) [30,70,71,72,73,74], and gas adsorption techniques such as CO2 gas adsorption and N2 gas adsorption (CO2GA, N2GA) [17,75,76].



Researchers have used various methods to characterize sediment pores in different reservoirs (Figure 2). This paper summarizes the mainstream viewpoints on reservoir pores delineation in recent years and compiles them through the comprehensive application of the listed methods; it also briefly discusses the development trend and key points.



This paper summarizes the innovative applications of various techniques for reservoir characterization, focusing on data correction, image processing, and reservoir fluid discrimination. In addition, although there are many research works on fractals, there are fewer systematic discussions; this paper summarizes the principles and formulas of fractals of various characterization methods, which can be used as a reference for future characterization studies.





2. Materials and Methods Multi-Scale Characterization of Pores of Unconventional Reservoirs


2.1. Methods for Quantitative Characterization


2.1.1. Nuclear Magnetic Resonance (NMR)


In recent decades, NMR methods have been widely used in geological research, particularly for the characterization of pore structures, evaluation of wettability, fluid discrimination and prediction of porosity and permeability [77].



The     T   2     of the fluid can be expressed by:


    1     T   2     =   1     T   2 b     +   1     T   2 s     +   1     T   2 d      



(1)




where     T   2     is the relaxation time of the hydrogen-containing fluid in the pore;     T   2 b     is the bulk relaxation time;     T   2 s     is the surface relaxation time;     T   2 d     is the diffusion relaxation time [78].     T   2 b     is higher for distilled water, so that the term 1/    T   2 b     can be neglected, and diffusion relaxation can be reduced when a low and uniform magnetic field and shorter pulse intervals are used. Hence, for the evaluation of the pore sizes, the     T   2     can be simplified as:


    1     T   2     ≈   1     T   2 S     = ρ       S   V       p o r e    



(2)




where   ρ   is the surface relaxivity,         S   V       p o r e     is the surface-to-volume ratio of pores.



Since         S   V       p o r e     of the pore is a function of the pore radius (  r  ) and the pore geometry morphologic factor (    F   s    ), the     T   2     can also be expressed as:


    1     T   2     = ρ     F   s     r    



(3)







The constant value     F   s     is influenced by the geometry of the pores, with 1, 2 and 3 corresponding to slit, cylindrical and spherical pores, respectively [79].



The     T   2     curve distribution, which is derived through mathematical fitting of the NMR signal, provides an indirect representation of the sample’s pore size and distribution.



Bound water and bulk water represent the two categories of enriched water in the pore; NMR can be utilized to identify the borders between these two liquid types, enhancing the estimation of pore permeability. There are differences in the relaxation times of the free state, pore-confined, and adsorbed water, and a cut-off value (T2cutoff) is generally used to distinguish the different states [59].



The T2cutoff value (Figure 3) can separate bound water from bulk water; the T2cutoff value obtained from centrifugal tests divides the T2 spectrum into two parts, bound water pore volume is represented by the sum of T2 distributions smaller than the T2cutoff value and bulk water pore volume is represented by the sum of T2 distributions larger than the T2cutoff value [59,80].



The Coates model (Figure 4) is a frequently used model for permeability estimation. It can be used to estimate formations that include hydrocarbons and water:


  K =           ∅   C       2       F F I   B V I         2    



(4)




where   ∅   is porosity;   K   is permeability; the constant C reflects the correlation between the pore throat and pore size as a function of pore geometry.



Different hydrogen fractions in complex pore structures can be more accurately identified by 2D NMR T1–T2 correlation maps and T1–T2 ratios (Figure 5). Furthermore, these identify a variety of fluids in different pore types, such as organic pores (OP) and inorganic pores (IP), including inter- and intra-particle pores, as well as detecting the geochemistry of organic pores.



The PSD of NMR can be calibrated by N2GA and SEM. To obtain a quantitative relationship between T2 and PSD, the two peaks of the T2 spectrum are combined with N2GA (microporous PSD) and SEM (mesoporous PSD), respectively. From this, linear and power index fitting equations were established to derive a linear model and a power index model to calibrate the PSD (Figure 6).




2.1.2. Nuclear Magnetic Resonance Cryoporometry


Nuclear magnetic resonance cryoporometry (NMRC) is an emerging method to analyze the PSD of nanoscale porous materials. The Gibbs–Thompson equation, which forms the basis of NMRC theory, determines the relationship between the melting temperature (    T   m    ) of a solid and pore size (x):


  ∆   T   m   =   T   m   −   T   m     x   =     K   G T     x    



(5)




where     T   m     is the melting temperature of the solid,   ∆   T   m     is the decrease in melting temperature,     T   m     x     is the melting temperature of a crystal with pore diameter x, KGT is the Gibbs–Thompson constant [81,82].



PSD is the pore volume differential coefficient of pore size (x), and is expressed as dV/dx. Since KGT is an experimental empirical value, the increase in pore diameter x corresponds to   ∆   T   m    .



The pore volume can be detected through NMRC by using the following expression:


    d V   d x   ∝   d I   d x   =     K   G T       X   2     ×   d I   d   T   m     x      



(6)







The choice of probe material to characterize a geological sample can have a significant impact on the accuracy of the measurements. Probe materials with varying KGT values have a direct effect on the accuracy of pore size analysis at the same temperature control; the main probe materials currently used in the NMRC characterization technique include water, OMTCS, cyclohexane, and calcium chloride hexahydrate (Table 4).




2.1.3. Mercury Intrusion Capillary Pressure


The basic principle of MICP is based on the non-wetting property of mercury towards most solid interfaces.



Mercury enters the capillary without wetting the surface and overcomes the capillary pressure while expanding in the pores and throats, where the capillary pressure     P   c     can be expressed as:


    P   c   =   2 σ   cos  ⁡  θ     R    



(7)




where R is pore radius, σ is interfacial tension, θ is static contact angle. The pore or throat radius distribution curve can be calculated by the equation, while the capillary pressure curve is generated from the entering mercury volume and the corresponding pressure obtained in the mercury pressure experiment [87].



This method has both advantages and limitations. One of the advantages is the wide range of experimental pressures, as shown in Equation (7), where different pressure values correspond to pores of a certain pore size; secondly, experimental capillary pressure curves for mercury rejection can be obtained to analyze the samples’ surface wettability; lastly, batch experiments can be easily conducted owing to the speed of the experiment.



The following are the limitations: (1) For samples with low porosity and low permeability, the resulting high pressure can create artificial cracks that introduce inaccuracies, which are especially noticeable in block samples; (2) The Washburn equation assumes that the sample pores are smooth cylindrical connected pores, but the pores of unconventional reservoirs have complex morphology and rough pore surfaces, which will cause errors in actual measurements; (3) R in Equation (7) is the maximum pore diameter to be measured, the existence of pore throats causes the measured PSD to deviate from the true value.



Nowadays, a good match between MICP-N2GA integrated porosity and helium porosity of the same sample validates some new data calibration methods, and an adequate correlation between the PSD curves recorded by these methods in their overlapping pore size range [5].




2.1.4. Constant-Rate Mercury Injection


Yuan and Swanson were the first to perform the RCMI experiments on the APEX (pore inspection equipment) pore analyzer.



The RCMI method injects mercury into pores at a very low velocity, obtains information about pore structure based on fluctuation of pressure controlled by the throat, and sequentially goes from one throat to another, thus distinguishing the pores and throats within the samples. The results can be visualized and quantitatively analyzed for parameters such as pore size, PSD, pore-throat radius ratio and throat channels.



As the mercury enters the main throat 1, the pressure gradually increases (Figure 7). Once it breaks through the throat, there is a sudden drop in pressure, known as the first pressure drop O(1); the mercury then fills the first hole gradually and moves on to the next throat, causing a second secondary pressure drop O(2); this process continues until all the holes controlled by the main throat are filled, and the pressure reaches the value of the main throat, completing the unit. The radius of the main throat is defined by the pressure at the breakthrough point, and the size of the orifice is determined by the volume of mercury feed. Hence, the size and number of throats can be distinctly observed in the typical intrusion and extrusion curve of RCMI.



Figure 6 depicts the experimental procedure. Initially, mercury enters throat I; once the pressure reaches a specific threshold, mercury breaks through the throat and enters pore 1, and the pressure drops; pore 1 then fills and the pressure rises. Mercury next breaks through throat II and enters pore 2, causing another drop in pressure; this cycle remains until the experiment ends. Compared with MICP, RCMI has a significantly lower maximum inlet pressure, leading to a higher minimum throat radius [58].



The MICP method is generally based on the capillary bundle model, which assumes that the porous media is composed of uniform capillary bundles of varying diameters. This method only provides information about the volume of pores controlled by the throat and is unable to measure the number of throats directly. In contrast, the RCMI method assumes that the porous media consists of throats and pores with different diameters, this method can simultaneously obtain information about both the pores and the throats (Figure 8). It is particularly suitable for low permeability and ultra-low permeability reservoirs with ranging properties of pore and throat. The completion of RCMI experiments usually takes 2–3 days due to the slow quasi-static mercury feed process. The contact angle θ closely approximates the static contact angle, thus in the experimentally obtained throat radius nearly equals the actual throat radius. Thereby, the RCMI method has the advantage of quantitatively characterizing the microscopic throat structure.




2.1.5. N2 Gas Adsorption


Based on the physical adsorption principle of gas and capillary condensation theory, the N2GA method can measure the pore volume (PV), specific surface area (SSA), pore structure, pore shape, and PSD of porous media. The PSD is usually calculated using the BJH (Barrett-Joiner-Halenda) model [88], which points out that the assumed hypotheses are the same as in the MICP technique: a bundle of capillary tubes (cylindrical) connected to the sample’s borders. For SSA calculations, the BET (Brunauer-Emmett-Teller) method is generally used [1,16,75,89].



According to the principle, the sample is placed in a nitrogen-helium gas mixture environment at liquid nitrogen temperature (77 K), and part of the nitrogen molecules are adsorbed on the samples’ pore surface. As the relative pressure increases, the thickness of the nitrogen adsorption layer rises until the pressure matches the corresponding pressure within the pores, then capillary condensation occurs, allowing the samples’ adsorption-desorption isotherms and nitrogen adsorption capacity at various pressures to be determined. When relative pressures (P/P0) are close to 1.0, coalescence occurs on all surfaces [9].



Adsorption or desorption isotherms are obtained by measuring the amount of adsorbed nitrogen and the equilibrium pressure. These are then divided into five categories (Figure 9: from I to V).



Types A, B, C and D hysteresis curves correspond to cylindrical pores, slit-like pores, t wedge-shaped pores, and bottle neck pores, respectively.



The advantages and limitations of the above quantitative characterization techniques are summarized in Table 5.





2.2. Qualitative Characterization Methods


2.2.1. Field Emission Scanning Electron Microscopy


FESEM’s ultra-high resolution of 0.5–2 nm enables image processing for surface morphology analysis of samples. With its X-ray spectrometer, the FESEM is one of the most useful tools for observing morphology and analyzing micro- and nanoscale pore structure (Figure 10). It can assess micro-area elements on sample surfaces both qualitatively and quantitatively; further, it can analyze the chemical composition and morphology of the samples.




2.2.2. Laser Scanning Confocal Microscopy


Laser scanning confocal microscopy (LSCM) utilizes a laser spot as a fluorescence excitation light for continuous scanning of samples, blocking the out-of-focus plane light through spatially conjugated diaphragms (pinholes) and imaging [91]. LSCM offers a high level of detail, with the ability to magnify up to 10,000 times and achieve an ultimate resolution of 0.15 μm. By employing LSCM, it is possible to rebuild 3D pictures and achieve both 3D imaging and structural reconstruction of the pore throat [92] (Figure 11).




2.2.3. Focused Ion Beam–Scanning Electron Microscopy


Seliger et al. pioneered the development of the world’s inaugural focused ion beam (FIB) system in 1978 at Hughes Research Labs (Malibu, CA, USA), utilizing liquid metal gallium (Ga) ions as the emission source. FEI subsequently manufactured the initial focused ion beam system in 1982 and the first electrostatic field-focused electron in 1988. Subsequently, the initial FIB-SEM system was effectively created by integrating a standard scanning electron microscope with the FIB system, positioning the ion beam at a specific angle relative to the electron beam. The FIB-SEM imaging principle is similar to that of SEM, as both use the detector to capture the excitation of the secondary electron imaging; the main difference is that FIB uses an ion beam as the irradiation source, which possesses greater power and mass compared to electrons.



FIB-SEM can analyze and simulate microscopic pores and perform nanoscale 3D reconstruction of unconventional reservoirs to gain insight into the microscopic pore structure inside the reservoir (Figure 12). Specifically, it can characterize the structure, orientation, grain morphology, size, distribution and other information of samples.




2.2.4. Transmission Electron Microscopy


Roska invented the transmission electron microscope (TEM) in 1932, which uses electron beams as the light source. The principle of TEM is to project an electron beam onto a very thin sample. When the electrons collide with the atoms in the sample, the trajectory of the electrons changes, resulting in solid angle scattering. The magnitude of the scattering angle is associated with the density and thickness of the sample; this relationship allows for the formation of bright and dark pictures, which may be viewed on imaging devices after being magnified and focused (Figure 13).



The resolution of TEM surpasses that of OM, achieving a range of 0.1~0.2 nm with magnifications ranging from tens of thousands to millions of times. Therefore, TEM can be used to observe the intricate morphology of samples, including the arrangement of just one column of atoms.



TEM contains three levels of lenses. The lenses include a focusing lens, an objective lens, and a projection lens. The focusing lens is used to mold the initial electron beam, while the objective lens is utilized to focus the electron beam as it traverses the sample, ensuring it passes through the samples. The magnification of TEM is determined by the ratio of the image plane distance of the sample to the objective lens. Cryo-microscopy typically involves integrating a sample freezing device into a conventional transmission electron microscope to cool the sample to liquid nitrogen temperature (77 K). This process minimizes electron beam damage and sample distortion, allowing for a more accurate representation of the sample’s shape.




2.2.5. Atomic Force Microscopy


Atomic force microscopy (AFM) is employed for studying the surface structure of porous media. By detecting the interatomic contact force between the sample surface and the micro force-sensitive components, the surface structure and characteristics of porous media are examined. The force modifies the state of the micro-cantilever, which is fixed at one end and has a micro-tip near the other end that interacts with the samples. With nanoscale resolution, the sensor will identify the change and determine the force distribution, providing information on the surface morphological structure and surface roughness [94,95,96,97].



Recently, AFM has been widely used for on the situ imaging in nanoscale and direct measurement of oil–rock interaction [98,99]. By using quantitative force curve data, it can be utilized to confirm the in situ wettability of the reservoirs and validate the adsorption of nanoparticles on the solid surfaces [99,100,101,102]. By measuring the thickness of the oil–water film directly on the sample surface, the force between the sample and the liquid film, and the roughness of the solid surface, an AFM probe may investigate changes in the wettability of the solid surface. Deng et al. [103] evaluated the wettability of reservoir rock mineral particles based on AFM; the study utilized AFM to measure micrometer-sized water droplets on the surface of quartz minerals of sandstone reservoir to calculate the water–quartz contact angle. Most studies evaluate the wettability-changing ability of wetting agents based on macroscopic phenomena such as contact angle. Three types of operating modes are distinguished according to how the tip interacts with the sample (Table 6).



The advantages are that the sample does not require pretreatment and AFM can directly image the surface morphology of nanoscale pores or pore throats. During the experiment, it is not easy to damage the sample and it can provide three-dimensional images of the surface. The main disadvantages include the image ranging limitation, its slow imaging speed and the probe’s substantial impact on the measurement results.



In previous studies, shale samples from the Longmaxi Formation in the Sichuan Basin were selected for AFM and N2GA experiments. The study proposes a new method to quantify shale porosity and a dual-threshold discrete integration method to estimate the pore contribution of major materials [44].



The advantages and limitations of the above qualitative characterization techniques are summarized in Table 7.





2.3. X-ray Radiation Method


2.3.1. Small Angle X-ray Scattering


The development of the SAXS technique is based on the idea that a porous medium consists of two phases (pore matrix), which has been consistently investigated by Guinier, Fournet and Porod. X-ray scattering is caused by the difference in electron density between the pore space and the reservoir rock matrix. The parameters of the pore structure in an ideal two-phase system are ascertained as follows:


  I   q   = 4 π ·       ρ   m   −   ρ   p       2   · φ ·   1 − φ   · V ·   ∫  0   ∞      r   2     γ   0     r       sin  ⁡    q r       q r     d r  



(8)






    R   g   =    3   5    · R  



(9)






  q = 4 π   sin  ⁡    θ   λ      



(10)






  D =   2 π   q    



(11)




where     γ   0    : normal correlation function of the reservoir sample;   I   q    : scattering intensity; q: scattering vector;         ρ   m   −   ρ   p       2    : electron density difference between the sample matrix (    ρ   m    ) and the air in the pores (    ρ   p    ), proportional to the pore density); φ: volume fraction of the pores in the sample (total porosity); V: volume of the sample; R: pore radius; Rg: radius of gyration of the pores; λ: the wavelength of the X-rays; 2θ: scattering angle; D: pore diameter.



Based on Porod’s theory, the scattering intensity of SAXS is given by the following equation:


  I   q → ∞   = 2 π   I   e   ·       ρ   m   −   ρ   p       2   ·   S     q   4      



(12)






    lim  ⁡      q   4   · I   q       = K  



(13)




where K: Porod constant; S: surface area; Ie: scattering intensity of electrons. When there are electron density fluctuations at the pore boundary, the Porod curve shows a positive deviation; when there is a fuzzy phase boundary in the pore, the Porod curve shows a negative deviation.


  Q =   ∫  0   ∞    I ·   q   2   d q   =   I   e   · V · 2   π   2   φ ·   1 − φ   ·       ρ   m   −   ρ   p       2    



(14)







Based on Equations (12) and (14), the SSA can be expressed as:



where Sv: specific surface area; Q: an integral invariant. The 2D scattering images can be converted to 1D scattering data by FIT2D software V12. Equation (13) determines the I(q)–q curve, and then the structural information such as Rg, pore size, fractal dimension, and thickness of the interfacial layer are calculated by post-processing.




2.3.2. X-ray Computed Tomography


Because of the considerable non-homogeneity of reservoir pores, it is important to precisely figure out how pores and fractures are developing to formulate a development program that would maximize returns from exploitation. In the 1980s, medical CT scanning technology was brought to the field of core analysis; as science and technology advanced and research methods were refined, this technology became widely applied in a variety of fields, including saturation and porosity measurement, core inhomogeneity characterization, and more.



The basis of CT imaging is the concept that CT involves using an X-ray beam to scan a sample via layers of a specific thickness; the X-ray attenuation difference is used to create two-dimensional slices. The computer system uses the “filtered-back projection” algorithm to rebuild the two-dimensional slices after converting the attenuation coefficients into CT numbers, which show up as gray values in the grayscale image. CT is equipped with an X-ray microscope, sample stage and slice reconstruction processing software, enabling non-destructive three-dimensional imaging of samples in their original state, and for determining the PSD, size, and connectivity of nano-submicron pores and throats in the reservoirs.



Equation (15) expresses how the X-ray beam attenuates during the scanning process:


  I =   I   0   e x p   − μ D    



(15)




where I: the residual intensity of the ray after it passes through the sample, is the initial intensity of the ray; μ: ray attenuation coefficient, is related to the sample density and atomic coefficient. The larger the μ, the closer the point; μ represents the distribution of the density of the substance; the attenuation coefficient is usually converted to the CT number. D: thickness of the substance.



Currently, CT analysis methods are mainly divided into image direct observation, CT number analysis, and 3D reconstruction model methods (Table 8).





 





Table 8. Three Analysis Methods of XCT.






Table 8. Three Analysis Methods of XCT.





	Method
	Image Direct Observation
	CT Number Analysis
	3D Reconstruction Model Method





	principle
	the internal structural features of the core can be directly observed;

in the scanned section, there are 256 levels of grayscale, with 0 representing the darkest (all black) and 255 representing the brightest (all white);

lower density material appears as black and higher density material appears as white (Figure 14).
	CT values correlate with the attenuation coefficient and indirectly reflect the density of the substance;

for scanned samples, the larger mean CT value indicates a denser, more inhomogeneous substance.
	threshold segmentation is performed by recognizing material with different densities and pores according to their respective CT number distribution intervals;

none standardized criteria for setting the threshold.
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Figure 14. Porosity calculated from AFM-calculated values and N2GA-converted values, respectively [44]. 






Figure 14. Porosity calculated from AFM-calculated values and N2GA-converted values, respectively [44].
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In image visualization, the white part of grayscale represents mineral grains or high-density cement, such as silica; the black part represents micropores and microfractures; and the gray part represents the matrix components.



Mimics 21 software is used for processing CT statistics, Avizo 9.2 software performs 3D model reconstruction, and the researcher establishes the thresholds relying on their subjective judgment, which may lead to limited and inaccurate reconstruction outcomes (Figure 14, Figure 15, Figure 16 and Figure 17).



The advantages and limitations of the above X-ray characterization methods are summarized in Table 9:





2.4. Comprehensive Characterization PSD of Reservoir


Comprehending and defining the pore structure of reservoirs is vital for efficient hydrocarbon exploration. Reservoirs exhibit unique pore features, prompting the development of numerous methodologies to evaluate intricate pore systems. Table 7 outlines the benefits and constraints of these techniques; choosing the most suitable approach for characterizing reservoir pores is crucial for accurately evaluating reservoir potential and optimizing extraction procedures. The current challenge and primary focus of research in this field is how to harmonize multiple scales of PSD produced through several approaches onto a unified coordinate scale. Existing studies focus on quantitative characterization by stitching PSDs acquired by various methods (Figure 18, Figure 19, Figure 20, Figure 21, Figure 22 and Figure 23); however, there is still work to be done on the problems of image scale extension and feature point selection for quali–tative characterization methodologies [4,15,16,58,66,72,104,105,106].



The PSDs derived by the two SAXS models (Gaussian distribution model and maxi–mum entropy model) are different. The PSD obtained from the Gaussian distribution model for the range of 0–15 nm and the PSD obtained from the maximum entropy theory for the range of 15–48 nm were similar to the PSDs acquired from the NMRC.



The calculations between pore volume and pore size are different; while NMRC tests open pores, SAXS tests both open and closed pores, resulting in larger pore volumes. During NMRC experience, the interaction between water and the sample itself can cause pore dilatation and mineral dissolution. Specifically, the expansion of clay minerals owing to water interaction may increase the number of micropores. The bigger pore volume is correlated with the larger pore SSA, as shown by the strong positive association between TPV and SSA (Figure 18).



The combined analysis of CTS, SEM and HPMI contributed to a comprehensive study of the unconventional pore system (Figure 19).



Research in imaging is also innovating; for example, Du combines FESEM and XCT to establish three parameter categories, i.e., size, direction and morphology, through which the pore evolution characteristics of unconventional reservoirs at microscale depths can be investigated [109].



Based on the non-homogeneous nature of unconventional reservoirs, fluid flow in nanoscale microscopic pores has also become a major challenge in characterization [13], such as the nature of the initial interface between two miscible fluids and the control by peripheral magnetism on the convection of Casson fluids formed by the internal temperature variations in the microscopic pores [110,111,112,113].




2.5. Method Limitations and Challenges


The characterization of microporous structures in unconventional reservoirs still faces many challenges in both qualitative description and quantitative analysis, which need to be studied in depth.



In terms of qualitative characterization, the current results for nanopores inevitably contain errors. In order to improve the accuracy of characterization, there is an urgent need to develop higher precision techniques. At present, it is difficult for image observation techniques to take into account the needs of high resolution and large field of view. Optical microscopes and scanning electron microscopes can cover a wider field of view but lose resolution, while high-precision techniques suffer from the problems of small observation range, poor representation of the samples, long time-consumption, and high cost. In the 3D reconstruction technique, the threshold segmentation of the image is controlled by human factors, which leads to inaccurate hole throat localization. Therefore, combining the application of machine learning and imaging technology, further updating and improving the pore network modeling method, reducing the influence of human factors, and improving the characterization accuracy to solve the research bottleneck of high resolution and large field of view is an important development direction of unconventional reservoir characterization technology.



In terms of quantitative characterization techniques, the joint characterization of the full pore size distribution is the mainstream direction. The data splicing part of different quantitative experimental results is often contradictory. In future research, we need to analyze and compare the experimental principles and accuracy of various testing techniques in depth, find the number of unified parameters that can connect various techniques in series, and correct the errors effectively. This will help to understand the pore structure of unconventional reservoirs more comprehensively and provide more accurate data support for oil and gas exploration and development.





3. Characterization of Reservoir Inhomogeneity by Fractal Dimension (Df)


Previous studies defined fractals as self-similar objects independent of the level of magnification, characterized by the fractal dimension Df [114]. Since Mandelbrot (1977) proposed fractal theory, it has been widely used in petroleum exploration and development. Fractal theory is used to quantitatively characterize the inhomogeneity of reservoirs, explaining irregular, unstable, and highly complex pore structure features, and helping to relate macroscopic petrophysical parameters (porosity, permeability) to microscopic pore structure (pore diameter, PSD and pore throat connectivity).



Within the same scale range, the smaller Df represents a simpler reservoir pore structure, strong homogeneity, and the formation of the reservoir is conducive to the filling and enrichment of hydrocarbons [16,115,116]. The Df of the reservoir pore structure ranges from 2.0 to 3.0 (not included). A low Df (close to 2.0) indicates that the pore throat structure is regular and the pore surface is smooth; on the contrary, a Df close to 3.0 indicates that the pore throat structure is rough and the pore structure is complex. The change in pore morphology from regular to complex, which lowers permeability and obstructs pore fluid movement, is reflected in the increase in Df. Here are varies factors affecting the Df in Table 10.



According to fractal theory, the number of pores with a radius greater than r, N(>r), is related to the power function of the pore radius as follows:


  N   > r   =   ∫  r     r   m a x      P   r     d r ∝   r   −   D   f      



(16)




where     r   m a x    : maximum pore radius; P(r): distribution density functions of pore radius.



MICP, N2GA, NMR and NMRC methods can be used to infer the Df of the reservoir.



3.1. Fractal Dimension (Df) of Mercury Intrusion Capillary Pressure


In MICP analysis, assuming that the pores of the reservoir sample are cylindrical, the number of pores with a pore radius greater than r can be expressed by Equation (16). The complex pore throat structure is considered as a series of interconnected irregular capillary networks [59,79,117,118,119,120,121,122,123,124].



Assuming that the pores in the reservoir sample are tubular (tube model), N(>r) can be expressed as:


  N   > r   =     V   H g     π   r   2   l   ∝   r   −   D   f      



(17)




where     V   H g    : cumulative volume of mercury at a specific capillary pressure; l: the length of the capillary.



According to the Yang–Laplace equation, the pressure of mercury injection can be expressed as:


    P   c   =   2 σ   cos  ⁡  θ     r   ,     V   H g   ∝   P   c     D   f   − 2    



(18)







The Df relating the mercury saturation     S   H g     to the capillary pressure     P   c     can be expressed by the following equation:


    S   H g   = a   P   c     D   f   − 2    



(19)




where a is a constant. Slope “    D   f   − 2  ” can be obtained from the plot of     log  ⁡    S   H g       vs.     log  ⁡    P   c      :


    log  ⁡    S   H g     =     D   f   − 2     log  ⁡    P   c     +   log  ⁡  a    



(20)







This equation describes the linear relationship between     log  ⁡    S   H g       and     log  ⁡    P   c      . The Df is calculated by Df = S + 2.



In addition to the tubular model, the ball-and-stick model (l = r) is also widely adopted by many scholars. Considering rmin ≪ rmax,     S   v     can be described as:


    S   v   =     r   3 −   D   f     −   r   m i n   3 −   D   f         r   m a x   3 −   D   f     −   r   m i n   3 −   D   f       =       r     r   m a c         3 −   D   f      



(21)




where     S   v    : accumulated pore volume corresponding to the total pore volume less than the pore radius of r, i.e., the saturation of the wetting phase during mercury injection. Thus:


    S   v   = 1 −   S   H g    



(22)







By the formula


    P   c   =   2 σ   cos  ⁡  θ     r   ,     V   H g   ∝   P   c   D − 2    



(23)







Equation (24) can be expressed as follows:


    S   v   =         P   m i n       P   c         3 −   D   f      



(24)







The logarithm of both sides of the equation yields:


    log  ⁡    S   v     =     D   f   − 3     log  ⁡    P   c     −     D   f   − 3     log  ⁡    P   m i n      



(25)






    D   f   = S + 3  



(26)








3.2. Fractal Dimension (Df) of N2 Gas Adsorption


Qi et al. proposed that the Frenkel–Halsey–Hill equation (FHH model) can be used to calculate     D   f     from N2GA data, which is described by the following equation:


    ln  ⁡    V     V   0       = A   ln  ⁡      ln  ⁡    P     P   0           + C  



(27)




where C is a constant; A is derived from the slope of the     ln  ⁡    V     V   0         vs.     ln  ⁡    P     P   0         curve [16,108,109,125,126,127,128].
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Figure 21.     ln  ⁡  V     vs.     ln  ⁡      ln  ⁡      P   0     P           curves [115]. 
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The FHH plot of the coal samples is shown in the figure, indicating that there are different fractal regions on the coal surface. Based on the fitting coefficient R greater than 0.95, the “average” Df was used to describe the overall roughness of the coal surface.




3.3. Fractal Dimension (Df) of Nuclear Magnetic Resonance


In the fractal model, the number of pores N(r) with dimensions greater than r is calculated from the total fractal equation above. In NMR measurements, the cumulative porosity     V   p     can be expressed by Equation (32) [19,78,79,129,130,131,132,133,134].


    V   p   =         r     r   m a x         3 −   D   f     −         r   m i n       r   m a x         3 −   D   f       1 −         r   m i n       r   m a x         3 −   D   f        



(28)




where     r   m a x     is the maximum pore size;     r   m i n     is the minimum pore size. These two parameters correspond to the maximum and minimum T2 values, respectively.



Equation (28) describes the mass fractal model of the PSD in NMR measurements. The pore size r is directly related to the     T   2     value; thus, Equation (29) can be obtained:


    V   p   =           T   2         T   2     m a x         3 −   D   f     −           T   2     m i n         T   2     m a x         3 −   D   f       1 −           T   2     m i n         T   2     m a x         3 −   D   f        



(29)




where       T   2     m a x     and       T   2     m i n     are the maximum and minimum T2 values. Equation (29) quantifies the relationship between the T2 relaxation time distribution and the Df of the pore system.



Since the minimum value of the T2 (      T   2     m i n    ) is small enough compared to the associated measured T2, Equation (30) is obtained:


    V   p   =         T   2         T   2     m a x         3 −   D   f      



(30)




where     V   p     is the accumulative pore volume at T2 values;       T   2     m a x     is the maximum T2 value in the NMR T2 spectrum.



Df can be calculated from the slope     3 −   D   f      :


    log  ⁡    V   p     =   3 −   D   f       log  ⁡    T   2     +     D   f   − 3     log  ⁡      T   2     m a x      



(31)




where       T   2     m a x     is the maximum relaxation time, ms;     V   p     is the cumulative volume.



Equation (31) describes the linear relationship between     log  ⁡    V   p       and     log  ⁡    T   2      ; Df can be calculated from the slope “  3 −   D   f    ” of the     log  ⁡    V   p       vs.     log  ⁡    T   2       plot.



The research also needs to determine the demarcation line between capillary bound water and movable water—the T2cutoff value, T2c. The part of T2 smaller than T2c or larger than T2c characterizes the fractal features of bound and movable water, respectively.
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Figure 22. The double-logarithm coordination showing the relationship between     V   p     and T2 [134]. 
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3.4. Fractal Dimension (Df) of Nuclear Magnetic Resonance Cryoporometry


Combining the principles of Df calculation with the NMRC results, it is found that NMRC data can also be used for the estimation of Df of unconventional reservoirs:


  ∆   T   m   =   T   m   −   T   m     x   =     K   G T     x    



(32)







The following expression can be derived:


  ∆     T   m     m i n   =     K   G T       x   m a x      



(33)







And then can be expressed as:


    S   v   =       ∆     T   m     m i n     ∆   T   m         3 −   D   f      



(34)




where     S   v     is the cumulative volume of the pore with radius less than r;   ∆   T   m     is calculated using raw NMR signal intensities at different temperature points. Taking the logarithm of the above equation [85,88].


    log  ⁡    S   v     =     D   f   − 3     log  ⁡  ∆   T   m     +   3 −   D   f       log  ⁡    ∆   T   m     m i n      



(35)
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Figure 23. Df curves obtained from NMRC [93]. The fractal dimension ranges from 2.8063 to 2.9847 for segment I, and from 1.4181 to 2.3621 for segment II. 
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3.5. Relationship between Df and Physical Properties of Reservoirs


Df has no obvious correlation with porosity, but is negatively correlated with permeability. When Df is larger, the pore structure is more complex, making it difficult for fluids to pass through and resulting in a decrease in permeability.



As shown in Figure 24, both Dg-s and Dg-b are negatively correlated with porosity and permeability. In terms of porosity, the coefficient of determination between Dg-b and Dg-s, shows that the porosity is mainly affected by the Df of large pore throats with regular shapes and smooth surfaces, while small pore throats only affect porosity to a certain extent. Regarding permeability aspects, the coefficient of determination between Dg-s, Dg-b and permeability are similar, which means that Df of both large and small pore throats has an impact on the permeability.





4. Conclusions and Future Research


This review outlines the methods and fundamentals of characterizing microporous systems in unconventional reservoirs, summarizes the fractal analysis methods corresponding to the different methods, and sorts out the relationship between the fractals and reservoir macroscopic physical properties (porosity, permeability, etc.) with the reservoir microscopic pore structures (pore structure parameters, pore connectivity, etc.). The conclusions are drawn as follows:



The scale of the pores in unconventional reservoirs varies greatly, ranging from nanometers to microns. When the characterization study of the reservoir focuses on the range of less than 10 nm, it is recommended to combine TEM, FIB-SEM, AFM and SAXS methods. For pores smaller than 100 nm, N2GA, NMRC and FESEM methods can be mainly used, and for the characterization of the range of hundreds of nanometers and micrometers, CTS, OM, MICP, CRMI, and NMR methods can be effectively combined. XCT (threshold segmentation) and CRMI techniques can be used to effectively differentiate between pores and throats, and the connectivity of pores can be combined with the pore connectivity analysis of XCT and the MICP technique; when the study involves the information of minerals and bioclastic debris, the OM and XCT techniques are the most intuitive, and the details can be further investigated by the FIBSEM and FESEM techniques; when obtaining pore diameter characterization while focusing on the information of fluids within the pore, it is recommended to use the NMR (T1, T1–T2) and NMRC techniques.



The techniques and ideas for characterizing the pores are constantly advancing. This is mainly demonstrated through improvements reflected in the accuracy of characterization (the integrated approach of FIB-HIM and FIB-SEM extends organic pore imaging and quantitative analysis to less than 10 nm), calibration of the range of PSD (converting T2 spectra of NMR to full-scale PSD by using linear and power exponential models in combination with N2GA and SEM), identification of different hydrogen components in the pore system (T1/T2), and dynamic assessment of unconventional reservoirs (estimation of seepage resistance during water displacement based on pore throat size and distribution characteristics using a capillary bundle model, and modeling to dynamically monitor and evaluate the coproduction behavior of multilayer reservoirs).



The issue of balancing spatial resolution with the field of view remains unresolved. Destructive characterization approaches yield data with some inaccuracies, to ensure the reliability of the results, it is necessary to compare them with those obtained by non-destructive techniques.



The analysis of fractal dimension can effectively identify the quality level of reservoirs. Research on macroscopic petrophysical parameters shows that the saturation of movable fluid is negatively correlated with Df due to the complex pore-throat structure that reduces the permeability and destroys the storage space of free fluid. The mineral composition analysis reveals that the fractal dimension is positively correlated with quartz, negatively correlated with feldspar, and weakly correlated with clay mineral content, which needs to be analyzed specifically for each individual reservoir.



In future qualitative characterization research, the injection of contrast agents can be used as a new approach to study the pore structure and enhance the quality of imaging; moreover, the combination with molecular dynamics simulation and artificial intelligence techniques can effectively improve the spatial resolution of images and explore the adsorption/desorption of gases within the pores. This combination also helps in reducing the computational cost of these processes. Furthermore, the utilization of 4D imaging, which combines three-dimensional visualization with real-time monitoring, allows for the observation of the dynamic alterations in microstructure at the pore-scale level, this capability is of utmost importance for future research endeavors.



Regarding quantitative characterization, there are several emerging research areas that can be explored, such as supercritical CO2-enhanced integrated shale gas recovery, carbon geological sequestration, and advanced underground hydrogen storage; these areas aim to achieve the goals of long-term energy supply and net-zero carbon emissions.
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Figure 1. Schematic diagram of pores, pore throats and microcracks. 
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Figure 2. Techniques for characterizing reservoir pores. 
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Figure 3. (A) Principle of calculating the T2cutoff; (B) 2D core-NMR model used for fluid identification. 
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Figure 4. T2 relaxation distribution of sandstone reservoir samples, and differences between Coates and SDR penetration models. 
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Figure 5. Schematic diagram of water saturation model for samples with tree–like pore–throat structure; NMR fluid type map for shale [60,62]. 
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Figure 6. Conversion method for NMR T2 spectrum [66]. (A) SEM image; (B) cumulative PSD; (C) pore morphology determined by N2GA; (D,E) conversion method for NMR T2 spectrum. 
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Figure 7. Schematic diagram of the mercury leading edge breaking through each pore structure with corresponding pressure changes, obtained throat and total pore-throat size distribution [60]. 1–4 represents different pore throats. 
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Figure 8. Comparison of MICP and RCMI. 
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Figure 9. Types of pore shapes and N2 adsorption/desorption isotherms. 
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Figure 10. Image of tight sandstone and shale samples by FESEM [2,90]. (A) intragranular dissolution micro-pores in feldspar minerals; (B) inter-crystalline pores in illite aggregates; (C) microfractures around the rock particles; (D) type II dissolution intraP pores and linear intraP pores in fractured sheets of clay minerals; (E) interP pores between pyrite particles; (F) micro-fractures along the OM particles and clay minerals. 
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Figure 11. LSCM micrographs of the 3D pore structure of silty and clayed laminae [93]. Green: detrital mineral; red: light component; yellow: laminations; blue: heavy component. (a): detrital mineral; (b): light and heavy component. 
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Figure 12. FIB-SEM demonstrating the 2D pore fracture structure of a coal sample. (A) Image of sample FIB slice; (B) reconstructed 3D model and extracted pore network by FIB-SEM in coal formed by regional metamorphism. Gray: organic matter; purple: pores; blue: minerals [32,33]. 
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Figure 13. (A) TEM micrograph of compacted IDP; (B) segmented image of (A) [29]. (C) Clay-hosted pores; (D) 2D profile of pore topography by Image J in (C) [1]. 
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Figure 15. Range of linear sizes of pores observable by various neutron and X-ray optical instruments. The solid line shows the typical radiation wavelength region used in the experiment [9]. 
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Figure 16. 3D visualizations of heterogeneity in coal samples at different scales: (a–c). Typical 2D sections; (d–f). 3D visualizations [52]. Red shading: micrometer scale; blue shading: macro-scale; green shading: nanometer scale [52]. 
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Figure 17. Three-dimensional characteristics of pore network of the sample: (A) individual pores with volume rendering; (B) pore skeleton network; (C) interconnected pores with volume rendering; (D) pore network model of the interconnected pores; 3D pore-throat skeleton structure, throat volume and channel length distribution: (E,F) DS9 in nano-CT scanning; red ball: pores; green tubes: throats [47]. 
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Figure 18. (A) PV distribution with pore size diameters combining the MICP and CO2 and N2GA methods [16]. (B) Comparing the pore volume proportion of NMRC and N2GA at different pore sizes [15]; (C) pore (throat) size distributions of the investigated shale samples by NMR, SEM, and MICP [66]; (D) PSD from SANS and (N2, CO2) gas adsorption as well as pore-throat sizes from MICP, for shale samples [72]; (E) the PSDs are derived from NMR, MICP, and RCMI of the outlier [105]; (F) PSD results by comparing NMRC and SAXS: (a) comparison of PSD calculated according to the Gaussian distribution model of SAXS and PSD calculated by NMRC; (b) comparison of PSD calcu–lated from SAXS maximum entropy distribution and PSD calculated from NMRC [107]. 
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Figure 19. The relationship between pore volume and SSA [76]. 
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Figure 20. The relationship between pore type and PSD in Group A reservoirs [108]. (a) Type 3: pores between clay platelets; Type 4: intraplatelet pores within clay aggregates; (b) Type 1 and Type 2: intergranular pores produced by cement and debris dissolution; (c) relationship between pore size distribution and pore types. 
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Figure 24. Relationships between porosity and permeability and Df. Fractal dimensions Dg-s of (A) or (C) (with respect to small pore throats) are from MIP; Fractal dimensions of (B) and (D) Dg-b (>3.0, with respect to larger pore throats) are from NMR. 
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Table 1. Types of Petroleum Resources.






Table 1. Types of Petroleum Resources.





	
Resource Type

	
Distribution

Characteristics

	
Accumulation Type






	
conventional hydrocarbon

	
discrete-type

	
structural pool




	
clustered-type

	
stratigraphic pool




	
lithologic pool




	
unconventional hydrocarbon

	
continuous hydrocarbon

accumulation

	
tight (sandstone) oil, gas




	
tight (carbonates) oil, gas




	
hydrate




	
shale oil, gas




	
coal bed methane











 





Table 2. Classification of Sediment Pore System.
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Classification

	
Mineral Component

	
Developmental Genesis Spatial Location

	
Development Scale

	
Morphological Characteristics






	
pores

	
clay mineral pores

	
intercrystalline pores

	
large size (>1000 nm)





medium size (100–1000 nm)





small size (10–100 nm)





micro size (2–10 nm)

ultra-micro size (<2 nm)

	
round, slit, flat, and zigzag




	
aggregates (stacks)

circumferential pores




	
clay minerals or aggregates circumferential pores




	
brittle

mineral pores

	
circumferential pores




	
dissolution pores




	
intragranular pores (non-solviferous genesis)




	
intergranular pores




	
fracture pores




	
other mineral pores

	
other mineral-related pores




	
microcrack

	
microfractures, inter-mineral microfractures, etc., caused by sedimentary tectonic genesis

	
sub-micron, micron

	
slit, flat, zigzag











 





Table 3. Throat Types.
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Throat Types

	
Examples

	
Features






	
necking

	
[image: Jmse 12 00908 i001]

	
pore throats vary greatly in size, and this variability is common in rocks with grain-supported textures, point contacts and contact cementation.




	
laminar

	
[image: Jmse 12 00908 i002]

	
pore-throat widths are generally less than 1 mm; pore-throat ratios are moderately high, common in contact cemented, line-contact, and concave-contact rocks.




	
curved laminar

	
[image: Jmse 12 00908 i003]




	
tube

	
[image: Jmse 12 00908 i004]

	
the diameter of tube is generally smaller than 0.5 μm;

the ratios of pore to throat is 1:1, which are very common in rocks with matrix support, suture contact and pore cementation.











 





Table 4. Properties of the Four Different Probe Materials.
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	Probe Material
	Melting Point (K)
	KGT (K·nm)
	Liquid Density (g/cm3)
	Enthalpy of Fusion (kJ/mol)
	Molecular Size (nm)





	Water [83]
	273.1
	57.3
	0.997
	6.01
	0.4



	Cyclohexane [84]
	279.9
	148
	0.779
	2.72
	0.67



	Octamethyl cyclotetrasiloxane [85]
	290.5
	160
	0.955
	19.7
	0.9–1.0



	CaCl2·6H2O [86]
	303.15
	-
	1.352
	37.24
	-










 





Table 5. Comparison of quantitative characterization techniques.
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Method

	
Advantages

	
Limitations






	
Low-Field NMR

	
Non-intrusive, does not destroy the sample

	
May be interfered with by magnetic impurities in the sample




	
Fast measurement for a large number of samples

	
Limited resolution, may not detect very small pores




	
Provides pore size and distribution information

	




	
NMR Cryoporometry (NMRC)

	
Directly reveals the relationship between melting point and pore volume

	
Special sample preparation and handling required




	
Suitable for complex pore structures

	
May be interfered with by other components in the sample




	
Provides a relatively complete pore size distribution

	




	
Mercury Intrusion Capillary Pressure (MICP)

	
Measures a wide range of pore size distributions

	
High pressure may alter the pore structure




	
Suitable for large pore measurements

	
The pore limit values measured by this method are related to the maximum mercury pressure of the device




	
Provides pore volume and specific surface area information

	
Calculated PSD overestimates the volume of large pores to the detriment of tiny pores




	
Constant-Rate Mercury Injection (CRMI)

	
Distinguishes between pores and throats

	
Longer experiment time




	
Provides pore and throat radii and quantities

	
Limited maximum mercury intrusion pressure




	
Obtains three capillary pressure curves

	




	
Nitrogen Adsorption

(N2GA)

	
Suitable for micropore and mesopore measurements

	
Underestimate the content of larger mesopores and macropores




	
Provides specific surface area and pore size distribution information

	
Requires a longer adsorption equilibration time




	
Non-intrusive method, does not destroy the sample

	











 





Table 6. Three Operation Modes of AFM.
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	Operation Mode
	Contact Mode
	Non-Contact Mode
	Tapping Mode





	advantages
	yielding stable, high-resolution images.
	no force applied to the sample surface.
	
	
eliminates the effect of lateral forces;



	
reduces of forces caused by adsorbed liquid layers;



	
high image resolution;



	
suitable for soft, fragile or sticky samples without damaging its surface.








	disadvantages
	
	
lateral forces may affect image quality;



	
the capillary effect of the adsorbed liquid layer on surface results in high adhesion forces between the needle tip and the sample;



	
the combined force of the lateral force and the adhesion force reduces the spatial resolution of the image, the tip of the needle crossing the sample can damage soft samples.





	
	
low scanning speed;



	
needle tip separates from the sample, resulting in low lateral resolution;



	
can only be used for hydrophobic samples; the adsorption layer must be very thin.





	slower scanning speed than contact mode.










 





Table 7. Comparison of qualitative characterization methods.
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Method

	
Advantages

	
Limitations






	
Atomic Force Microscope (AFM)

	
Provides true three-dimensional surface images

	
Limited field of view, only small areas can be observed




	
High resolution up to the atomic level

	
May be affected by interactions between the probe and the sample




	
Suitable for conductors and non-conductors

	




	
Field Emission Scanning Electron Microscope

(FE-SEM)

	
High-resolution imaging

	
Special sample preparation (e.g., metal coating) required




	
Direct observation of pore morphology and structure

	
Potential damage to the sample by the electron beam




	
Suitable for various material types

	




	
Transmission Electron Microscope (TEM)

	
High-resolution imaging, observes internal structures

	
Sample needs to be sliced, which may alter the pore structure




	
Suitable for various material types

	
Limited field of view, only small areas can be observed




	
Direct observation of pore morphology and structure

	




	
Focused Ion Beam–Scanning Electron Microscope (FIB–SEM)

	
Combines high resolution of SEM with precise cutting of FIB

	
Expensive equipment and operational costs




	
Enables 3D reconstruction and quantitative analysis

	
Complex sample preparation, may introduce artifacts




	
Suitable for various material types

	




	
Laser Scanning Confocal Microscope (LSCM)

	
Enables 3D imaging and quantitative analysis

	
Lower resolution compared to electron microscopes




	
Suitable for fluorescently labeled samples

	
May be affected by fluorescent dyes




	
Non-intrusive, does not destroy the sample

	











 





Table 9. Comparison of radiation methods for characterizing pores in reservoirs.
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Method

	
Advantages

	
Limitations






	
Small-Angle X-ray Scattering (SAXS)

	
Measures a wide range of pore size distributions

	
Complex data analysis requiring specialized software support




	
Non-destructive to the sample, suitable for various materials

	
Limited sensitivity to small pores




	
Provides pore shape and structure information

	




	
X-ray Computed Tomography (XCT)

	
Provides non-destructive testing, maintaining sample integrity.

	
Limited detection capability for large-volume samples using XCT.




	
High resolution and contrast, clearly showing pore structure.

	
Potential radiation safety concerns, requiring strict operational guidelines.




	
Applicable to a variety of materials and morphologies.

	
Relatively high equipment and maintenance costs.











 





Table 10. Factors affecting the fractal dimension Df.
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	Influencing Factor
	Features of Df
	Impact on Reservoir Heterogeneity





	Sedimentary environment
	Range of Df values
	Different sedimentary environments may lead to varying fractal characteristics of the reservoir, such as river, delta, and lake environments, which affect the structure, pore distribution, and connectivity of the reservoir, thereby influencing its heterogeneity.



	Diagenesis
	Pattern of Df value distribution
	Diagenetic processes such as compaction, cementation, and dissolution can affect the petrophysical properties of the reservoir, such as porosity and permeability, thereby affecting the heterogeneity of the reservoir.



	Tectonic activity
	Anomalous regions in Df values
	Tectonic activities like folding and faulting can lead to complex fracture and fault systems within the reservoir, which often exhibit higher heterogeneity, manifesting as anomalous values of the Df.



	Scale effect
	Scale-dependence of Df values
	At different observation scales, the heterogeneity of the reservoir may exhibit different characteristics. Larger scales may mask local heterogeneity, while smaller scales may more accurately reveal the heterogeneous structure of the reservoir.



	Measurement method
	Accuracy of Df value calculation
	Different measurement methods may yield varying fractal dimension values.
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
y=-0{1124x-1.5876

y=-0.9832x-1.1§

sample 3

-1 0
Lg(/ATm)






media/file52.png





media/file48.jpg
Permeability (mD)

10 10
)
s s
: oovae | E 0
. )
L
o
o 7 ae T s e
el menion -5 P dmension D,
\ .
ol - >
I crsuonem | & o1] omemn_ o
o i .
0.01 £ oo
. £ -
H
oo ™
20 2n 2 w28 e w0 5o o

Fractal dimension D5

Fractal dimension Db





media/file27.png
A

A

Type B:Slits

Type D:Bottle Neck

PP,
P/P,

A

A

Type A:Cylindrical
Type C:Wedge Shaped






media/file43.png
B

5

Pore voluem(cem'/nm/

SEM

RCMI

SAXS

" V/d(D) (em'/g * nm)

\

@






media/file12.jpg
Ressrvoir
T | —— s s
E— e G
. Coslbcd Mcthane
Geomeric
Sl | m  wem  dm e e im
J e [ t—
Scheme
Hodot Mhicropores  MTranstion pores Mesopores  Macropores
Scheme: o i
Funcion . —
Scheme
—————
S |\ Erission Scanning Fisciron Microssope
3 | —omiinSicon i
$% | em—rocusd o B o o Micocops
H

S Ao Fors Moy
D e T E———

S ————— TN Soion

—— i o i, P
. Gt Moy o
S S Nos eyt e

_—
— e e Neton St
— Sl X Sy

B —

— o s Niogen G Adsopion
I aton i Gos Adsorion






media/file14.jpg
E

Incremental porosity (%)

020

10
ol s
o o
oo |
i

004 2
o0 o
001 01 1 _ 10 100 1000 10000

T, ()

Cumalaive porosty (%)

®

Futs from Reor Mbod__ 5.






media/file35.png
e (D)

pore
/

ore

{)
Distance (nm)

=4
o
<






media/file20.jpg
8
R
I
i g
I
" !
ik

Comlsivegors vohume (%)





media/file53.png





media/file5.png
InV

15 m
y=—0.3439x—0.4871
1.0 — R>=0.9688
0.5 —
0.0 - N
0.5 —
~1.0
S R B R R
5 4 3 2 -1 0

In(In(P /P))






media/file19.png
T/Ts ratio=1040,

Kerogen Absorbed o

10° -
~~
£ 1
S 10
-
10° -
; Free water
Grain f
-1
10 - Structural water

, Adsorbed water
I:I - - - 10° 10" 10° 10" 10* 10° 10

Grain Bound water  Free water Clay T, (ms)





media/file45.png
SSA/(m?/g)

22 2
m R*=0.7961 R-09977 2.5
e
50| R3=0.8480
-2.0
18
P = 1.5
16 - 4
/7
“larger SSA
0 e - 1.0
14 - 4
7/
/!
/
ndl A __ > m  HPMI =4LS
larger pore volume = LP-N,GA
M = LP-CO,GA
10 I I I I I I | | 00
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Pore volume/(cm’/g)

- 240

- 200

- 160

- 120

- 80

L 40





nav.xhtml


  jmse-12-00908


  
    		
      jmse-12-00908
    


  




  





media/file11.png
dolomite

microcrack

—» quartz

\A microcrack






media/file41.png
100pm

100pm

Fr]

Channel length(nm)

*  Channel length
Throat area

g . + - 1
5 10 15 20 25 30
Throat size distribution(nm)

354040

RILLL

| —_—
2505

12000 £
4 15000 g
| =
4 104H)

=
4 5S040 ﬁ
0
35





media/file37.png
Vacuum tube  Detector

1 :_/,/f}r//T

Beamstop

10"

LDSANS
(multiple laue

-

—

—
=

—_—

—

-
-

Bonse—Hart

SAXS

(pinhole, TOY

XRD
(Bragg)_

LINEARRANGE (A)

—
=

20A

107 10° 10° 10" 10
2 THETA (degrees)





media/file46.jpg
It Pors Producd by
Feldspar-dge Disoluion

e . By

100 1000 10000 100000
Pore Diameter (um)






media/file10.jpg
dolomit X
I —> quartz

higat






media/file40.jpg





media/file16.jpg





media/file3.png
1N
1

(N
|

1

Porosity(%)

W-1

B AFM-calculated
B NLGA-converted

average(AFM)
3.06%

W-2 W-3 W-4 W-5 W-6 W-7 W-8 W-9 W-10W-11W-12

Sample





media/file22.jpg
AV /dr,em¥g

0.45
0.4
035
03
0.25
02
0.15

0.0

Inflexion ——Throat

‘Throat-
dominant

0.01 100

Radius, pm





media/file25.png
Pore and throat structure model Typical curve

1000
—8— Sample #1
—=&— Sample #2
—e— Sample #3
100 —&— Sample #4
. Sample #¢
Pore or throat diameter ~ i
QCS 10 —e— Sample #7
p=
L 1
HPMI 2
5
[ £ ol
/\/—\/\ ool
0001 1 1 1 1 )
100 80 60 40 20 0
Mercury saturation (%)
70
Total
Throat diameter 60 f Pore .
—_ 1
é so | Throat :
s - » :
S >
| '§ 40 r Pore area |
: 1
CRMI g 30t |
]
£ 20 | |
2 1
g 10 } i Throat area
Pore diameter 0 . . . ...
0.01 0.1 1 10

Capillary pressure (MPa)






media/file26.jpg
Type ACylindical

Type C:Wedge Shaped






media/file34.jpg





media/file13.png
_ Tight San
_ Shale Oil

dstone

Reservoir : :
_
Types E . Shale Gas
: _ Nature Gas Hydrate
_ Coalbed Methane
Geometric
Scale Inim 10 nm 100 nm I jum 100 um I mm Im
2< >50e——
IUPAC Micropores  Mesopores Macropores
Scheme
Hodot Micropores MTransition pores Mesopores :Macropores
Scheme
Function Adsorption pores i Secpage pores
Scheme
I Oiical Microscope
_ Field Enmission-Scanning Electron Microscope
= _ Transmlssmn Eléctron Microscapy :
O
20 'c—? _ Focused Ion Beam-Hellum Ion Microscope
£Z ; P S S S Atomic Forep Microscope
_ Focuscd Ion Bcam -Scanning Elcctron Microscope
' _ Cast Thm Section
= _ Mercury Injection Capillary Pressure
o *::3 ' _ Constant-ratc Mercury Injection
=3
o — Nuclear Megnetic Resonance
: . . . B
ks ; : _. ‘ ‘ X -ray Comput.,d Tomography
g I Small-angle Neutron Scattering i
é _ Small- angle 1 X-ray Scaﬁeﬂng
g | '
g _ Low Pressure Nitrogen Gas Adsorptlon
- : E
Q
a2 _ Carbon qumdc Gas Adsorptlon
O <






media/file31.png
oL . , 2200
e, E T 2000
2T e € <[]
; o T I 1800
- ik, ",' #1600
: . f 1400 heavy

,..;’_&——) component

18,858
0

18.8580‘x ¢ il __..4 3

Z [um] . B, ,‘-...,.':___‘_’"—) laminations Z[um] w0 - '  ' ~~
XLy 2 Y ¥ 200

- 400
Y [pm) ot
600






media/file39.png





media/file18.jpg
Freswater

Stuctral water

/ sobedwater
L —] - W A

Grain  Bowndwater Freewater  Clay 7, tms>






media/file9.png
sample 3

y=—0/1124x-1.5876

y=—0.9832x-1.1%






media/file42.jpg





media/file23.png
throat |O(1)

subison

RiSO gpr—====—= === = = = = —

O=0Order

Vi 1 V2 :V3 V4
€ 1€ itV
T T e —
Compartment.Vi Connection Volume
0.45 F ——Total
0.4 Inflexion —— Throat
- 0.35 | 5
“ 0.3 } :
= :
= 025  “Throat- : InterG. Pore-
~ . s 0
= %2 T dominant ; dominant space
5 H
= 0'01' space :
1 F :
0.05 | E Pore body
0 Laal M 2 3 3 3 221 a2 2 2.4 .a)
0.01 0.1 1 10 100

Radius, pm





media/file36.jpg
Vacuum tube  Detector

-
X-ray
Sample
Beamstop
10" gy -y -y oy oy —-roy
LDSANS
(multiple laue A=54

A

A

lem

LINEARRANGE (&)

R |

10° i
—— 3000A q

o

10 (Brage)]

arcsec a,-imi,, arcdeg

ol ol ul al
10" 10° 10" 10

2 THETA (degrees)

o eae——
L





media/file15.png
=

Incremental porosity (%)

0.20

— Fully saturated with water 10
— After 300psi centrifugation ==="AR N
- - - Saturated cumulative e .
O- 164 - Centrifuged cumulative ’ - 8
ug .
.7 S
3
=
)
0.121 5 - 6
>
&
= g
0.084 . st 4
NP (SO W8
——————— ANTTTS
3
=
0.04- 5
0.0 ' 0
0.01 1000 10,000

Cumulative porosity (%)

=

[\
o
=
@

W}
v
2

L

Fluids from Retort Method

2-D Core NMR Model for Fluid Identification

T?. cutoff, bitumen

Retort structure water

Retort bound oil

Tlcutoff, clay bound water

2cutoff, OM-0il

Retort bound water

T, (ms)

T

2cutoff, movable

Retort free oil

etort free water

T2 cutoff, residual water

%

Ti/T>





media/file28.jpg
IntraP pores InterP pores Microfractures

&
g
3
g
z
5






media/file49.png
10
(A)
8 .
~ y=-9.69x+26.69
S 6 R2=0.42
.‘E-.
g 47
(=]
A 2
0 . ' .
2.0 2.2 2.4 2.6 2.8
Fractal dimension Dg—s
1
_ (C)
-
= 0.1 1 y=754080.70e7*
o o
£ R2=0.68
:
< 0.01 |
E @
=
0.001 , . .
2.0 2.2 2.4 2.6 2.8

Fractal dimension Dg—s

10
(B)

~ 8 |
L y=—3.43x+22.50 A
E 6 1 R2=0.72
S 44 A
(=]
B, aa

0 . '

3.0 4.0 5.0 6.0

Fractal dimension Dg—b

1
_ (D)
=
< 0.1 { y=763.74e" "
g R2=0.65
-]
< 0.01 -
= o
Ay
0.001 . .

3.0 4.0 5.0 6.0

Fractal dimension Dg—b





media/file2.jpg
IS

AFM)

'
!
"
1
d

Porosity(%)

0

W-l W-2 W-3 Wed W-5 W-6 W-7 W-8 W-0 W-10W-11W-12
Sample





media/file32.jpg
it Al

Onamic M §

2D FIB Slice 3D reconstructed





media/file6.jpg
2.0

0.1601x+0.6689

y=16161x+0.4634

A R=0891
a
2.0
N
-3.0
-2.0 -L0 0.0 Lo 2.0

log(T,, ms)

3.0





media/file24.jpg
Pore and throat structure model Typical curve

Pore ar throatdiameter
HPMI
Thvoat diameter
e T
CRMI 1S
Pore diameter o

iy prosrs (P






media/file29.png
IntraP pores InterP pores Microfractures

L
<
O
~—
L/ o)
)
c
o
L/ 9}
~
<
S
H






media/file1.png





media/file50.png





media/file7.png
-390

=

. y=0.1601x+0.6689
R*=0.9913

P W
A add

g i =3.2ms

2cutoff

y=1.6161x+0.4634
R*=0.891

wwvwwvw

ks

0

0.0 1.0
log(T,, ms)






media/file33.png
-,

-

) Ol PNeNk
L M\Mineralfilled N

- 157. L4nm

Organic Minerals %

2D FIB Slice 3D reconstructed





media/file44.jpg
2 240
. R-09977 |25
]
20 08180 -
20
18
3 160
e 18
£ <
316 L
- /,'Iarg:rSSA 10 p120
1
1731 | ——— = HPMI 05 80
larger pore volume 8 LPN,GA
. = LP-CO,GA
19 +00 Lao

000 001 002 003 004 005 006 007 008

Pore volume/(cm’/g)





media/file47.png
Sy dP  Laavt] S
C-Type 4

Intraplatelet Pores i
w1thm Clay Aggregates e

C-Type 1
InterP Pores Produced by &
Feldspar—edge Dissolution &

IntraP Pores Produced by

P‘i ( Wy LHFEx \ Feldspar-inside Dissolution == #3
(€)o.002 - ! \ um |
\ & MLl \ |
\ 400m \ |MESOPOrey
< <« nanopore > mI1Cropore >
E 0.0015 r \ X I
b P E— | e N 2 3 1
E Al : X .
= L | 2 | |
= 0.001 C-Type 4 | \ v
= dominated pores : C-Type 3 Y
£ : dominated pores C-Type 1 and 2
i;’ 