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Abstract

:

The pore-throat network of rock exerts a vital influence on the permeability and mechanical properties of the rock. Resorting to X-ray micro-CT scanning, the present work investigates the pore-throat structure of marine biogenic carbonate samples from the South China Sea and compares them to terrigenous sedimentary sandstone. With the help of the maximum ball (MB) algorithm, the pore-throat networks inside representative elementary volumes of rock samples are revealed by stick-and-ball diagrams, which enables quantitative analyses afterwards. Higher and more deviant cross sectional porosity was observed for the carbonate samples compared to the sandstone sample, indicating relatively heterogeneous pores in the carbonate. Over 85% of pores in the carbonate samples were classified as mesopores. Irregular triangular cross sections can be inferred for the pores and throats of the carbonate. The type of rock and the porosity seem to have little effect on the shapes of the pores and throats. In the studied carbonate, the average volume of the throat was approximately one order of magnitude smaller than the average volume of a pore. The distribution of throat radius differed significantly between the studied carbonate samples. The average coordination number of the carbonate was measured to be 1.
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1. Introduction


Represented by a lattice of pores connected by throats, the void in rock masses has a fundamental impact on the physical and mechanical properties of the rock. Sedimentary rock mass is mainly composed of pores and solid parts. To evaluate the reservoir properties of sedimentary rock, a quantitative analysis in terms of the pore morphology is required, which entails the characterization of both the dimensions and shapes of the pores and the connecting throats. Ehrlich et al. [1] performed characterization studies on the microstructure of rock masses and analyzed the spatial arrangement of pores and solids on the rock slices. Thanks to the development of image processing technologies, scanning electron microscopy and image processing technologies were applied to quantitatively reveal the pore structure of geotechnical materials [2,3,4]. Xie et al. [4] tried to quantify the pore morphology of different carbonate samples based on the digital analyses of two-dimensional images from thin sections taken under the environmental scanning electron microscope (ESEM). The effect of the pore morphology on the porosity and permeability was also discussed. Zhu et al. [5] applied femtosecond laser cutting so as to look into the intrapore structures of calcareous sand grains of various sizes. As they concluded, small pores outnumbered large pores and the former prevailed in terms of volumetric fraction. Du et al. [6] applied X-ray diffraction, scanning electron microscopy and mercury intrusion porosimetry to study the effect of zinc (Zn) concentration on the pore-size distribution of zinc-contaminated kaolin clay when the clay was stabilized by a cement additive. X-ray tomographic imaging and relevant analytic technologies were also applied to study the multiphase flow and displacement inside a porous material [7].



In recent years, significant improvement has been made with regard to the X-ray light source technology in CT scanning. Meanwhile, driven by oil and gas exploration, pollutant migration, coal mining, and the geological storage of CO2, high-resolution industrial CT has been increasingly used to reveal the pore morphology of rocks [8,9,10]. The application of CT technology enables researchers to look into the microstructures of geotechnical materials [11,12,13,14,15]. Wu et al. [16] applied the mercury injection capillary pressure (MICP) test, nuclear magnetic resonance (NMR), scanning electron microscopy (SEM) and X-ray computed tomography (CT) to investigate the geometry and topology of the pore network of low permeability carbonate cap rocks, during which the CT scanning proved to be competent to characterize the geometry, topology and fractal dimension of the pore network in the rocks.



In other developments, X-ray computed tomography (CT) was applied to investigate the damage cracking behavior of rock and soil aggregate (RSA) under uniaxial compressive loading [15]. Raeini et al. [17] proposed a finite volume-based methodology for the analysis of two-phase flow using micro-CT images of porous media.



In summary, the primary advantage of CT scanning is to image a sample in a three-dimensional and non-destructive manner. It uses X-rays to create cross-sectional pictures (“slices”) of the sample. The slices can either be displayed individually in two dimensional form or stacked together to generate a 3D imaging that can reveal the internal structure of the sample. Furthermore, with the help of relevant softwares and algorithms such as Avizo, VGStudio MAX and Pore3D, quantitative 3D analysis can be performed for certain features of interest for the sample. In geoscience, the features of interest include the pore characteristics, morphological characteristics, mineral composition, crack propagation, fluid flow analysis and the reconstruction of fossils [18].



The present work studies the pore network of two types of sedimentary rocks, i.e., carbonate rock and sandstone. The pore structure of sedimentary rocks varies due to different diagenesis and mineral composition. Assessing the pore structure of sedimentary rocks can facilitate the exploration of oil and gas in sedimentary rock reservoirs [19,20]. As a type of marine sedimentary rock, carbonate rocks are featured by high porosity and permeability. Carbonate rocks commonly contain a variety of pore types whose sizes span several orders of magnitude [21,22,23,24]. Pore systems in sedimentary carbonates are complex in terms of their geometry and genesis, and differ remarkably from those of sandstones [25]. The present work applies X-ray micro-CT scanning technology to reveal the pore-throat structures of the marine carbonate rocks (sampled from Nansha Islands in the South China Sea, within 400 m from the coral reef surface, numbered from shallow to deep according to the depth of sampling) and the terrigenous sandstone, respectively in order to shed light on the permeability and evolution of sedimentary fabrics for carbonate rocks.




2. Microfacies Analysis


The microfacies of carbonate samples A, B, C, D, E and sandstone S were obtained using polarizing microscopy (see Figure 1). Reef limestone samples are composed of bioclast, which mainly includes coral, coralline algae and foraminifera. However, the type of cement for the carbonate samples is different. Samples A, B, C and E are cemented by argillaceous crystals, while sample D is cemented by crystal calcites. Only sample E is partially dolomitized.



Sample S is an aeolian ferruginous sandstone with angular grains and bimodal particle sizes (ca. 200 and 100 μm). The grains are not supported and the interstitial material is silt-sized. The larger particles are iron oxide.




3. X-ray Micro-CT Scanning Test


3.1. Test Samples


Five different samples of the reef limestones, all of which were marine biogenic carbonates, were chosen for study in the present work. To obtain the samples, a single drilling was performed on the Nansha Islands in the South China Sea. After segmentation, the drill cores at five different depths were chosen and morphed into standard cylinders with a diameter of 50 mm and a height of 100 mm through cutting and polishing. The five samples were labeled as A, B, C, D, and E according to their depth of sampling. For comparison, an extra cylindrical sample was made out of a sandstone, which is terrigenous sedimentary rock. The extra sample was labeled as S. Figure 2 shows the test samples in the present work. The machining accuracy regarding the dimensions of the samples met the requirements of the International Society for Rock Mechanics [26]. Table 1 lists the dimensions and densities of the rock samples.




3.2. Equipment and Test Condition


In CT-scanning technology, the voltage of the X-ray tube determines the photon energy of X-ray harnesses. The higher the voltage of X-ray tube, the higher the X-ray penetration. On the premise that other scanning parameters are constant, increasing the voltage of the X-ray tube can significantly increase the physical dose of X-ray and reduce the standard deviation (SD), so as to improve the image quality and image resolution.



Figure 3 shows the X-ray micro-CT scanner (nanoVoxel-4000, Tianjin Sanying Precision Instrument, Tianjin, China) used in the present work. When scanning the carbonate rock, the resolution of the image was set to 61.75 μm with the voltage of X-ray tube set to 180 kV. However, the aforementioned settings were not feasible for the sandstone sample as the obtained images were blurred. This is because the X-rays are unable to penetrate the sample due to the compaction of grains in the sandstone. Therefore, a higher resolution of imaging (30.45 μm) and a higher voltage of X-ray tube (200 kV) were adopted when scanning the sandstone sample.



The samples were scanned in the directions of X, Y, and Z, with Z being the longitudinal direction of the cylinders. The positive directions of X, Y, and Z axes follow the right-hand rule.



As aforementioned, the resolution of the imaging in the X, Y, and Z axes, i.e., the distance between adjacent slices (cross-sectional pictures), was set to 61.75 μm for the carbonate samples and 30.45 μm for the sandstone sample. Scanning a single rock sample took approximately 1 h with an operating current of 150 μA. A total of around 3200 cross-sectional pictures were obtained for each carbonate sample while scanning the sandstone sample generated 6430 cross-sectional pictures.




3.3. Test Principle


In high-resolution X-ray micro-CT, a cone-shaped X-ray emits from a microfocus ray source and penetrates the specimen before reaching the detector. In the meanwhile, either the X-ray source and the detector remain stationary during the scan while the specimen rotates or the specimen stays stationary in space while the X-ray tube and the detector rotate around. The reduction of the intensity of an x-ray beam as it traverses matter (i.e., the attenuation) is collected and used to infer the internal structure of the specimen.



The raw files from CT scanning are then imported into data visualization and analysis softwares such as Dragon fly (Object Research Systems, Montréal, QC, Canada) and Avizo (Thermo Fisher Scientific, Waltham, MA, USA) to enable 3D reconstruction of the sample. The 3D reconstructed model can depict the internal structure of the specimen. As for the rock samples in this work, features including the internal pore network and the fabrics can be extracted from the reconstructed samples.



As a non-intrusive, fluoroscopic and high-resolution imaging technology that supports 3D reconstruction, CT scanning enables viewing of the microstructural features of a specimen. The gray-level details of obtained CT images reflects the relative density inside the sample.




3.4. Cross Sectional Porosity


For each slice from CT scanning, the cross sectional porosity, which is defined as the ratio between the number of pixels representing porosity and the overall number of pixels representing the cross section, can be evaluated. As illustrated in Figure 4, a layer by layer cross-sectional porosity analysis was performed on each two-dimensional section along the Z axis. It is worth noting that the cross sections were not ideally circular for the carbonate samples due to the surface open pores. Therefore, in the calculation of cross sectional porosity, the overall area of the cross section was determined using a circular fitting profile, whose diameter was determined to be the average distance between pairs of centrosymmetric (with regard to the Z axis) pixels on the actual profile of the cross section except the open pores.



Now that the number of obtained cross sections are different for the carbonate and sandstone samples due to different resolutions of scanning, around 800 cross sections that were equally spaced along the Z axis were chosen for each sample for the evaluation of the cross-sectional porosity. Figure 5 illustrates the distribution of cross-sectional porosity along the Z axis for all the samples. Note that the cross sections in all the samples are indexed consistently so that the cross sections with the same index share approximately the same height in the samples.



As is shown in Figure 5, much higher cross-sectional porosity was observed for the carbonate samples compared to the sandstone sample. Moreover, the deviation of cross-sectional porosity along the Z axis was more severe for the carbonate samples. This demonstrates the complex forming process of carbonate rocks, as the randomness of the sedimentary particulates and the heterogeneity of the diagenesis process result in anisotropic pore structures. In contrast, small and less deviative cross-sectional porosity was observed for the sandstone sample, indicating relatively uniform and dense internal structure. It is noteworthy that the peaks in the distribution of cross-sectional porosity of Figure 5 imply large pores that span multiple adjacent cross sections. Therefore, how the cross-sectional porosity evolves along the Z axis reflects the change of porosity inside the specimen, which can identify large pores in the sample in a non-disruptive manner.





4. Microstructural Analysis


4.1. 3D Reconstruction and Analysis


Images of the cross sections of specimen, as shown in Figure 6, are obtained when CT scanning is performed along different directions. In each cross sectional image, pixels with different gray levels indicate pores and solids. To reconstruct the 3D model of pores and solids in the specimen out of the cross sectional images, Dragon fly (Object Research Systems, Canada) was applied.



Figure 7a shows the 3D reconstructed model of the cylindrical sample A, from which the 3D models of the pore network (see Figure 7b) and the solid phase (see Figure 7c) can be extracted. As a result, the volumetric fractions of the pore and the solid can be determined and they are listed in Table 2 for all the samples.




4.2. Digital Core Analysis


Moreover, the representative elementary volume (REV) of arbitrary size (larger than the spatial resolution of CT) can be placed inside the 3D reconstructed model of the whole specimen. The extraction of pore and solid can then be performed for the REV in the same manner as it is done for the whole specimen. In the present work, three REVs, each of which was sized 400 pixels × 400 pixels × 400 pixels, were placed in three different positions for each sample (see Figure 8). Note that the actual size of the REV depends on the resolution of the CT scan. For the sandstone sample, whose resolution of scan was 30.45 μm, 4003 voxels corresponded to an actual volume of 12.183 mm3. The carbonate samples, for which the resolution of scan was 61.75 μm, 4003 voxels corresponded to an actual volume of 24.73 mm3. In the reconstructed model, the pore network was represented by a stack of voxels. Higher scan resolution leads to smaller voxels and a more refined representation of the pore network. As is shown in Figure 9, extraction of the pore network and the solid part could be performed for each REV, based on which further geometrical and morphological analysis could be conducted.



Table 3 lists the volumetric fractions of pores for all the REVs. Due to the complex diagenesis process of carbonate rock, the pores are heterogeneously distributed in the specimen, resulting in quite different porosity readings among the REVs that were sampled from different positions of a specimen. The porosity that was measured from the 3D REVs was more intuitive compared to the cross sectional porosity in Section 3.4, when it came to revealing the volume and distribution of pores. A combination of the cross-sectional porosity and the REV porosity could help locate large pores in the specimen.




4.3. Pore Scale Network Model


The pore network plays a vital role in determining the permeability and the storage capacity of rock masses. As trailblazing work, Fatt [27] proposed the modeling of porous media using a network of tubes when deriving capillary pressure curves. Based upon this concept, two different methods were proposed by researchers to model the network of pores in porous media. In the first method, 3D images of porous media are obtained from process-based reconstructions and X-ray microtomography. Then the complete pore network representations are extracted from the 3D images. It is applied to the study of both sandstones and carbonates [28]. The second method is a process-based method for reconstructing the full three-dimensional microstructure of sandstones, which includes the network of pores. It utilizes petrographical information obtained from two-dimensional thin sections to stochastically model sandstone forming processes—sedimentation, compaction, and diagenesis. It was shown that the process-based reconstruction was able to reproduce adequately accurate properties of the sandstone [29]. However, the sedimentary process of carbonate rocks can be too complicated for the process-based method. Therefore, the network of pores in carbonate rocks need to be extracted from 3D images, for which algorithms that extract simplified networks of pores and throats with parametrized geometry and interconnectivity are indispensable. Among the algorithms that extract topology from 3D images of porous media, the maximum ball algorithm is the most widely used one.



Being initially proposed by Silin et al. [30,31], the maximum ball method produces a stick-and-ball diagram of the pore network. The balls and sticks are used to represent the “pore bodies” and “pore throats”, through which their respective volumes and connectivity are established. The balls and the sticks thus indicate the porosity and the permeability of the porous media. Using the concept of maximal balls, Al-Kharusi and Blunt [32] extended the pore network extraction algorithm of Silin et al. [30] by replacing the original master–slave hierarchy of maximal balls by a refined master–slave-cluster hierarchy. Their model was successfully tested on sandstone and carbonate samples. However, their proposed algorithm precluded the extraction of large networks using standard computer resources. Dong and Blunt [33] proposed a modified maximal ball algorithm, extending the work of Silin et al. [30,31], to extract simplified networks of pores and throats with parametrized geometry and interconnectivity. The parameters of the pore networks, including the coordination number, the pore and throat size distributions were computed and compared to benchmark data derived from other methods as well as the experimental data. Good agreement was observed in most cases allowing pore networks derived from a wide variety of rock types to be used for predictive modeling.



In the following, the major aspects of Dong and Blunt’s [33] maximum ball algorithm are revisited.



The throat length    l t    is defined by subtracting the two pore lengths    l i    and    l j    from the throat total length    l  i j     (the Euclidean distance from pore i center to pore j center)


   l t  =  l  i j   −  l i  −  l j   



(1)







The pore lengths    l i    and    l j    are defined by


   l i  =  l i t   (  1 − α    r t     r i     )   



(2)






   l j  =  l j t   (  1 − α    r t     r j     )   



(3)




where    r i   ,    r j   , and    r t    are the radii of pore i, pore j, and throat, respectively;    l i t    and    l j t    are the Euclidean distances between the centers of pore i and pore j to the throat center; α is the pore-throat segmentation coefficient to decide the pore–throat interface along the pore channels [33], which is chosen to be 0.6 in this study.



In the present work, the maximum ball algorithm (see Figure 10) of Dong and Blunt [33] is applied to extract the pore network out of the REVs of the carbonate and sandstone samples. By comparing Table 2 and Table 3, it can be seen that the porosity of REV2 is closest to the porosity of the whole specimen. Therefore, the REV2 of each sample is chosen for the scrutiny of the pore network.



Figure 11 shows the obtained stick-and-ball representation of the pore morphology when applying the maximum ball based extraction of pore network to the REV2 of each sample. The respective volumes of the “pore” (i.e., the balls) and the “throats” (i.e., the sticks) as well as their connectivity can be derived from the pore network model. More statistical details of the obtained pore-throat model are provided in Table 4.



As can be seen from Table 4, carbonate samples had a much higher coordination number compared to the sandstone sample, indicating better connectivity between the pores. Moreover, the volume of pores in the carbonate samples is significantly higher than that of the sandstone sample. Among the carbonate samples, much higher porosity (see Table 3) and more large pores (see average radius of pores in Table 4) can be observed for sample A. As shown in Figure 11, the REVs of sample B, D and E contained a large number of evenly distributed and well-connected pores compared to the other carbonate samples. However, large pores were scarcer in samples B, D and E compared to samples A and C, which could be concluded from the smaller average radius/volume of pore for the former in Table 4. The number of pores in the REV of sample C was smaller than the counterparts of the others (see number of pores in Table 4) and the pores prevailed in the right half of the REV (see Figure 11c). The large average radius/volume of pore for sample C in Table 4 indicates the prevalence of large pores. As for the sandstone sample, a low coordination number and a small average radius/volume of pores were observed, suggesting small pores and bad connectivity between the pores.





5. Quantitative Analysis of Pore-Throat Network


The sizes and distribution of pores plays a vital role in determining the physical and mechanical properties of rock masses. In the following sections, detailed quantitative analysis is performed for the pore and the throat, respectively.



5.1. Quantitative Analysis of Pore


5.1.1. Pore Radius


Figure 12 shows the distribution of pore radius in the REVs of the carbonate samples, from which positive skewness was observed for all the samples. The pore radius of carbonate was primarily in the range of 20–500 μm. Choquette and Pray [25] classified the pores of carbonate into megapores (4–256 mm), mesopores (0.0625–4 mm) and micropores (<0.0625 mm) based on the pore diameter. According to their classification, macropores are not existent in any of the REV2s of the carbonate samples. The majority of pores in the REVs are mesopores. The average radius of the pores is significantly larger for samples A and C compared to samples B, D and E.



A comparison for the distribution of pore radius between the sandstone and the carbonate is provided in Figure 13, where a confidence interval of 95% was imposed. As shown in Figure 13, the average pore radius of carbonate was much larger than that of sandstone. Using a scanning resolution of 61.75 μm for the carbonate samples, the observed minimum and maximum pore radii were 25 μm and 1600 μm,, respectively. Using a scanning resolution of 30.45 μm for the sandstone sample, the observed minimum and maximum pore radii were 12 μm and 146 μm, respectively. For both types of rock, megapores did not exist in the samples. The 95% confidence interval for the pore radius of sandstone was 10–80 μm (sample S), while for carbonate, it was 20–490 μm (sample A), 20–270 μm (sample B), 20–480 μm (sample C), 20–270 μm (sample D), 20–240 μm (sample E), respectively. This confirms a much wider range of pore radius for the carbonate compared to the sandstone. According to the classification of Choquette and Pray [25], over 85% of the pores in carbonate samples are mesopores while more than 85% of pores in the sandstone sample are micropores.




5.1.2. Pore Volume


Figure 14 shows the distribution of pore volume in the REV2s of all the rock samples. As can be seen, both the range of pore volume and the average pore volume were larger for the carbonate compared to the sandstone, indicating the prevalence of micropores in the sandstone. Among the pore volume distributions of the carbonate samples, four peaks were observed for samples A and C, while three peaks were observed for samples B, D and E, indicating the existence of relatively large pores in the former.



For the carbonate samples in Figure 14, the frequencies of the peaks decreased as the pore volume increased, indicating that small pores outnumbered large pores. The peaks in the distribution of pore volume of carbonate might be attributed to the size distribution of the grains, as grains of different sizes can form pores of different volumes during the sedimentary process. Large grains and poor gradation in carbonate can lead to large pore volumes. The peaks in the distribution of pore volume, which indicate pores of similar volume, may result from the sedimentation of grains with similar sizes. In the sandstone sample, the pore volume was not only small, but also prevailed in two orders of magnitude. This could be attributed to the small and uniform grain sizes as well as the compaction process when sandstone forms.




5.1.3. Pore Shape Factor


The shape factor G, which characterizes the shape of a pore, is defined as follows:


  G = A /  P 2  ,  








where A denotes the cross sectional area of a pore, P denotes the perimeter length of the cross section of a pore [34]. The shape factors of certain benchmark shapes of cross sections are: 0.0796 for a circle, 0.0722 for a regular hexagon, 0.0688 for a regular pentagon, 0.0625 for a square and 0.0481 for a regular triangle. As can be seen, the larger the value of the shape factor is, the more regular the shape of the cross section is. Figure 15 shows the distribution of shape factors for the pores in the carbonate and sandstone samples. Normal distribution was observed for the shape factor in all the samples. The values of the shape factor were primarily in the range of 0.015–0.045, indicating irregular triangular cross sections for the majority of pores. It can thus be inferred that the type of rock and the porosity have little effect on the shape of the pores.





5.2. Quantitative Analysis of Throat


5.2.1. Throat Radius


The throats serve as the connection between the pores and play a vital role in the permeability of rocks. Figure 16 shows the distribution of throat radius in the REVs of the carbonate samples, from which positive skewness was observed for all the samples. The throat radius of carbonate was primarily in the range of 0–200 μm. The average throat radius was smaller than the average pore radius (see Section 5.1.1). The average radius of throat was larger for samples A and C compared to samples B, D and E, similar to that observed for the average radius of pores in Section 5.1.1.



A comparison for the distribution of throat radius between the sandstone and the carbonate is provided in Figure 17, where a confidence interval of 95% was imposed. As shown in Figure 17, the average throat radius of carbonate was much larger than that of sandstone. The 95% confidence interval for the throat radius of sandstone was 0–60 μm (sample S), while for carbonate, it was 0–330 μm (samples A and C), 0–160 μm (samples B, D and E), respectively.




5.2.2. Throat Volume


Figure 18 shows the distribution of throat volume in the REV2s of all the rock samples. Among the throat volume distributions of the five carbonate samples, multiple peaks were observed. The throat volumes corresponding to the peaks were almost identical for all the carbonate samples, while the corresponding frequencies differed between the samples. For the REV2s of samples A and C, a small peak appeared when the throat volume was in the range of 109–2 × 109 μm3, which did not exist for the rest of the samples. Moreover, the frequency of the peak when the throat volume was in the range of 108–2 × 108 μm3 was significantly higher for samples A and C compared to the rest of the samples, indicating the prevalence of large throats in samples A and C. The range of throat volumes in the sandstone sample was narrower although multiple peaks were also observed. The throat volumes at the peaks were 2–3 orders of magnitude smaller than those of carbonate samples.



As for the curves of cumulative frequency in Figure 18, a similar trend could be observed for the carbonate and sandstone samples. Among the carbonate samples, the range of throat volumes of samples A and C were significantly larger than the rest. The throat volume of the sandstone sample was substantially smaller than that of the carbonate samples.




5.2.3. Throat Shape Factor


The factor of throat shape followed the same definition as the factor of pore shape in Section 5.1.3. The larger the value of the factor of throat shape, the more regular the shape of the cross section of the throat. Figure 19 shows the distribution of factors for the throat shape in the carbonate and sandstone samples. Normal distribution was observed for the shape factor in all the samples. The value of the shape factor was primarily in the range of 0.015–0.045, indicating irregular triangular cross sections for the majority of throats. By comparing Figure 15 and Figure 19, it can be seen that the distributions of the factors of pore and throat shape were similar. The type of rock and the porosity seem to have little effect on the shape of the throats.




5.2.4. Coordination Number


The coordination number refers to the number of throats connected to a single pore in the pore network. The larger the coordination number, the better the connectivity. As can be seen from Table 4, for the carbonate samples, the number of pores was approximately equal to the number of throats, leading to an average coordination number of 1. For the sandstone sample, the number of pores amounted to 2708 while the number of throats was merely 264, leading to an average coordination number of 0.1. Thus, the connectivity between pores is much worse for sandstone compared to carbonate.



In Table 4, the average volume of pore was larger than the average volume of throat for both sandstone and carbonate. The average volume of throat was approximately one order of magnitude smaller than the average volume of pore. For all the REVs in Table 4, the number of throats was either almost equal to or outnumbered by the number of pores. It can be thus inferred that the porosity of the REVs is majorly related to the volume of the pores.



In Table 4, the average radius of the pores was similar between sample A and C, as was the average volume of the pores. However, the REV of sample C contained only 1042 pores, in contrast to the 4335 pores in the REV of sample A. As a result, the porosity was higher for the REV of sample A. As for the carbonate samples B, D and E, their average radius of pore and average volume of pore were relatively small compared to their counterparts in sample C. However, samples B, D and E contained a larger number of pores compared to sample C. In the end, the porosity for the REV2s of samples B, C, D, E turned out to be similar (see Table 3). In summary, the number of pores, the radius of pore and the volume of pore are important factors affecting the porosity of a sample.



The average coordination number of the test rock samples and pore-throat network in the 3D model (Figure 11) are not contradictory. In Figure 11, in both of the pore-throat network models of marine carbonate rocks exist isolated pores, as well as the situation of multiple throats connected by a single pore. Therefore, the average coordinate number of marine carbonate rocks in Table 4 are accurate and reasonable. Owing to the number of throats being far fewer than the number of pores in the sandstone sample, therefore the average coordination number of it was 0.1, and the connectivity of the sandstone sample in Figure 11 was the worst, with the existence of a large number of isolated pores.






6. Conclusions


Using X-ray micro-CT, the present work investigates the pore-throat structure of five marine biogenic carbonate samples and a terrigenous sedimentary sandstone sample. As the results show, the five carbonate samples, which came from the drill cores at five different depths of a single drilling, differed significantly in porosity. On the whole, the research results were consistent with Yu et al. [35] which also confirmed that the sedimentary law of coral reefs is different from that of terrigenous strata. In terrigenous strata, the physical and mechanical properties of rocks are usually enhanced with the increase in depth. However, coral reef strata have significant sedimentary facies belt effect and facies belt cycles. In this manuscript, the depth of the sampling did not influence the rock porosity significantly. This demonstrates the complex forming process of carbonate rocks, as the randomness of the sedimentary particulates and the heterogeneity of the diagenesis process result in anisotropic pore structures.



Cross sectional porosity was measured for the cross-sectional images of the samples in the direction of Z axis. Much higher cross sectional porosity was observed for the carbonate samples compared to the sandstone sample. Moreover, the deviation of cross-sectional porosity was more severe for the carbonate samples, indicating a more heterogeneous pore structure. In contrast, small and less deviative cross-sectional porosity was observed for the sandstone sample, indicating a relatively uniform and dense internal structure. How the cross-sectional porosity evolves along the Z axis reflects the change of porosity inside the specimen, which can help locate large pores in the sample in a non-disruptive manner.



A 3D reconstruction was performed for each rock sample using the cross-sectional images from CT scanning. Representative elementary volumes (REVs) at fixed positions of each rock sample were placed in the 3D reconstructed rock samples. The maximum ball algorithm was then applied to extract the pore-throat network of the REVs. As the results indicate, the average pore radius, the average pore volume, the average throat radius and the average throat volume of carbonate are not only larger than the counterparts of sandstone, but also distributed in a wider range compared to those of sandstone. Yet, similar distributions of the pore shape factors and the throat shape factors were observed between carbonate and sandstone. Over 85% of the pores in the carbonate samples were classified as mesopores while more than 85% of pores in the sandstone sample were deemed micropores. The average coordination number was 1 for carbonate, while 0.1 for sandstone.



As revealed in the present work, the average pore volume is larger than the average throat volume for both sandstone and carbonate. The average throat volume is approximately one order of magnitude smaller than the average pore volume. For all the scrutinized REVs, the number of throats were either almost equal to or outnumbered by the number of pores. It can be thus inferred that the porosity of the REVs is majorly related to the volume of the pores.
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Figure 1. Microfacies analysis of thin sections of rock samples. (a) Carbonate A: bioclast. (b) Carbonate A: foraminifera. (c) Carbonate B: coral. (d) Carbonate B: calcite filled. (e) Carbonate C: coralline algae. (f) Carbonate C: microbial erosion. (g) Carbonate D: crystal calcites. (h) Carbonate D: dissolved pores. (i) Carbonate E: coral. (j) Carbonate E: dolomitization. (k) Sandstone S: sedimentary particles. (l) Sandstone S: oxidation zone. 
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Figure 2. Standard cylinder specimens, from left to right are carbonate A, B, C, D, E and sandstone S. 






Figure 2. Standard cylinder specimens, from left to right are carbonate A, B, C, D, E and sandstone S.



[image: Applsci 12 02611 g002]







[image: Applsci 12 02611 g003 550] 





Figure 3. High resolution X-ray micro CT. 
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Figure 4. Illustration of cross sections along the Z axis for the cylindrical test samples. 
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Figure 5. Distribution of cross sectional porosity along the direction of Z axis. (a) Carbonate. (b) Sandstone. 
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Figure 6. Cross sectional images of sample A when scanning along Z, Y, X axes. 
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Figure 7. The 3D reconstructed model of sample A. (a) Total. (b) Pore network. (c) Solid. 
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Figure 8. Representative elementary volumes (REV) that are chosen for each test sample. 
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Figure 9. The 3D reconstructed model of REV2 of sample A and the extraction of pore network and solid. (a) Total. (b) Pore network. (c) Solid. 
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Figure 10. Schematic of the length definition for pores and throats reproduced from [33], with permission from American Physical Society, 2022. 
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Figure 11. Pore network model of REV2 of different samples. (a) Carbonate rock A. (b) Carbonate rock B. (c) Carbonate rock C. (d) Carbonate rock D. (e) Carbonate rock E. (f) Sandstone S. 
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Figure 12. Distribution of pore radius in the REV2s of carbonate samples. 
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Figure 13. Distribution of pore radius (95% confidence interval). 
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Figure 14. Distribution of pore volume in the REV2s of test samples. 
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Figure 15. Distribution of pore shape factor in REV2s of test samples. 
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Figure 16. Distribution of throat radius in REV2s of carbonate samples. 
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Figure 17. Distribution of throat radius (95% confidence interval). 
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Figure 18. Distribution of throat volume in the REV2s of test samples. 






Figure 18. Distribution of throat volume in the REV2s of test samples.



[image: Applsci 12 02611 g018]







[image: Applsci 12 02611 g019 550] 





Figure 19. Distribution of throat shape factors of REV2s of test samples. 
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Table 1. Sample size.
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Rock Sample

	
Carbonate

	
Sandstone




	
A

	
B

	
C

	
D

	
E

	
S






	
Height (mm)

	
104.45

	
99.47

	
99.57

	
99.44

	
99.46

	
99.91




	
Diameter (mm)

	
50.22

	
49.24

	
49.22

	
49.35

	
49.13

	
48.57
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Table 2. Volumetric fractions of pore and solid in the rock samples.
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Rock Sample

	
Carbonate

	
Sandstone




	
A

	
B

	
C

	
D

	
E

	
S






	
Pore network (%)

	
23.41

	
7.71

	
9.32

	
8.51

	
7.35

	
1.06




	
Solid (%)

	
76.59

	
92.29

	
90.68

	
91.49

	
92.65

	
98.94
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Table 3. Porosity of REVs.
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Rock Sample

	
Carbonate

	
Sandstone




	
A

	
B

	
C

	
D

	
E

	
S






	
Porosity of REV1 (%)

	
19.91

	
4.86

	
18.16

	
7.30

	
12.01

	
0.43




	
Porosity of REV2 (%)

	
23.99

	
8.58

	
7.59

	
5.85

	
6.73

	
0.83




	
Porosity of REV3 (%)

	
28.48

	
5.13

	
10.30

	
6.63

	
4.36

	
2.05
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Table 4. Statistical results of pore network of REV2 of tested samples.
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Rock Sample

	
Carbonate

	
Sandstone




	
A

	
B

	
C

	
D

	
E

	
S






	
Number of pores

	
4335

	
6001

	
1042

	
4651

	
6464

	
2708




	
Number of throats

	
4395

	
6167

	
1013

	
3889

	
5261

	
264




	
Maximum radius of pore (μm)

	
1573.95

	
1698.91

	
1374.45

	
1025.14

	
783.52

	
146.39




	
Average radius of pore (μm)

	
193.50

	
130.71

	
174.82

	
127.85

	
122.81

	
44.37




	
Maximum radius of throat (μm)

	
1044.66

	
1501.23

	
1372.71

	
776.15

	
670.09

	
91.18




	
Average radius of throat (μm)

	
127.04

	
66.25

	
114.26

	
77.11

	
64.55

	
23.57




	
Maximum length of throat (μm)

	
1783.67

	
1538.80

	
1615.36

	
1678.78

	
1123.81

	
155.19




	
Average length of throat (μm)

	
312.81

	
195.86

	
278.93

	
230.03

	
205.19

	
63.82




	
Maximum pore–throat aspect ratio

	
54.84

	
37.26

	
35.81

	
27.09

	
33.19

	
19.14




	
Average pore–throat aspect ratio

	
2.04

	
2.33

	
2.07

	
2.06

	
1.86

	
0.48




	
Maximum volume of pore (μm3)

	
6.04 × 1010

	
1.03 × 1011

	
1.14 × 1011

	
2.32 × 1010

	
2.08 × 1010

	
1.15 × 108




	
Average volume of pore (μm3)

	
7.59 × 108

	
1.94 × 108

	
9.96 × 108

	
1.70 × 108

	
1.38 × 108

	
3.68 × 106




	
Maximum volume of throat (μm3)

	
5.55 × 109

	
2.24 × 109

	
8.61 × 109

	
1.67 × 109

	
2.52 × 109

	
1.36 × 107




	
Average volume of throat (μm3)

	
7.19 × 107

	
1.79 × 107

	
1.02 × 108

	
2.07 × 107

	
1.82 × 107

	
6.94 × 105




	
Maximum coordination number

	
28

	
48

	
23

	
27

	
29

	
3




	
Average coordinate number

	
1

	
1

	
1

	
1

	
1

	
0.1
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