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Abstract

:

Using different experimental methods, the pore radius ranges vary greatly, and most scholars use a single experiment to study pore structure, which is rarely consistent with reality. Moreover, the numerical models used in different experiments vary and cannot be directly compared. This article uniformly revised all experimental data into a cylinder model. Quantitative analysis of the full-scale pore distribution is established by mercury withdrawal–CT data, and semi-quantitative distribution is obtained by mercury–NMR–cast thin section imaging. In this paper, we introduce the tortuosity index (τ) to convert the CT ball-and-stick model into a cylinder model, and the pore shape factor (η) of the cast is used to convert the plane model into the cylinder model; the mercury withdrawal data is applied to void the influence of narrow throat cavities, and the NMR pore radius distribution is obtained using the mercury-T2 calibration method. Studies have shown that the thickness of bound water is 0.35~0.4 μm, so the pores with different radius ranges were controlled by different mechanisms in the NMR tests, with pores < 0.35~0.4 μm completely controlled by surface relaxation, including strong bound water and weak bound water; pores in the 0.4~4 μm reange were controlled by surface relaxation; and pores > 10 μm were completely controlled by free relaxation. The surface relaxivity rate of fine sandstone was 18~20 μm/s. The tortuosity index τ was generally 1~7; the larger the value, the more irregular the pores. The pore shape factor η was generally 0.2~0.5; the smaller the value, the more irregular the pores. Mercury withdrawal–CT scan data can quantitatively determine the pore radius distribution curve. The coefficient of the logarithm is positive considering porosity, and the constant is negative considering porosity. Permeability controls the maximum pore radius, with a max pore radius > 100 μm and a permeability > 1 mD. Mercury withdrawal–NMR–cast thin section imaging data can semi-quantitatively establish a pore radius distribution histogram. The histogram represents quasi-normal, stepped, and unimodal data. When 60 μm is the inflection point, if a large proportion of pores measure > 60 μm, good reservoir quality is indicated. If a large proportion of pores measures < 60 μm, the permeability is generally <0.5 mD.
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1. Introduction


The experimental methods for pore structure analysis primarily include cast thin section imaging, scanning electron microscopy, high-pressure mercury injection, nuclear magnetic resonance (NMR), CT scanning, etc. [1,2,3]. Different experimental methods have varying scales for analyzing pore size; generally, the range is 1–500 μm in the observation of thin sections [1], 0.001–100 μm using SEM observation [3,4], 0.05–50 μm according to the high-pressure mercury intrusion method [1,5,6], 0.01–200 μm for the NMR method [5,6,7,8,9], and 0.1–200 μm by the CT scanning method [10,11] (Figure 1). It can be seen that microscopic observation is mainly used to analyze the larger pores. Mercury intrusion, nuclear magnetism, and CT are generally used to analyze smaller pores. Different analytical methods are affected by physical principles, experimental conditions, media, etc., revealing difficulties in the unification of pore size distributions by different experimental techniques. It is easy to neglect important pore structure information if a single experimental method is used for analysis.



In this paper, a variety of experimental methods were used to analyze the Huagang Formation reservoirs in the Xihu Sag of the East China Sea Basin and to comprehensively analyze the pore information obtained by different experimental methods, thereby obtaining the characteristics of the Huagang Formation reservoir.



Microscopic observation of pore structure was conducted, and the observation of cast thin sections was conducted mainly to obtain data such as pore area, pore circumference, and equivalent pore diameter; to analyze the characteristics of primary pores, secondary dissolution pores, throats, and particle contact relationships; and to estimate the face ratio and pore size. According to the estimated pore size, the frequency histograms regarding pore size were plotted to analyze the distribution characteristics of the macropores.



High-pressure mercury intrusion mainly relies on the experimental method of gradually increasing the mercury inlet pressure corresponding to the mercury inlet volume to analyze the pore structure. It is commonly used to analyze the pore distribution characteristics of the reservoir at 0.005–10 μm. Generally, the range of 0.05–5 μm is the most accurate. The high-pressure mercury intrusion method mainly uses the clustered tube model, i.e., the pores are considered to be composed of capillary bundles with a spectrum of sizes. The mercury inlet volume represents the pore volume of all pores after passing through a certain throat [12,13,14,15], and the mercury withdrawal volume represents the volume of certain pores, but it is affected by “dead pores” [12,16].



Nuclear magnetic resonance is an experimental method used to detect water/oil content based on the magnetization of the rotating H nucleus in a stable magnetic field, as well as the relaxation after the evacuation of the magnetic field (longitudinal relaxation T2, transverse relaxation T1). Without considering free relaxation and diffusion relaxation, the longitudinal relaxation time (T2) is approximately equal to the surface relaxation [17,18,19,20,21]. The surface relaxation is related to the pore size. When the cylinder model is used, the pore size r ∝ T2surface ≈ T2 [18,22], and the surface relaxivity can be obtained by comparing the results of nuclear magnetic resonance and high-pressure mercury intrusion experiments. In this way, the T2 relaxation time can be converted into pore distribution characteristics [23,24,25]. The pore size for detection is generally 0.001–100 μm.



CT scanning relies on the projection slices of the core when they are irradiated with X-rays. With the aid of computer analysis, the projection slices are digitally processed to obtain the 3D core distribution information. In practical use, the appropriate core size was selected, depending on the pore size range. The core plug with a diameter of 2–3 mm was selected for analysis, and its analytical pore size range was generally 0.1~200 μm [10,11]. The primary parameters used are pore–throat ratio, coordination number (connectivity parameter), and connected pore data, such as that obtained from the spatial distribution diagram.



The mathematical models of these four experimental methods are different. Cast thin section imaging uses a planar model, which is unable to quantitatively obtain 3D pore data. Mercury injection uses a tube model, but this method is greatly affected by the narrow throat cavity. NMR uses a cylinder model, but the enhanced free relaxation effect of large pores can distort the data. CT uses a ball-and-stick model, but in this method, small pores are difficult to identify.



Therefore, the primary work of this article is to revise all experimental data into a cylindrical model and then analyze the pore radius distribution using semi-quantitative and quantitative methods, evaluating the relationship between pore radius distribution and core properties.



The cast thin section images and the CT data are those requiring modification. The cast thin section data uses the pore shape factor (η) to determine the function of the pore radius and length. Then, according to the pore area, the pore radius and corresponding pore volume can be determined, so the semi-quantitative pore radius distribution histogram can be established. Introducing a tortuosity index (τ), which is obtained from the surface area and volume of the CT raw data, using τ to establish a function of the pore radius and pore length, combined with the pore volume, a quantitative distribution curve of the pore radius can be determined.



Mercury intrusion and NMR do not demand model conversion, but do require data calibration. The mercury injection data uses a cylindrical model, but this method is greatly influenced by the narrow throat cavity, so using mercury withdrawal data can better reflect the small pores. The NMR T2 spectrum can be converted into the pore radius distribution using the surface relaxation rate, but the surface relaxation rate must be calibrated [26,27,28].




2. Samples and Experiments


This article uses the tight sandstone in the central tectonic zone of the Xihu Sag as a representative case to analyze the semi-quantitative and quantitative full pore size distribution, which is beneficial for the use of other scholars. However, it should be pointed out that the experimental method for shale is different from that for tight sandstone, and case studies cannot cover all situations; thus, case studies reflect boundary conditions.



2.1. Sample Information


The study area is located in the Xihu Sag of the East China Sea Basin. The East China Sea Basin is a large offshore basin located off Shanghai and north of Taiwan Island in China. The Xihu Sag is located in the central part of the East China Sea Basin. It measures about 350 km from north to south and about 150 km from east to west, covering an area of around 50,000 km2. The Xihu Sag consists of the western slope zone, the central structural overturn zone, and the eastern fault step zone, from west to east. At present, the relatively mature exploration areas are the central and southern parts of the central structural belt, and the central part of the western slope belt. The core samples used in this paper were recovered from a total of six wells, of which five are located in the central structural overturning zone, and one is located in the western slope belt (Figure 2).



The stratum of the Xihu Sag is mainly the Cenozoic strata, including the Lower Eocene Baoshi Formation (E2b), the Middle-Upper Eocene Pinghu Formation (E2P), the Oligocene Huagang Formation (E3h), the Lower Miocene Longjing Formation (N1l), and the Miocene Yuquan Formation (N1y). The primary reservoir in the western slope zone is the Pinghu Formation (E2P), which is a bay-tidal platform deposit. The lithology primarily includes dark mudstone, coal stone, and fine sandstone, dominated by the lithological combination of mudstone intercalated with thin argillaceous siltstone and mudstone, including coal rock, thick fine sandstone, and thin coal seam. The main reservoir in the central structural overturn zone is the Huagang Formation (E3h), which is a fluvial-lacustrine deposit. The lithology primarily includes variegated mudstone, gray mudstone, fine sandstone, and medium-coarse sandstone. The lithological combination is mainly thick and fine sandstone, including thin mudstone, interbedded sand and mudstone, variegated mudstone, and thin muddy siltstone (Figure 3).



Twelve samples were selected from the Xihu Sag, including eleven cores from the Huagang Formation in the central structural belt and one core from the Pinghu Formation in the western slope belt (Table 1). The offcuts after slicing off both ends of the core plug were used to prepare cast thin sections and fresh surface samples for SEM observation. A complete core plug sample has a diameter of 2.5 cm and a length of 4–5 cm. The porosity and permeability of the core samples were measured first. The resulting sample was drilled with a micro drill bit to create a micro plunger perpendicular to the plunger axis. The diameter of the micro plunger was 2 mm, and the length was about 3–5 mm. In this paper, a total of three micro core plug were drilled, including the cores from three wells. The drilled micro core plug was subjected to CT scanning to detect its pore space distribution characteristics. After the micro core plug was drilled, two sections of the core plug were sliced and dried. After vacuum drying, all samples were saturated by pressurized water. Generally, the vacuum maintained kept for 4–6 h, the pressure for water saturation was 30 MPa, and the saturation time was 24 h. All water-saturated cores were tested using the T2 relaxation time spectrum of saturated water nuclear magnetic resonance in order to analyze the characteristics of pore radius distribution, and 4 samples were selected for centrifugal NMR evaluation. After the nuclear magnetic resonance experiment was completed, the cores were dried. A total of 8 cores were selected from the dried core plug, and plungers with a length of 3 cm were cut. These samples were sent to the laboratory to undergo the high-pressure mercury intrusion experiment. The maximum mercury inlet pressure of the high-pressure mercury intrusion experiment was 200 MPa (Figure 4).




2.2. Experiment


This article mainly uses four types of experiments: cast thin section imaging, CT, NMR, and mercury intrusion. Cast thin section imaging is a semi-quantitative experimental method, while CT is a quantitative experimental method. After the NMR–mercury calibration, this technique can be considered a quantitative method. Scanning electron microscopy is mainly used to determine whether the pores are suitable for use with the ball-and-stick model or the cylindrical model.



	(1)

	
Scanning electron microscopy







Scanning electron microscope observation was conducted using a Quanta 200 F field emission scanning electron microscope, which has a resolution of nanometers and a maximum magnification of 200,000 times. It can be used for energy spectrum measurement and analysis of the element content of selected areas, and it is widely used for the surface morphology and composition analysis of solid materials, including rock minerals, metal materials, polymer materials, ceramics, biological materials, nanomaterials, etc. It is necessary to use a fresh rock surface for the analysis of minerals and primary pores.



	(2)

	
Cast thin section imaging







Leica DMRXHC and Linkam THMSG600 optical microscopes were used for the observation of the cast thin sections. The magnification was 25–500 times, and blue cast rubber was generally used for sandstone, with a filling pressure of 0.8–1.3 MPa. The thickness of the polished sample was 0.04 mm. A glass cover was applied, depending on the situation.



	(3)

	
X-ray CT scanning







The basic working principle of X-ray CT scanning (CT for short) is to use rays to penetrate an object, and the intensity of X-rays passing through the object is related to the density of the object. When the amount of X-ray photons I0 passes through any volume with a linear attenuation coefficient μ, the time quantum becomes I in the elementary time, and the process follows the Beer-Lambert Law, collects the data obtained by continuously changing the scanning angle, and then reconstructs the collected data image into a CT cross-sectional scanned image of the object, thereby forming a gray value image. The scanned two-dimensional gray image was reconstructed, and the CT data was processed by the analysis algorithm using professional image calculation and processing software to obtain the image. The CT scan used the German Bruker SkyScan2211 scanner, with an image pixel of 1024 × 1024 and a minimum resolution controlled by the sample size [10]. Its resolution reached 1~2 μm, when a 2 mm diameter micro plunger was used.



	(4)

	
High-pressure mercury injection







The high-pressure mercury intrusion was analyzed by an AutoPore III 9505 pore size analyzer. The maximum mercury inlet pressure was 200 MPa, and the corresponding pore radius was 3.7 nm. The core in the study area was selected in order to use the highest mercury inlet pressure of 100 MPa, and its pore radius was 7.3 nm, which is adequate for research requirements.



	(5)

	
Nuclear magnetic resonance experiment







The NMR experiment was conducted by using a MacroMR12–150H device, with a frequency of 12.80 MHz, a magnet strength of 0.3 T, and a coil diameter of 25 mm. During the experiment, the echo interval was set to 0.15 ms, and the time for measurement was 8000 ms. By using the CPMG sequence [26], the relaxation time range after inversion was 0.001~10,000 ms. The NMR experiment was conducted using water saturation and centrifugal treatments. The saturation of the core by water was conducted using the vacuum pressure saturation method. The centrifugal velocity was generally 1500 rpm, 3000 rpm, 4000 rpm, etc., with maximum centrifugal velocity of 7000 rpm.





3. Results and Discussion of the Semi-Quantitative Methods


Semi-quantitative experiments mainly include cast thin section imaging and NMR. In order to convert the NMR T2 spectrum into the pore radius distribution, this section also includes the quantitative mercury intrusion experiment [1,2,3,4,5,6]. SEM is used to determine which numerical model is more suitable for pore evaluation.



3.1. Numerical Model Selection Based on SEM


From the observation of pore space by SEM, the distribution of void space occurred mostly in the form of cells, channels, bundles, and irregularities [29].



According to SEM observations, larger pores are suitable for both ball and cylinder models (Figure 5a). If the pore size is small, it is suitable for cylindrical models (Figure 5b), especially for pores of a few micrometers (Figure 5c). Even if the pores are very irregular, the cylindrical model can still describe them well. Therefore, this article uses a cylindrical model, which can obtain more reliable data, for analysis.




3.2. Results and Recalculation of Cast Thin Section Data


In this paper, generally, the parameters such as pore radius and pore volume were used. In the observation of cast thin section imaging, the pores represented varying morphologies, including oval, rectangular, moon-shaped, and nearly triangular shapes. The radius of the short axis of the pore was generally 10–60 μm, and that of individual primary residual pores was more than 100 μm.



For the total pore volume, 3–5 viewing areas were generally used, and the data were integrated under all viewing areas.



If semi-quantitative analysis is conducted using cast thin section data, there should be several key assumptions: ① the maximum cross-sectional area of the pores observed in the cast thin section should be used, ② the planar features should represent the spatial features, and ③ image processing software should effectively identify the pores. These assumptions are achievable for sandstone, but difficult to achieve for shale; thus, when studying shale using this method, one should be more cautious.



For the total pore volume, 3~5 viewing areas were generally used, and the data were integrated under all viewing areas. The pore area and pore perimeter data were selected, and the pore shape factor was calculated by the following formula:


  η =   4 π A     L   2      



(1)







Among these, η is the pore shape factor, no units; A is the pore area, μm2; and L is the pore perimeter, μm.



The pore radius is determined by the following formula:


  r =   η L    8 π    =  2 π  ×   A   L    



(2)







The pore volume is calculated by the following formula:


  V =   π   r   3     η   =     (  2 π  )   3     4   ×     A   2     L    



(3)







Among them, r is pore radius, μm; V is pore volume, μm3.



It should be pointed out that the above methods require raw data exported by image processing software. If there are many viewing areas and a large amount of data, establishing a pore radius distribution curve (which is also semi-quantitative data) should be considered. This article only covers 3~5 viewing areas, and the amount of data is not sufficient to establish curves. Only histograms can be generated.



When the pore radius was less than 100 μm, the statistics were represented by segmentation according to 10 μm, and the pores larger than 100 μm were divided into 100~200 μm and >200 μm. By using this method, 12 cast thin samples were evaluated in the study area (Table 2), of which 8 samples corresponded to those used in the high-pressure mercury intrusion experiment.



Pore volume analysis based on the observation of the cast thin sections can roughly divide the pore radius distribution into three types. The first type was dominated by small pores, represented by six core samples with a permeability less than <0.5 mD, including A1 (Well A-1, 3449 m), A9 (Well A-2, 4318.9 m), A10 (Well A-2, 4320.9 m), A20 (Well B-2, 4008 m), A22 (Well B3, 4300.7 m), A26 (Well D-1, 5106.9 m), and A25 (Well D-1, 4324.9 m), with a permeability of 1.3 mD (Figure 6a,b). The second type was dominated by small pores with a few large pores, represented by samples such as A4 (Well A-1, 3823.1 m) and A5 (Well A-1, 3831.6 m), with a permeability of 1~2 mD (Figure 6c). The third type was characterized by the existence of a large number of miscellaneous types of pores. The representative samples were A7 (Well A-2, 3614.9 m) and A45 (Well F-1, 4106.86 m), with a permeability > 5 mD, and A17 (Well B-2, 3752.7 m), with a permeability of 2.6 mD (Figure 6d).




3.3. Results and Discussion of NMR


3.3.1. Result of Water Saturated NMR T2 Spectrum


The water-saturated NMR experiment was conducted in 12 samples, with a length of 3~4 cm. After water saturation by vacuuming and pressuring, the water-immersed porosity was measured according to the weight changes before and after saturation (Table 3). After calculation, the water-immersed porosity of the core samples was 5%~10%, which was slightly lower than the porosity measured by air, with a factor of 0.5%~1.5%.



The NMR T2 spectrum of samples saturated with water was mainly used to analyze the signal intensity corresponding to different T2 relaxation times. The signal intensity represented the size of the water volume. The greater the signal intensity, the larger the water volume. According to the T2 spectrum, the 12 cores can be simply divided into three types. The first type of reservoir was dominated by a short relaxation time, with a T2 relaxation time range of 0.02~800 ms. The short relaxation time of 0.02~5 ms accounted for a relatively high proportion, primarily including the samples A1 (Well A-1, 3449 m), A9 (Well A-2, 4318.9 m), A10 (Well A-2, 4320.9 m), A20 (Well B-2, 4008 m), A22 (Well B3, 4300.7 m), and A26 (Well D-1, 5106.9 m), with permeability values of 0.1~0.5 mD and porosity values of 6%~8% (Figure 7a,b).



The short relaxation time and long relaxation time of the second type of reservoirs were similar. The T2 relaxation time was generally 0.03~2000 ms, with a short relaxation time of 0.03~5 ms and a long relaxation time of 5~200 ms, exhibiting basically the same proportions. The representative samples were A4 (Well A-1, 3823.1 m), A5 (Well A-1, 3831.6 m), A17 (Well B-2, 3752.7 m), and A25 (Well D-1, 4324.9 m), with permeability values of 1~3 mD and porosity values of 8%~11% (Figure 7c). The third type of reservoir was dominated by a long relaxation time, with a long relaxation time of 5~500 ms accounting for a relatively high proportion. The representative samples were A7 (Well A-2, 3614.9 m) and A45 (Well F-1, 4106.86 m), with permeability values of 5~8 mD and porosity values of 10%~13% (Figure 7d).




3.3.2. Discussion of Bound Water Thickness Based on Centrifugation-NMR


Four samples of A1, A5, A7, and A26 were selected for centrifugal NMR experiments. Among them, the water content of sample A1 was low, and the curve was abnormal; therefore it was discarded during the process. For samples A5 and A7, there appeared a phenomenon that the water-saturated NMR curve could not be overlapped with the low relaxation time interval at 1500 rpm. This is mainly due to the evaporation of water on the rock surface, which causes the relaxation time of the water film on the rock surface to be recorded. The occurrence of this phenomenon has no effect on the analysis of the experimental data.



For sample A26, the NMR curve interval, with a relaxation time less than 10 ms, overlapped under the condition of water saturation, at 1500 rpm, and 3000 rpm centrifugation. Samples, such as A5 and A7, were partially overlapped in the NMR curves of less than <10 ms, indicating that 3000 rpm centrifugation cannot cause the <10 ms change in relaxation time. As the centrifugal ratio increased, the water with a relaxation time of less than 10 ms was gradually expelled out of the core by centrifugal force (Figure 8). The curves of the A5 and A26 samples, with a relaxation time of less than 1 ms, did not change at any rate, reflecting that the fluid corresponding to a relaxation time of <1 ms basically show no changes (Figure 8).



NMR T2 relaxation time is mainly composed of three periods: surface relaxation, free relaxation, and diffusion relaxation. Surface relaxation is affected by the interaction of the two-phase interface, and free relaxation is mainly controlled by single-phase fluid; diffusion relaxation can be ignored at room temperature and a lower magnetic field strength [17,18].


    1     T   2     =   1     T   2 f r e e     +   1     T   2 s u r f a c e     +   1     T   2 d i f f u s i o n      



(4)







In the formula, T2: transverse relaxation time of pore fluid collected by the CPMG sequence; T2free: transverse relaxation time of the pore fluid in a sufficiently large container; T2surface: transverse relaxation time caused by surface relaxation; T2diffusion: transverse relaxation time of the pore fluid caused by diffusion under the magnetic field gradient.



The water at the surface of the mineral walls was divided into three layers, namely movable water, weakly bound water, and strongly bound water [30,31]; the pore walls are the same. When the pores are large, there are three states of water. When the pores are small, there are only two states: weakly bound water and strongly bound water. The state can also occur in which there is the sole occurrence of strongly bound water.



Strongly bound water and weakly bound water are greatly affected by the pore wall, and their relaxation time is mainly controlled by surface relaxation, resulting in a short relaxation time response. Free water is controlled by free relaxation, resulting in a long relaxation time response. The free water can be expelled out of the core under any centrifugal force condition, and the bound water changes only when the centrifugal force is greater than a certain threshold. Correspondingly, in the T2 relaxation time spectrum, the point at which the shorter relaxation time begins to change is the beginning of the bound water change.



When the centrifugal rate was less than 3000 rpm, there was no change in the spectrum of T2 time at less than 10 ms, indicating that the portion gradually expelled out of the core below 3000 rpm was free water. The portion of that water that does not change is strongly/weakly bound water. In other words, only strongly/weakly bound water is present with the maximum thickness in a pore, under the condition of 3000 rpm centrifugal force, the pore water will not change.



There is also no change in the NMR relaxation time spectrum at <10 ms; therefore, it is inferred that the relaxation time of weakly bound water at the center of this pore is about 10 ms. According to the centrifugal force generated by 3000 rpm and the relationship between capillary pressure and pore radius, the pore radius was correspondingly calculated. The relaxation time of the water inside the pore was 10 ms.



According to the centrifugal rate, the centrifuge arm length, and the length of the core, the centrifugal rate can be converted into the bottom pressure of the core.


    P   c   = 1.097 ×   10   − 9   Δ ρ L (   R   e   −   L   2   )   n   2    



(5)







In this formula, Pc is the centrifugal displacement pressure, MPa; Δρ is the density difference between the two fluids, g/cm3; L is the core length, cm; Re is the external rotation radius of the core, cm; and n is the centrifugal rate, rpm.



The core length was 3.4~3.7 cm, with an average of 3.5 cm; the centrifugation is equivalent to the process of water driven by air; the density difference was 1 g/cm3, and the centrifuge radius was 13.45 cm. It can be calculated that the centrifugal force was 0.4 MPa when the rate was 3000 rpm; that is, the capillary force of the core was 0.4 MPa at this time.



When the gas and water in the capillary are in equilibrium, Formula (3) can still be used:


    P   c   =   2 σ c o s θ   r    



(6)




where, Pc is the capillary pressure, MPa; r is the radius of capillary, μm; σ is the surface tension of the existence of two phases of air and water; and the influence of air is small.



The experimental condition is set at room temperature, 20 °C; therefore, σ = 0.072 N/m; θ is the contact wetting angle; and the mineral contact angle is greatly affected by the degree of salinity, temperature, and surface active substances [32,33,34]; sandstone is a hydrophilic medium, the contact angle of quartz and water is about 30 °C [32], and the contact angle of clay minerals with water is 10~30° [35]. For convenience, the contact angle is 15° under the condition of air–water centrifugation. It is calculated that the pore radius corresponding to a 0.4 MPa capillary force is 0.35 μm.



When the centrifugal rate was 3000 rpm, the centrifugal force was 0.4 MPa, the capillary pressure at equilibrium was 0.4 MPa, and the corresponding pore radius was 0.35 μm. Similarly, the thickness of the strong irreducible water of the fine sandstone was nearly 0.04 μm.



Zhao [30] has shown that, when the average pore radius is greater than 0.151 µm, the degree of water saturation has a little effect on the breakthrough pressure. If the most probable pore radius of the core sample reaches 1.760 µm, the breakthrough pressure will not be impacted by the increasing water saturation. Because free water has no effect on breakthrough pressure, we can speculate that the thickness of the bound water film is between 0.15 and 1.7 µm. The calculation of the bound water film thickness of 0.35 using centrifugal force, as employed in this article, is also quite reliable.



Under short echo interval conditions, the sole occurrence of water in the pore, and the dominance of smaller pores, the free relaxation time is extremely small and can be ignored. The horizontal relaxation (T2 relaxation) time is mainly controlled by the surface relaxation, i.e., T2 is directly proportional to T2surface, assuming that the pore is a cylinder with a radius of r:


    1     T   2     ≈   1     T   2 s u r f a c e     =   ρ   2   (     S   V   )   p o r e   =   2   ρ   2     r    



(7)




where, ρ2 is the surface relaxivity of T2, μm/s; (    S   V    )pore is the specific surface area of the pore, μm−1; r is the pore radius, μm; and T2 is the horizontal relaxation time, s.



From the abovementioned analysis, the relaxation time spectrum < 10 ms did not change under the condition of a small centrifugal force. However, the short relaxation time is mainly the response of surface relaxation, indicating that the thickness of the water film controlled by surface relaxation is not affected by a small centrifugal force. That is, the pore radius of 0.35 μm is the largest area dominated by surface relaxation. If the pore size is larger, the surface relaxation will gradually decrease, and the free relaxation will gradually increase. When the relaxation time was 10 ms, the pore radius was 0.35 μm, and the surface relaxation rate ρ2 = 18 μm/s could be obtained by incorporating Formula (7).





3.4. Results and Recalculation of Mercury Intrusion Experiments


The maximum mercury inlet pressure in the high-pressure mercury injection experiment was 100 MPa, and the pore radius was correspondingly 0.007 μm. Due to the disconnection between the pores and the original residual pores, surrounded by the peripheral small pores, the mercury inlet saturation was mainly used to reflect the total pore volume after passing through a certain throat. However, it is difficult to reflect the pore radius distribution of the actual core [12,13]. Mercury removal is a process in which the capillary pressure of a rock displaces the mercury out of the core. At this time, the mercury inside the core is a single-phase fluid. The small bellows surrounding the large pores allow mercury to flow freely, without additional pressure. The mercury withdrawal pressure and capillary pressure was at equilibrium, and the exiting mercury volume was the pore volume corresponding to radius, but it is also affected by dead pores [36,37,38]. In this paper, mercury withdrawal data was used to study the distribution of the pore radius (Table 4).



To calculate the mercury withdrawal saturation of each pore radius interval of mercury withdrawal data, the mercury withdrawal saturation represented the pore volume percentage of this pore interval. In order to match the high-pressure mercury intrusion data with the absence of NMR data, the minimum pore radius was 0.00725 μm. By using a geometric step length to divide the interval of 0.00725~5.33 μm, the geometric magnification was 1.0719, which was the same as that of the NMR data. When a certain pressure of geometric sequence was the same as the mercury withdrawal pressure, the pore volume percentage corresponding to the mercury withdrawal pressure was recorded as the pore volume percentage of the corresponding pressure in the geometric sequence. The pore volume percentage was evenly distributed in the equal ratio, according to the algebraic average method. At the step point in the ratio sequence, a geometric series model of the pore radius distribution of the rock can be obtained (Figure 9).



According to the pore radius distribution obtained by mercury withdrawal saturation, the results can be roughly divided into four types: the bimodal type, the unimodal type, the arch type, and the climb type.



The bimodal type, with low porosity and permeability, is represented by samples including A1 (Well A-1, 3449 m), A20 (Well B-2, 4008 m), and A22 (Well B3, 4300.7 m), with permeability values of 0.1~0.3 mD and porosity values of 7%~8% (Figure 9a). Two main peaks correspond to the pore radii of 0.03 μm and 0.6 μm, generally with a smaller pore radii.



The unimodal type, with medium porosity and permeability, is represented by samples such as A4 (Well A-1, 3823.1 m) and A17 (Well B-2, 3752.7 m), with permeability values of 1~3 mD and porosity values of 10%~11% (Figure 9b). The peak was at 1 μm, and the proportion of pores with other radii was relatively low.



The arch type, with low porosity and permeability, is represented by samples A9 (A-2 Well 4318.9 m) and A26 (Well D-1, 5106.9 m), with permeability values of 0.1~0.5 mD and porosity values of 6%~8% (Figure 9c). There is no obvious peak in this type, and the proportion was relatively average, between 0.03 and 1 μm.



The climb type exhibited ascending high-permeability cores, such as those noted in sample A7 (Well A-2, 3614.9 m), with a permeability of 8 mD and a porosity of 10% (Figure 9d). There was no obvious peak in this shape, but large numbers of pores greater than 1 μm existed, and the curve showed a gradual upward pattern.




3.5. Calibration of MICP and NMR


The high-pressure mercury injection experiment includes the mercury inlet curve and the mercury withdrawal curve. The mercury inlet curve was mainly used to analyze the pore volume after passing through a certain throat. The mercury withdrawal curve was mainly used to analyze the pore radius distribution. The analysis conducted in this paper was mainly performed by using the mercury withdrawal curve.



From the pore radius distribution transformed by the mercury withdrawal curve, it can be seen that the low porosity (<1 mD) was mainly bimodal and of the arch type (Figure 9a,c), and the medium porosity and permeability (1~5 mD) were mainly unimodal (Figure 8). The high-porosity and high-permeability samples (>5 mD) were mainly the ascending type (Figure 9d).



Unlike the water-saturated NMR curve, the water-saturated NMR curve with a low-permeability core was mainly the left-peak dominant type (Figure 7a,b), the medium-permeability core had a left-right equal peak type (Figure 7c), and the high-permeability core was of the right-peak dominant type (Figure 7d).



This is mainly due to the fact that the low NMR relaxation time contains the signal of bound water near the macropore wall. That is to say, regardless of pore size, the short relaxation time of strongly bound water will be displayed in the spectrum.



Therefore, to calibrate the mercury intrusion–NMR curve morphology, it is necessary to determine different points of fit. The bimodal type and unimodal type of mercury withdrawal curves, usually used to calibrate NMR curves. The arch type and the climb type are difficult to use for mercury intrusion-NMR comparison.



The lowest point in the middle of two peaks of the bimodal type of mercury withdrawal curve of pore radius distribution is commensurate with the middle inflection of the two peaks of the left-peak dominant NMR curve. The apex of the unimodal type of mercury pore size distribution curve is commensurate with the right peak of the NMR curve.



The NMR pore radius conversion, based on mercury withdrawal data, used the data of Samples A1, A17, and A20. For Sample A1, the low point between the two peaks of the mercury withdrawal pore radius distribution was used as the calibration point to migrate the NMR curve (Figure 10a). For Samples A17 and A20, the right peak apex was used as the calibration point to migrate the NMR curve (Figure 10b,c). It can be seen that the parameter for the conversion of NMR T2 to pore size distribution, for the same lithology in a region, was almost constant. In the study area, the NMR T2 can be converted into a pore size distribution curve by dividing the abscissa of the T2 curve by 25 (Figure 10).



According to the calculation of Formula (7), the surface relaxation rate of fine sandstone in the study area was ρ2 = 20 μm/s, which was close to the surface relaxation rate (ρ2 = 18 μm/s) analyzed by the NMR curve after 3000 rpm centrifugation. This proved that both of the two methods are reliable.



Generally speaking, the NMR curves of fine sandstone < 10 ms (<0.4 μm) and >250 ms (>10 μm) are not recommended for pore structure analysis. The surface relaxation of the NMR curve of 10~100 ms (0.4~4 μm) accounted for a larger proportion, and the free relaxation of the NMR curve of 100~250 ms (4~10 μm) accounted for a larger proportion, but the pore analysis with limited conditions can still be carried out.




3.6. Semi-Quantitative Method for Full-Scale Pore Radius


Semi-quantitative methods mainly include cast thin section imaging, NMR, and mercury intrusion. Because of the small amount of cast section data, only a histogram can be made, so the semi-quantitative method in this paper continues to use the histogram mode. It should be pointed out that if the casting section data is sufficient, a semi-quantitative pore radius distribution curve can be established.



It is only necessary to convert the NMR spectrogram into a histogram. The mercury withdrawal pore radius range was 0.007~5.3 μm, and the nuclear magnetic pore radius range used was 0.2~10 μm. The pore radius range from the observation of the cast thin sections was <200 μm, and the three types of experimental data can be used to analyze the full-scale pore radius of the rock.



After the NMR T2 relaxation time was converted into the pore radius by Formula (7), the NMR signal intensity was then converted into the pore volume percentage. After the aforementioned analysis, the NMR pore size curve of <0.4 μm was affected by strongly and weakly bound water, and it is difficult to accurately express the pore information, as pores of a few micrometers are considered to be greatly affected by bound water. In order to prevent the NMR pore size curve from being affected by the additional signal generated by the bound water of the large pores, the full pore size analysis does not use pore size curves below a few microns. In this paper, the NMR pore size data of 5~10 μm was mainly used, due to the fact that the NMR data of 5~10 μm was affected by free relaxation, causing difficulties in representing the pore radius information. However, the relative size of the pore radius can also be represented.



In the statistical data of the cast thin sections, the data <10 μm was affected by the driving pressure of the cast rubber (usually about 0.6~1 MPa). Some small pores may not be filled by the cast rubber, and thus cannot be accurately counted. Therefore, the statistical data of the cast thin sections < 10 μm were not used; only the >10 μm portions was employed.



Both high-pressure mercury intrusion and nuclear magnetism are methods that use volumetric measurement. After the cast thin section was converted into a cylinder, it remained as volume data. Therefore, the weights of these three types of experiments were all normalized to be 1, and no additional processing was required. Only the mercury withdrawal of <5 μm, the NMR pore volume data of 5~10 μm, and the statistical data of cast thin section of >10 μm were spliced together, and then the pore volume data was calibrated to 100% to obtain the characteristics of the full-scale pore size distribution (Figure 11).



The semi-quantitative full-scale pore radius distribution was mainly divided into three types of distribution characteristics, representing a quasi-normal distribution type, with the primary pore radius of 20~60 μm. The pore volume of the small pores and large pores gradually decreased, showing approximately normal distribution characteristics (Figure 11a). In stepped distribution, the pore volume of <10 μm was basically stable within a certain range, and the pore volume of >10 μm was relatively large, with the relative value of around 10%~25% (Figure 11b). Regarding the unimodal characteristic, the primary pore volume was contributed by the pores of 10~20 μm in size, and the remaining pores contribute less to the volume (Figure 11c).



The physical properties of rocks control the type of histogram obtained, if the proportion of big pores is high, the physical properties are good. In general, if there are a large number of pores which are >60 μm, then the permeability is generally >5 mD. If there are many pore radii between 20 and 50 μm, the permeability is 0.5~2 mD. If there any many pore radii which are <20 μm, the permeability is generally <0.5 mD.



Unlike shale, the pores of sandstone are still dominated by nearly cylindrical shapes, with fewer highly irregular pores, so the physical properties of the rock are mainly controlled by the larger pores.





4. Results and Discussion of Quantitative Method


Quantitative experiments mainly include mercury intrusion and CT, and the recalculation of mercury intrusion data is shown in Section 3.4. CT can obtain quantitative pore data, but the experimental report is reconstructed using a ball-and-stick model. Data reprocessing requires the extraction of CT raw data, including pore volume and pore surface area data, which can be converted into a cylindrical model based on the introduced tortuosity index.



4.1. Results and Recalculation of CT


4.1.1. Result of the Ball-and-Stick Model


The visual characterization of the pore radius of the core mainly relies on CT scanning technology for analysis. The employment of a miniature core plug, with a diameter of 2 mm and a length of 2~3 mm, can improve the identification accuracy to 1~2 μm. CT scan data contains information such as pore radius, pore volume, pore frequency, throat radius, throat section, throat length, etc. [39,40]. In a broad sense, the throat also remains a pore [41,42,43]. The CT scan used digital reconstruction to describe the pore connectivity and pore space distribution with three-dimensional images, which can visually reflect the pore size distribution and connectivity.



After CT reconstruction (Figure 12), it can be seen that the pore radius of sample A1 was smaller (ball-and-stick model r < 50 μm), and the average coordinate was 1.14, i.e., on average, each pore was connected to 1.14 adjacent pores, reflecting poor connectivity and a permeability < 0.5 mD, correspondingly. The pores of Sample A7 contain a large number of medium-large pores (ball-and-stick model 50~200 μm), and there are many super-large pores (ball-and-stick model r > 200 μm), with an average coordinate of 3.22, reflecting good connectivity and a corresponding permeability > 5 mD. Sample A26 has a medium pore radius (ball-and-stick model 50~100 μm), and an average coordinate of 1.62, respectively. That is, each pore was connected to 1.62 adjacent pores, reflecting relatively poor connectivity and a permeability of <1 mD, correspondingly.




4.1.2. Introduction of Cylinder Model


The primary experimental methods for pore size distribution, such as the transformation of NMR T2 spectrum into the pore radius, use the cylinder model, and the high-pressure mercury intrusion calculation was conducted by using the cluster tube model to calculate the relationship between the mercury inlet pressure and the pore radius. The cylinder model was still used for analyzing the pore radius and the pore volume distribution of the cast thin sections; therefore, the paper introduced the cylinder model of the CT scan to recalculate the original CT data. The original CT data included pore volume, pore surface area, throat volume, and throat surface area. Under the same volume, the more complex the spatial distribution of the pores, the larger the surface area. Based on this, the tortuosity τ was introduced, which was based on the ratio of the practical surface area of the pore and the equivalent spherical area:


  τ =   S     S   e q     =   S ×   r   e q     3 × V   =   S   3 V   ×     3 V   4 π     3   =   1     36 π   3     ×   S       V   2     3      



(8)







In this formula, τ is the tortuosity; S is the pore surface area data in the CT data; Seq is the pore volume equivalent spherical surface area; req is the equivalent spherical radius; V is the pore volume in the CT data.



By simplifying the pore space into a cylindrical model, two parameters were created, the radius r of the bottom surface and the height l, and taking l = 2τr, the equation can be obtained: V = 2τπr3, namely,


  r =     V   2 τ π     3    



(9)







Here, r is the equivalent cylinder radius; V is the volume parameter in the original CT data; τ is the tortuosity calculated by Formula (8). The pore radius r and the corresponding pore volume are counted in sections to obtain a histogram showing the pore radius distribution.



The pore distribution types of the CT cylindrical models for different samples are relatively similar (Figure 13). The frequency of the pore volume varies significantly when the pore radius is less than 20 μm, while the frequency is 0.1% when the A5 pore radius sample is less than 20 μm. The pore radius of the A10 and A45 samples is less than 20 μm, and the average frequency is about 0.8%. The frequency of a pore radius greater than 50 μm is generally around 10%, and the difference is the maximum pore radius. If the physical properties are good, the maximum pore radius can be up to 130 μm (Figure 13 A45), but if the physical properties are poor, the maximum pore radius gradually decreases (Figure 13 A5 A25 A10).





4.2. Quantitative Method of Full-Scale Pore Radius Distribution


When the experimental data includes a CT scan, the major pore radius range of the CT scan is 2~200 μm, and the pore radius distribution of the high-pressure mercury intrusion mercury withdrawal curve is 0.007~5.3 μm. Using CT and high-pressure mercury intrusion data, the core can be analyzed to obtain the full-scale pore radius.



The pore radius is calculated from the CT scan pore volume data, according to the cylinder model (see Section 3.3 for details), and the pore radius is processed according to the proportional step length. The proportional magnification was 1.0719, which was the same as the proportional magnification of the NMR data and the mercury intrusion data. The pore volume in each step is accumulated and added to obtain the parameters of the pore radius and the pore volume. The minimum value of the pore radius in the CT scan was 2.56 μm, and the maximum value of the mercury withdrawal pore size distribution was 5.3 μm. The root mean square method was used to process the overlapping portion. By combining high-pressure mercury intrusion and CT scanning, the pore size distribution of the rock in the range of 7 nm~200 μm can be identified (Figure 14).



In this paper, there were three samples in which high-pressure mercury intrusion data and CT scan data were obtained simultaneously, namely A1 (Well A-1, 3449 m), A7 (Well A-2, 3614.9 m), and A26 (Well D-1, 5106.9 m), with porosity values of 7.6%, 10%, and 8.5% and permeability values of 0.1 mD, 8.1 mD, and 0.37 mD, respectively. The pore size distribution of the fine sandstone samples was basically a two-step type, and the step intervals and step heights of the samples with diverse porosity and permeability values were different. For Sample A1, the range of 0.007~2 μm was the first step, and the pore volume percentage was basically 0.3%. The step range of 2~40 μm was the second step, and the pore volume percentage was basically 2%~3% (Figure 14 A1). For Sample A7, the 0.007~10 μm was the first step, with a pore volume percentage of 0.2%~0.3%. The range of 10~150 μm was the second step, with a pore volume percentage of 1%~4% (Figure 14 A7). For Sample A26, the range of 0.007~20 μm was the first step, with the pore volume percentage of 0.3%~0.5%. The range of 20~90 μm was the second step, with the pore volume percentage of 3%~5% (Figure 14 A26).



The pore volume fitting line is logarithmic, and the pore volume and pore radius satisfy the function:


Pv1 = a1 × ln(r1) + b1



(10)




for a small pore. Where Pv1 is the small pore volume percent, %; r1 is the small pore radius, μm; in this study area, a small pore is generally <10 μm; a1 and b1 are small pore function parameters.


Pv2 = a2 × ln(r2) + b2



(11)




for a big pore. Where Pv2 is the big pore volume percent, %; r2 is the small pore radius, μm; in this study area, a big pore is generally >10 μm; a2 and b2 are big pore function parameters.



Full-scale pore radius distribution is controlled by five parameters: rmax, a1, b1, a2, and b2. The function parameter a2 is proportional to the core porosity, and parameter b2 is inversely proportional to the core porosity; however, its degree of fit is not high (Figure 15a,b). If the small pore parameters are stable, then a1 is 0.025~0.045, and b1 is 0.025~0.035 (Figure 14). The maximum pore radius is significantly related to core permeability (Figure 15c). If the empirical values are used for a1 and b1, then the parameters used to control the full-scale pore radius distribution curve can be determined.



The pore volume frequency is determined by the following formula:


Pv = max[Pv1; Pv2] = max [0.35ln(r) + 0.3; (0.67p − 3.8)ln(r) − 2.6p + 18]



(12)







The limiting conditions are:


r ∈ [0.007; 27ln(k) + 101]



(13)




where r is the pore radius, μm; and K is the permeability; mD.



The logarithmic formula indicates that the physical properties of rocks are almost entirely influenced by large pores, and it can be considered that the pores of sandstone are relatively regular and closer to cylinders in shape. The contribution of large pores to physical properties is much greater than that of multiple small pores in the same volume.



Some scholars used nitrogen adsorption and high-pressure mercury injection data to study the full pore size characteristics of shale [44,45], and the obtained full pore size data range is generally 0.002~10 μm. This study did not change the numerical model, but used the weighted average method to splice the two experiments, but failed to establish the formula of full pore size distribution.



The unified use of cylindrical numerical models in this article is more reliable. Another innovation of this article is the establishment of a quantitative mathematical relationship between rock properties and full-scale radius distribution.





5. Conclusions


This article mainly uses a unified numerical model to recalculate experimental data, using quantitative and semi-quantitative methods to study the distribution of pore structures. Due to the different types of experimental shale and sandstone, this method is mainly suitable for tight sandstone.



	(1)

	
In fine sandstone, the thickness of strongly bound water is about 0.04 μm, and the thickness of weakly bound water is about 0.35~0.4 μm, when the pore radius is less than 0.35~0.4 μm, and the relaxation time is completely controlled by surface relaxation.




	(2)

	
The surface relaxation rate ρ2 of fine sandstone is generally about 18–20 μm/s.




	(3)

	
The quantitative logarithmic calculation of the full-scale radius distribution of sandstone has been established. The coefficient of the logarithm is positive with porosity, while the constant is negative with porosity. Permeability controls the maximum pore radius, with a max pore radius of >100 μm and a permeability of >1 mD.




	(4)

	
A semi-quantitative histogram showing the full pore size distribution of sandstone was completed. The histogram represents quasi-normal, stepped, and unimodal data. When 60 μm is the inflection point, a large proportion of pores measuring > 60 μm indicates good reservoir quality. If a large proportion of the pores measure < 60 μm, the permeability is generally <0.5 mD.
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Figure 1. Pore size range of main experiments. 






Figure 1. Pore size range of main experiments.



[image: Processes 11 01869 g001]







[image: Processes 11 01869 g002 550] 





Figure 2. Structural division of Xihu Sag and location of the study area. 
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Figure 3. Layout of the structure in the Xihu Sag. 
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Figure 4. Flow chart for the core experiment. 
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Figure 5. Distribution characteristics of pore space. (a) Well D-1 is 4324.9 m, with cellular pores, and the pore volume is approximately equal to the volume of the red frame rock rotated 360° on the long axis; (b) Well A-2 is 3614.9 m, with channel-like, mainly primary residual pores, and cementation of clay minerals; (c) Well A-1 is 3831.6 m, with bundle-like pores formed by feldspar dissolution, with a pore radius generally <5 μm (Arrows pointing towards pores). 
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Figure 6. Pore radius distribution diagram based on observation of cast thin sections. (a) Samples dominated by pores smaller than 60 μm; (b) samples dominated by pores smaller than 80 μm; (c) samples dominated by pores smaller than 60 μm and the development of pores larger than 100 μm; (d) samples with the large distribution of miscellaneous pore sizes. 
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Figure 7. Characteristics of the NMR T2 spectrum of water-saturated samples. (a) Samples dominated by a short relaxation time; (b) samples dominated by a short relaxation time, but possessing some with a long relaxation time; (c) samples with similar long and short relaxation times; (d) samples dominated by a long relaxation time. 






Figure 7. Characteristics of the NMR T2 spectrum of water-saturated samples. (a) Samples dominated by a short relaxation time; (b) samples dominated by a short relaxation time, but possessing some with a long relaxation time; (c) samples with similar long and short relaxation times; (d) samples dominated by a long relaxation time.



[image: Processes 11 01869 g007]







[image: Processes 11 01869 g008 550] 





Figure 8. Characteristics of centrifugation—NMR T2 spectrum. 
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Figure 9. Distribution of mercury withdrawal pore volume percentage after conversion of equal step length. (a) Pore radius distribution diagram of the low-porosity and low-permeability core, with bimodal type; (b) pore radius distribution diagram of the unimodal type, with medium porosity and permeability; (c) pore radius distribution diagram of the arch type, with low permeability; (d) pore radius distribution diagram of the climb type, with high permeability. 
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Figure 10. NMR pore radius conversion based on mercury withdrawal data. 
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Figure 11. Full-scale pore radius analysis without CT scanning. (a) Representative samples with quasi-normal distribution characteristics; (b) representative samples with stepped distribution characteristics; (c) representative samples with unimodal distribution characteristics. 
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Figure 12. Three-dimensional reconstruction of the pore space of the core samples, with different permeability (ball-and-stick model). 
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Figure 13. CT scan pore radius distribution curve based on a cylinder model. 
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Figure 14. Full-scale pore radius analysis curve with CT scan–mercury intrusion data. 
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Figure 15. Relationship between function parameters and sandstone properties. (a) relationship between big pore coefficient and porosity; (b) relationship between big pore constant and porosity; (c) relationship between max radius and permeability. 
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Table 1. Basic information table for experimental samples.
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	No.
	Well No.
	Horizon
	Practical Depth/m
	Lithology
	Porosity/Φ
	Permeability/K
	CT Scanning
	Water-Saturated NMR
	Centrifuged NMR
	MICP
	SEM
	Cast Thin Section Imaging





	A1
	A-1
	H3
	3449
	Siltstone
	7.6
	0.091
	√
	√
	√
	√
	√
	√



	A4
	A-1
	H4
	3823.1
	Siltstone
	11.2
	1.946
	
	√
	
	√
	√
	√



	A5
	A-1
	H4
	3831.6
	Fine sandstone
	10.6
	1.018
	
	√
	√
	
	√
	√



	A7
	A-2
	H3
	3614.9
	Fine sandstone
	10
	8.152
	√
	√
	√
	√
	√
	√



	A9
	A-2
	H6
	4318.9
	Fine sandstone
	6.6
	0.169
	
	√
	
	√
	√
	√



	A10
	A-2
	H6
	4320.9
	Siltstone
	8
	0.344
	
	√
	
	
	√
	√



	A17
	B-2
	H3b
	3752.7
	Siltstone
	10.7
	2.623
	
	√
	
	√
	√
	√



	A20
	B-2
	H4b
	4008
	Fine sandstone
	7.5
	0.291
	
	√
	
	√
	√
	√



	A22
	B-3
	H5a
	4300.7
	Siltstone
	7.4
	0.324
	
	√
	
	√
	√
	√



	A25
	D-1
	H3
	4324.9
	Fine sandstone
	8.2
	1.394
	
	√
	
	
	√
	√



	A26
	D-1
	H8
	5106.9
	Fine sandstone
	8.5
	0.369
	√
	√
	√
	√
	√
	√



	A45
	F-1
	P10
	4106.86
	Medium sandstone
	12.5
	5.292
	
	√
	
	
	√
	√
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Table 2. Estimation of pore volume frequency of different samples.
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	Pore Radius

μm
	A1 Volume %
	A4 Volume %
	A5 Volume %
	A7 Volume %
	A9 Volume %
	A10 Volume %
	A17 Volume %
	A20 Volume %
	A22 Volume %
	A25 Volume %
	A26 Volume %
	A45 Volume %





	0~10
	19
	9
	13
	5
	24
	13
	9
	13
	19
	15
	23
	5



	10~20
	21
	15
	24
	4
	34
	24
	12
	26
	35
	18
	41
	8



	20~30
	27
	22
	16
	10
	21
	20
	10
	14
	17
	16
	17
	12



	30~40
	11
	17
	21
	13
	9
	18
	21
	26
	13
	16
	11
	15



	40~50
	8
	12
	9
	13
	5
	15
	8
	15
	11
	10
	8
	11



	50~60
	14
	20
	13
	15
	
	10
	12
	6
	5
	11
	
	14



	60~70
	
	
	
	10
	
	
	7
	
	
	9
	
	7



	70~80
	
	
	
	9
	7
	
	4
	
	
	5
	
	6



	80~90
	
	
	
	5
	
	
	6
	
	
	
	
	8



	90~100
	
	
	
	7
	
	
	11
	
	
	
	
	9



	100~200
	
	5
	4
	9
	
	
	
	
	
	
	
	5



	>200
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Table 3. Basic data for core saturated water.
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	No.
	Lithology
	Measured/Φ
	Measured/K
	Length/cm
	Diameter/cm
	Dry Weight/g
	Water Saturated/g
	Water Imbibed/g
	Water Immersion Porosity/Φ





	A1
	Siltstone
	7.6
	0.091
	3.71
	2.47
	44.8377
	45.8624
	1.0247
	5.8



	A4
	Siltstone, fine sandstone
	11.2
	1.946
	4.07
	2.47
	45.999
	47.8797
	1.8807
	9.6



	A5
	Fine sandstone
	10.6
	1.018
	3.64
	2.47
	41.599
	43.2309
	1.6319
	9.4



	A7
	Fine sandstone
	10
	8.152
	3.53
	2.47
	40.6202
	42.1702
	1.55
	9.2



	A9
	Fine sandstone
	6.6
	0.169
	4.11
	2.48
	49.1435
	50.295
	1.1515
	5.8



	A10
	Siltstone, fine sandstone
	8
	0.344
	3.36
	2.48
	40.0286
	41.0928
	1.0642
	6.6



	A17
	Siltstone, fine sandstone
	10.7
	2.623
	4.03
	2.51
	47.047
	49.0348
	1.9878
	10



	A20
	Fine sandstone
	7.5
	0.291
	4.07
	2.47
	47.9825
	49.1404
	1.1579
	5.9



	A22
	Siltstone, fine sandstone
	7.4
	0.324
	4.15
	2.48
	48.8936
	50.1391
	1.2455
	6.2



	A25
	Fine sandstone
	8.2
	1.394
	3.47
	2.49
	41.5419
	42.7109
	1.169
	6.9



	A26
	Fine sandstone
	8.5
	0.369
	3.39
	2.47
	39.6837
	40.8165
	1.1328
	7



	A45
	Medium sandstone
	12.5
	5.292
	3.05
	2.49
	34.982
	36.5207
	1.5387
	10.4
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Table 4. Data table showing core mercury withdrawal saturation.
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	Mercury Withdrawal
	r μm
	A1 %
	A4 %
	A7 %
	A9 %
	A17 %
	A20 %
	A22 %
	A26 %





	0.13
	5.33
	43.3
	61.4
	56.4
	51.7
	71.7
	55.4
	47.5
	51.2



	0.19
	3.82
	43.5
	62.9
	57.8
	52.1
	72.8
	56.0
	48.0
	52.1



	0.32
	2.26
	43.8
	65.2
	59.9
	53.0
	74.6
	57.5
	49.4
	53.9



	0.47
	1.56
	44.7
	67.2
	61.4
	54.6
	76.1
	59.0
	51.1
	55.5



	0.68
	1.08
	46.7
	69.6
	63.0
	56.8
	78.0
	60.9
	53.2
	57.4



	1
	0.716
	49.4
	72.1
	64.9
	59.8
	80.6
	63.0
	55.8
	59.7



	1.3
	0.539
	51.2
	73.9
	66.1
	62.0
	81.7
	64.5
	57.5
	61.5



	2.1
	0.357
	53.5
	76.1
	67.8
	65.0
	83.9
	66.5
	59.9
	64.2



	2.7
	0.268
	54.9
	77.6
	68.9
	67.2
	85.4
	68.0
	61.5
	66.1



	4.1
	0.178
	56.7
	79.5
	70.3
	70.1
	87.4
	70.0
	63.7
	68.8



	5.5
	0.133
	58.1
	80.7
	71.4
	72.4
	88.7
	71.4
	65.3
	70.6



	7
	0.106
	59.1
	81.6
	72.2
	74.1
	89.7
	72.5
	66.5
	72.0



	10
	0.0712
	61.3
	83.3
	73.8
	77.7
	91.3
	74.4
	68.8
	74.3



	13
	0.0533
	62.9
	84.3
	74.7
	79.7
	92.4
	75.8
	70.3
	75.7



	17
	0.0427
	64.3
	85.0
	75.3
	81.2
	93.1
	76.9
	71.3
	76.7



	20
	0.0356
	65.6
	85.7
	75.9
	82.7
	94.0
	78.2
	72.7
	77.8



	25
	0.0305
	66.6
	86.2
	76.6
	84.0
	94.5
	79.0
	73.5
	78.4



	30
	0.0237
	67.8
	86.9
	77.4
	85.8
	95.2
	80.4
	74.5
	79.2



	40
	0.0178
	69.1
	87.4
	78.1
	87.3
	95.8
	81.4
	75.5
	79.9



	50
	0.0142
	69.8
	87.8
	78.4
	88.2
	96.2
	82.2
	76.2
	80.3



	60
	0.0118
	70.4
	87.9
	78.7
	88.8
	96.4
	82.7
	76.6
	80.5



	70
	0.0106
	70.6
	88.0
	78.8
	89.0
	96.5
	82.9
	76.7
	80.6



	85
	0.00853
	71.0
	88.0
	78.9
	89.5
	96.6
	83.1
	76.9
	80.7



	100
	0.00725
	71.2
	88.0
	79.1
	89.7
	96.7
	83.2
	77.1
	80.7
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