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Abstract

:

The Neogene Guantao Formation Reservoir in the PLOilfield is a unconsolidated sandstone with high porosity and high permeability. The reservoir diagenesis is weak and dominated by compaction diagenesis. At present, insufficient research into the relationship between the pore characteristics and sedimentary microfacies of shallow delta sandstone reservoirs restricts the prediction of favorable reservoir distribution. This article takes the unconsolidated sandstone reservoir of the Guantao Formation as the research object and analyzes the potential coupling relationship between pore characteristics and sedimentary microfacies. In this study, seven typical sedimentary microfacies were identified and the microscopic characteristics of different sedimentary microfacies reservoirs are described. The results show that the pore structure of various sedimentary microfacies is comprehensively influenced by the sedimentary rock texture, siliceous minerals, and clay mineral distribution. Characterized by more abundant hard quartz and feldspar minerals, positive skewness, and lower pore sorting coefficients, the arenaceous microfacies possess larger pore throat radius and lower pore fractal dimensions than argillaceous microfacies. Finally, due to the difficulty of coring in offshore oilfields and the lack of data on mercury injection experiments, empirical formulas for the porosity, permeability, and pore throat radius of conventional core tests were established, and the pore radius that corresponded to 35% mercury saturation (r35) was used as the characteristic pore structure parameter. The grey correlation method was used to analyze the influence of sedimentary structure factors and mineral content differences on r35 and to determine the main controlling factors.
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1. Introduction


According to the oilfield development experience, microscopic pore structure controls the reservoir capacity and seepage characteristics and ultimately exerts a profound influence on oilfield recovery factors [1,2]. Pore structure is a comprehensive reflection of pore throat size, shape, and connectivity [3]. As a result of the non-homogeneity of pore structure, significant problems have arisen during the development process such as the high injection pressure, rapid rise in water content, and high start-up pressure [4].



The processes of deposition and diagenesis occurring together can potentially cause the complex processes of diverse pore types, complex pore structures, and non-homogeneity in the reservoirs to occur simultaneously [5,6]. Sedimentation has an obvious effect on clastic rock mineral’s composition, structure, sorting, rounding, and miscellaneous base content, which, in turn, exerts a profound influence on its porosity and permeability [7,8,9]. The increase in burial depth will make the microscopic pore structure more complex [10,11]. Dissolution can increase the secondary porosity of the reservoir and has positive effects on reservoir quality whilst cementation and compaction have negative effects [12].



The PL Oilfield is one of the largest offshore oil fields discovered in China to date [13] and its main oil-bearing zone, the Neogene Guantao Formation, is a highly porous and highly permeable unconsolidated sandstone characterized by weak diagenesis and is dominated mainly by compaction, and the reservoir pore structure is controlled by deposition. The change in depositional environment has a pivotal and direct role in the control of clastic reservoir properties [7]. The long oil-bearing zone of the PL Oilfield, the longitudinal evolution of the depositional mechanism, the lateral changes in the sedimentary microfacies, and hydrodynamic factors have led to large differences in reservoir pore structure both within and between layers, resulting in many problems in the development process such as quickly decreasing fluid production and quickly decreasing water absorption capacity. In recent years, extensive research has been undertaken in relation to the target layer of this study, the majority of which have focused on the sedimentary evolution, oil gas reservoir-forming conditions, and provenance systems, however, the coupling between sedimentary microfacies and pore structure was found to be relatively insignificant.



Reservoir rock pore structure parameters are crucial indicators for reservoir evaluation, and how to objectively determine these parameters is a problem that many petrologists have long been trying to solve. At present, the commonly used research methods include μ-CT [14,15,16], high-pressure mercury injection (HPMI) [17,18,19,20], scanning electron microscopy (SEM), nuclear magnetic resonance (NMR) [21,22], logging methods, etc. These methods, which characterize the pore structure, have their advantages, but HPMI is the most appropriate experimental method based on the reservoir characteristics in this study area [23].



The difficulties of coring in offshore fields make it impossible to test the reservoir sections of all wells with mercury injection data. In recent decades, geophysicists have established a series of empirical equations to determine easily accessible physical property parameters and pore throat radius with the objective to replace mercury intrusion experiments with other easier and safer methods.



Winland (1972) [24] chose a pore throat radius at 35% mercury saturation to divide the cutoff value for net production from clastic reservoirs because the best correlation is obtained at this point.


    logr   35   = 0.732 + 0.588   logK   air   − 0.864 log  ∅  core    



(1)




where    r  35     is the pore throat radius at 35% mercury saturation;    ∅  core     is the core porosity; and    K  air     is the core permeability measured using air flow.



The R35 has been applied in many oil fields after being proposed by Winland (1972) [24]. However, studies in different oil fields have shown that the correlation between porosity, permeability, and pore throat radius is inconsistent with Winland’s conclusion. Pittman (1992) [18] gave empirical equations to calculate pore throat radius for mercury injection saturations from 10% to 75%, and identified the best correlation at the mercury injection saturation as 25%.


    logK   air   = − 1.221 + 1.415  ∅  core   + 1.512   logr   25    



(2)







Spearing et al. (2001) [25] considered this value to be 45% using core analysis. Nabawy (2009) [26] suggested that it is more reliable to establish the equation when mercury saturation is at 30%.


    logr   30   = 0.529   logK   air   + 2.758 log  ∅  core   − 4.918  



(3)







In summary, this paper combines the sedimentary microfacies and their mineral compositions, obtained by core description, XRD mineral analysis, and logging interpretation, with the pore structure characteristics obtained by HPMI, casting thin sections and SEM, focusing on the following aspects: (1) studying sedimentary systems and identifying sedimentary microfacies; (2) finding the difference in the pore structures of different sedimentary microfacies including the pore throat type, pore size distribution, and fractal dimension representing the pore structure complexity; (3) establishing pore throat radius matching relationships for porosity and permeability and then achieving a quantitative characterization of the pore throat radius in non-cored well areas; and (4) conducting a grey correlation analysis based on the similarity between the geometric shapes of the sequence curves to judge whether the relationship is close and the calculation amount is small, and if there is no requirement for the number of samples, applying the grey correlation theory to quantitatively investigate the major control elements affecting the pore structure. This paper studied the coupling relationship between the shallow-water braided river delta sedimentary system and the pore structure to fill the gaps in this type of sedimentary system and proposed comprehensive pore structure parameters that are suitable for unconsolidated sandstone reservoirs, providing a reference for the characterization of pore structure in this kind of oilfield, which is lacking a core.




2. Geological Background


The Bohai Bay Basin is a typical Cenozoic continental petroliferous basin in eastern China, with a total area of 20 × 104 km2 (Figure 1A) [27,28]. The PL structure is a faulted anticline structure, which developed at the base of the Bonan Uplift (Figure 1C). Two strike-slip faults parallel to the structural strike developed in the PL Oilfield. The strike-slip faults and their near-northeast-trending derivative normal faults cut the PL anticline into fault blocks of horsts and grabens. The high part of the central structure between the two strike-slip faults is the main production area of the PL Oilfield. Several previous studies have used heavy minerals, paleomorphology, and the ZTR index in the PL Oilfield to conclude that the provenance of the Guantao Formation was mainly the Jiaoliao Uplift and Liaodong Uplift. The sedimentary environment of the Neogene Guantao reservoir is shallow braided river delta [29].



The reservoir rocks of the PL Oilfield are the Neogene Guantao (Ng) and Lower Member of Minghuazhen (Nm) formations of sandstone with a shallow burial depth (from −745 m to −1540 m). This oil field is divided into 13 oil-bearing groups and 47 small layers (Figure 1B). The oil-bearing interval of the lower Minghuazhen formation is divided into five oil groups (L00~L40 oil groups), the upper Guantao formation is divided into three oil groups (L50~L70 oil groups), and the lower Guantao formation is divided into five oil groups (L80~L120 oil groups) (Figure 1B). Oil and gas distribution is controlled by the distribution characteristics of sand bodies and can be classified as a typical lithologic-structural reservoir (Figure 2).



The results of these rock core experiments indicate that the average permeability is 1321 mD and average porosity is 27%. The reservoir lithology is medium-fine-grained feldspar sandstone with loose particle cementation and poor sorting. The grain size is mainly distributed between 1 mm and 0.05 mm and the roundness ranged from angular to suborbicular. The content of silt and mud in the reservoir is 5.9~42.5%, with an average of 25.2%. The content of small particles is relatively high, and the reservoir is prone to particle migration.




3. Materials and Methods


Core data were obtained from four sealed coring wells and the sedimentary units were identified and described by the naked eye, hand microscopes, and binocular microscopes, and the sedimentary structure. Sediment color and grain size characteristics were fully examined. Combined with logging curves (AC, GR, SP, etc.), the logging model of sedimentary microfacies was established to analyze the vertical and planar distribution characteristics of sedimentary microfacies (Table 1). The X-ray diffraction method and the mineral clay quantitative analysis method were used to study the mineral composition of 81 samples from seven wells. The casting thin section method analyzed the minerals, diagenesis, and pore throats of 188 samples from 14 wells. A total of 129 samples from 13 wells were selected for SEM analysis. Characterizing the particle size, sorting, and skewness of sample particles using a laser particle size analyzer (LPSA) showed the depositional environment and the lithological features of the sediments from 234 samples of 18 wells.



High-pressure mercury reservoirs (HPMI) were tested with an Auto Pore IV9500 mercury porosimeter and the measurement conditions were as follows: the measurement of the pore diameter was from 0.003 to 950 μm and had a maximum pressure of 6000 psi. A total of 41 samples were completed, and the mercury saturation of the samples under different capillary pressures was obtained. The pore throat radius can be obtained by using the Washbrun equation as follows [31]:


  r =   2 α cos θ  P   



(4)




where P is the capillary pressure (MPa); r is the pore radius (μm);  α  is the surface tension (mN/m); and  θ  is the contact angle (°) [31,32,33].



Fractal dimension is a parameter that characterizes the degree of self-similarity of objects with fractal characteristics, which can be applied to reveal the heterogeneity of the pore throat structure [34]. The fractal dimension can be calculated using Equation (5) [35,36]. If the pore structure in the rock sample satisfies the fractal characteristics, the connection between mercury saturation and capillary pressure should satisfy a power function, which is a straight line under double logarithmic coordinates. The slope of the straight line represents the fractal dimension of the rock sample [37].


  lg ( 1 −  S  H g   ) = (  D  f −   3 ) lg  P c  +   3 −  D f    lg  P  m i n    



(5)




where Pc is the capillary pressure corresponding to the pore throat radius (r) (MPa); Pmin is the capillary pressure to the maximum pore throat radius (rmax) (MPa); SHg is the accumulative mercury saturation (%), and its slope can be used to calculate the fractal dimension using Equation (6) [38]:


   D f  = S + 3  



(6)







The fractal dimension    D f    is the slope  S  of   lg   1 −  S  H g     − lg   P c     plots. The range of fractal dimension is 2~3. The closer the Df is to 3, the greater the tortuosity of the pore structure.




4. Results


4.1. Sedimentary Facies


4.1.1. Sedimentary Facies Signs


	1.

	
Mudstone color







The authigenic color of depositional rocks can directly determine the climatic conditions, the water medium conditions, and the quality of source rocks. In particular, the color of mudstone plays a pivotal role in distinguishing the sedimentary environment. According to the observation of the naked eye, hand mirrors, and binocular microscopes, the mudstone color of the Guantao Formation reservoir in the PL Oilfield is mainly gray (Figure 3A), light gray (Figure 3B), gray-green (Figure 3C), brown-red variegated (Figure 3D), and red (Figure 3E), indicating that the depositional environment changes from shallow water exposed to the environment. On the plain, the adjacent well sections change rapidly, indicating that the depositional environment also changes rapidly. According to the change in color characteristics, it can be seen that the depositional environment of the PL Oilfield undergoes a transition from a weak reduction to an oxidation environment, from the bottom to the top.



	2.

	
Rock type







By analyzing the identification results of thin rock sections from seven wells, the sandstone composition data of different interest intervals were drawn into the sandstone composition triangle (Figure 4). The triangle chart shows that the sandstone composition of the lower Guantao Formation and upper Guantao Formation is mainly Lithic arkose sandstone and feldspathic litharenite, indicating that the rock composition maturity is medium. From the lower Guantao Formation to the upper Guantao Formation, the types of rocks are gradually concentrated and the range of lithology changes is gradually reduced, indicating that the provenance and depositional environment tend to be stable. In addition, the low-maturity rock types gradually decreased, indicating that the provenance tended to concentrate on the distant provenance.



	3.

	
Grain size characteristics







The grain size distribution of sediments is mainly affected by hydrodynamic changes. Therefore, grain size analysis reflects the original sedimentary conditions and the strength of the hydrodynamic conditions [5]. The grain size probability curve shows that the reservoir is mainly composed of three sections, reflecting rolling, jumping, and suspension transport modes, of which jumping is the key component (Figure 5A–D). As shown in the C–M figures (Figure 5E,F), the tractive flow deposition features are prominent, indicating fluvial deposition characteristics. In summary, the lithology of the main oil-bearing intervals in the study area gradually becomes thinner from the bottom to top, the sorting becomes better, and the maturity increases, which reflects the depositional process of hydrodynamic conditions from strong to weak, and the depositional environment tends to be more stable.



	4.

	
Sedimentary structure and texture







The sedimentary structure reflects the deposition rate, hydrodynamic strength, and depositional medium so the sedimentary structure can be used to determine the environment when the rock was formed, and then the further divide in the depositional environment. On the basis of core observation, there are sedimentary structures such as granular sequence bedding (Figure 6A), parallel bedding (Figure 6B), plate cross bedding (Figure 6C), trough cross bedding (Figure 6D), corrugated cross bedding (Figure 6E), and a scoured surface (Figure 6F), which demonstrate that the hydrodynamic strength changes greatly.



	5.

	
Paleontological features







Paleontological analysis confirmed the presence of Bohaidina, Para-bohaidina, Filisphaeridium, Sentusidinium, Granodiscus, and Leio-spaeridia (Figure 7), representing shallow lacustrine facies in the green mudstone of the Guantao Formation, and the fossils of lacustrine assemblage such as Pseudocandona and Sinocytheridea impressa indicate that the oilfield changed from a fluvial environment to a shallow lacustrine environment [29].




4.1.2. Sedimentary Microfacies


By analyzing the core data, well logging facies and previously completed research, we established the opinion that the Guantao Formation is a shallow-water braided delta deposit. The following seven key depositional microfacies were identified: distributary bars (DBs), braided channels (BCs), mouth bars (MBs), flood plains (FPs), distributary channels (DCs), sheet sands (SSs), and interdistributary bays (IBs) (Table 1).



	1.

	
Braided channels (BCs)







BC is a common type of microfacies in delta plain deposits, deposited in the area between DB. BC sand bodies are mainly gray, off-white medium-fine-grained feldspar sandstone (Figure 8A). BCs mainly developed through cross-bedding, followed by plate cross-bedding (Figure 8B). This description indicates that the channel scour was strong and frequent during the sedimentary period. The BC sedimentary sequence has classic normal sequence characteristics. The GR curve is in the form of a serrated bell-shaped, small cylinder, or bell–cylinder combination, and the sand body has a wide distribution range (Figure 9A).



	2.

	
Distributary bars (DBs)







The DB is located between BCs. Vertically, the grain size has the characteristics of normal sequence or compound rhythm, the bedding scale gradually decreases and the lithology gradually becomes finer, following gravel-bearing coarse sandstone (Figure 8C). The plate cross-bedding (Figure 8D) is the most common in the DBs and indicates that the Guantao Formation had a strong hydrodynamic force and strong river scouring during the deposition period. The DBs generally have the characteristics of box-shaped SP and GR logging curves with large thickness and good plain continuity (Figure 9B).



	3.

	
Flood plains (FPs)







FPs mainly refer to the floodplain between the rivers. These are formed by the river overflowing from the river channel during the flood period. Therefore, their sedimentation is the same as the river’s sedimentation source, but more granular. They are mainly composed of suspended sediment in rivers and some silty sandstones. After the river sediments are accumulated, the river water recedes, and the sediments will be exposed. FPs are formed by the river channels bursting in different periods, so they have the characteristics of multiple layers. The characteristics of different layers may be quite similar or may be different (Figure 9B).



	4.

	
Distributary channels (DCs)







The lithology of the distributary channel sand body is mainly brown pebbly sandstone (Figure 8E), medium sandstone, and fine sandstone. Cross bedding (Figure 8F) and wavy bedding are common in sedimentary structures with an eroded basement surface containing mud and gravel at the bottom (Figure 8G,H). The GR curves are in the form of mid-to-high amplitude, and are slightly dentate bell-shaped or box-shaped. There is a positive rhythm in the vertical direction and the grain size becomes finer in the upward direction, reflecting the lateral movement of the channel (Figure 9C).



	5.

	
Interdistributary bays (IBs)







The IBs are low-lying bay areas between distributary channels. These are the separation zones or receding zones between different distributary channels, similar to the FPs. The IBs are mainly deposited with gray-green and light gray mudstones, intercalated with thin layers of siltstone. They sometimes develop small-scale sand beddings. SP and GR curves are linear and slightly serrated with low amplitude (Figure 9D).



	6.

	
Mouth bars (MBs)







Due to the rapid advancement of shallow water deltas and the gentle slope in the basement, the estuary dams and remote sand dams deposited in the early stage are easily washed and thinned by the later diversion channels or even, in some circumstances, disappear altogether. The mouth bar and far sand bar deposited in the early stage are easily scoured and thinned by the later diversion channels or even, in some circumstances, disappear altogether. Therefore, the MB sand body in the PL Oilfield is less developed, and the thickness is generally very thin. The lithological gray-black fine sandstone (Figure 8I) and siltstone are developed in the main. There is an obvious anti-rhythm in the sedimentary sequence, low-energy bedding is developed, and the thickness is thin. The GR curve is funnel-shaped, with obvious anti-rhythm features (Figure 9E).



	7.

	
Sheet sands (SSs)







The SSs are mainly thin layers of gray or gray-black silt sandstones, which are often interbedded with argillaceous and vertical sediments. Parallel bedding, wavy bedding, and convolution bedding are more common, and the GR curves have features such as tines and finger features (Figure 9F).




4.1.3. Sand Body Characteristics and Evolution Analysis


The thickness of the target layer does not change much and the overall thickness is characterized by being thin in the west and thick in the east. In the vertical direction, multiple sets of shallow braided river delta sedimentary sand bodies are superimposed, BC sand bodies, and DB bodies in the upper Guantao Formation are relatively developed, and a high number of BC sand bodies in the lower Guantao Formation are developed. Reservoir sand bodies have a variety of superimposed styles, mainly of independent, multilateral, and cut superimposed types.



	1.

	
Lower Guantao Formation







The L100 oil group in the lower Guantao Formation is in the low capacity space background, forming shallow-water braided river delta upper plain deposits. When the base level rises, sediments accumulate; when the base level drops, erosion and scouring occur. During the deposition period of the L80–L90 oil group in the lower Guantao Formation, the capacity space was close to the sediment supply and the shallow braided river delta deposits were in a transitional environment, where water and land frequently interacted. This period was dominated by the transitional environmental deposits of the delta plain and the delta front. The sedimentary structure is dominated by small-scale cross-bedding and corrugated cross-bedding, reflecting weak hydrodynamic energy. Braided channel sedimentary structures have major cross-bedding, indicating frequent hydrodynamic changes (Figure 10).



	2.

	
Upper Guantao Formation







The lower L60 and L70 oil groups in the upper Guantao Formation formed shallow braided river delta deposits dominated by narrow channels, against the background of high-capacity space. The deposition period from the upper part of the L60 oil group to the L50 oil group is the shallow braided river delta upper plain deposited under the background of low-capacity space, mainly including distributary bars, braided channels, flood plains, and other microfacies. The sorting and roundness of the rock are both medium–poor grade, the proportion of unstable cuttings is high, and the structure and composition maturity are generally low. From the bottom and upward, the sand bodies have the characteristics of strips, thin strips, and continuous flakes. The sand layer is mainly composed of multi-stage sand bodies that overlap with each other, and there are obvious scouring surfaces between different channels. The later channel has obvious cutting, erosion, and scouring damage in comparison to the previous channel (Figure 10).





4.2. Pore Characteristics


4.2.1. Pore Types


By means of casting thin sections and SEM, the reservoir space of the Guantao Formation was found to mainly comprise primary intergranular pores, followed by intergranular and intragranular dissolved pores (Figure 11A,D,E,F). Most of the pores are irregular and parts of the pores are filled with clay minerals (Figure 11E,F). In this study area, the primary intergranular pores account for more than 90% of the total pore volume. The throat type is point throat (Figure 11C), followed by necking and laminated throat (Figure 11B). The throat radius is generally between 0.01 mm and 0.03 mm.




4.2.2. Pore Size Distribution


The pore size distribution can be obtained by using the change in mercury in the unit increment of the logarithmic value of the pore radius (dV/dlogD) to measure the rate of change in the pore volume with the pore diameter [39,40] (Figure 12B).



The study area is controlled by shallow water delta deposits with strong reservoir heterogeneity and extremely uneven pore throat distribution. The mercury intrusion experiments show that the length and dip angle of the mercury intrusion curves of different types reservoirs have obvious differences. The better the reservoir quality, the longer the horizontal steps and the weaker the heterogeneity of the pore structure (Figure 12A). The pore size distribution curve shows that the pore throat radius distribution is heterogeneous with single peaks, double peaks, and even triple peaks (Figure 12B). The smaller the peak in the pore throat radius, the worse the quality of the reservoir.





4.3. Mineral Composition


XRD shows that the mineral content is as shown in Table 2. The Guantao Formation is relatively enriched in quartz and feldspar minerals. The content of siliceous minerals (quartz, feldspar) is 74.59%, among which the content of quartz is 42.27%, orthoclase content is 12.88%, and plagioclase content is 16.44%.



The content of clay minerals in samples from different sedimentary environments is also significantly different. The content of clay minerals varies between 2.18% and 59.22%, with an average of 23.14%. The types and contents of clay minerals are shown in Table 2.





5. Discussion


5.1. Pore Structure of Different Sedimentary Microfacies


5.1.1. Pore Throat Characteristics of Different Sedimentary Microfacies


As shown in Table 3, the samples of DB, BC, and DC microfacies had the largest mercury saturation (>75%), the largest pore throat radius (26.23~34.50 μm), and the lowest displacement pressure (0.02~0.03 MPa). The sorting ranged from 3.23 to 3.92, and the pore throat skewness ranged from 0.64 to 1.42. These three types of sedimentary microfacies are the best reservoir types in the PL Oilfield. The pore throat characteristics within different sedimentary microfacies showed significant differences.



SS and MB microfacies samples had low mercury saturation (67.72% to 69.76%), a small pore throat radius, high displacement pressure (0.12 MPa to 0.14 MPa), and the maximum pore throat radius between 5.53 μm and 6.36 μm. Skewness ranged between 0.10 and 0.28. Shallow water deltas have fast deltaic progradation rates and a very slow slope of basement. The mouth bar and far sand bar deposited in the early stage are easily eroded by distributary channels in the later stage and eventually disappear. Therefore, the mouth bar sand in this study area is less developed and is very thin.



IB and FP had the smallest pore size, the lowest mercury saturation, and the highest displacement pressure. The sorting coefficient was 2.82~3.15 and the skewness was relatively fine. Compared with other microfacies, these two types of argillaceous facies reservoirs had a lower porosity, lower permeability, and poor storage capacity.



The pore characteristics within different depositional microfacies showed that parameters such as the mean pore throat, coefficient of variation, skewness, sorting, fractal dimension, or permeability had some correlations and their major characteristics were as follows: (1) The mean value of pore throat (ϕ) was negatively correlated with the variation coefficient; (2) the pore throat skewness of good reservoirs (DBs, BCs, DCs) were all positive, and poor reservoirs were mainly negative; (3) pore throat radius was positively correlated with reservoir physical properties; and (4) the sorting of the study area was complicated. It is not simply that the lower the sorting, the better the quality of the reservoir. This is because the pore throat distribution range of the argillaceous microfacies is smaller and the distribution probability is more concentrated. However, the high-quality microfacies have a wider distribution of pore throats, which will cause the sorting coefficient of some arenaceous microfacies to be larger than that of argillaceous microfacies. Therefore, the sorting coefficient should be compared within the same sedimentary microfacies type.




5.1.2. Pore Size Distribution of Different Sedimentary Microfacies


The DBs in the PSD curves are mainly single-peak characteristics (Figure 13A). The PSD range corresponding to the main peak is 10~25 μm and the pore volume contribution rate in this range is about 40%. DBs have large pore throat and are relatively homogeneous.



The PSD curves of BCs and DCs had similar multi-peak characteristics (Figure 13B,C). The pore throat radius of the main peak ranged from 8 μm to 20 μm and the pore volume contribution rate was 35%. The pore throat radius of the secondary peak ranged from 5 μm to 8 μm and the pore volume contribution rate was 10%. The BCs and DCs were more heterogeneous compared with the DBs.



SSs (Figure 13D), FPs (Figure 13E), and IBs (Figure 13F) had poorly developed microfacies pores. The main peak of SS pores was less than 5 μm, and the main peaks of FP and IB pores were less than 2 μm. They all showed small-scale and multi-peak characteristics.



The pore size distribution of the DB, BC, and DC microfacies were significantly larger than those of other microfacies. Therefore, the DB, BC, and DC sandstone reservoirs are the main exploration target of the oil field.




5.1.3. Fractal Dimension of Porous Structure


As shown in Figure 14, the correlations (R2) of all plots were more than 0.9, indicating that they are consistent with the fractal theory [41]. In addition, the sedimentary microfacies control the fractal dimension of the pore structure. The average Df of DB is 2.70 (Figure 14A,B), which is much lower than other microfacies. Both BCs and DCs had lower fractal dimensions, 2.81 (Figure 14C,D) and 2.79 (Figure 14E,F), respectively. However, the average fractal dimension of FPs was 2.93 (Figure 14G) and IBs was 2.94 (Figure 14H), reflecting that the pore structure of argillaceous microfacies has strong heterogeneity.



The fractal dimension is usually correlated with reservoir property [42]. In the PL Oilfield, the larger the fractal dimension, the smaller the pore volume (Figure 15A,B). Arenaceous microfacies are better quality reservoirs because they have a lower fractal dimension. The microfacies between IBs and FPs have the highest fractal dimension, suggesting that they have strong pore structure heterogeneity and small pore volume, which is not a high-quality storage space for oil and gas.





5.2. Sedimentary Control of Pore Throat Characteristics


5.2.1. Sedimentary Rock Texture


Sedimentation and diagenesis are the main controlling factors affecting the pore structure characteristics of clastic rocks [42]. These two processes are controlled by sedimentary rock texture and clastic composition [43,44,45]. The texture refers to grain size, sorting, shape, roundness, and accumulation [7].



The texture and the physical properties of the reservoir have the following characteristics: (1) A coarse-grain size is beneficial to the preservation of intergranular pores so the physical properties of arenaceous sedimentary reservoirs are better than that of fine argillaceous reservoirs (Table 4); (2) the physical properties of the reservoir are negatively correlated with sorting, indicating that when the grain size is similar, the better-sorted reservoirs have better physical properties; and (3) arenaceous microfacies deposited in high-energy environments have greater skewness and poor reservoirs have less skewness, even resulting in negative skewness.



Particles that are well-sorted and coarse-grained will form better pore spaces during the burial process, and poorly sorted, fine-grained sandstone will fill the larger pores during the deposition process, greatly reducing the porosity. Accumulation controls porosity, and the different accumulation methods of particles affect the change in intergranular pores. Therefore, a reservoir pore structure is influenced by various aspects of sedimentary rock texture including grain size, sorting, and accumulation. As can be seen from the cast thin section, compared with argillaceous microfacies, DB, DC, and BC microfacies have a coarser grain size, and the grain contact is mainly point contact, which has better storage space.




5.2.2. Minerals


	1.

	
Quartz and feldspar minerals







As shown in Table 4, the rigid mineral grains (quartz, orthoclase, and plagioclase) of DB, BC, and DC microfacies were significantly higher than other microfacies (Figure 16A). Previous studies have shown that rigid particles are conducive to the preservation of intergranular pores because rigid particles have stronger resistance to compaction [46]. Conversely, the higher the content of clay and plastic debris, the stronger the compressibility, leading to a greater reduction in porosity. In this study, the greater the maturity of the mineral composition, the higher the quartz content, and the greater the pore volume (Figure 17A,B). On the other hand, the diagenetic dissolution of feldspar improves the physical properties and seepage capacity of the reservoir. Atmospheric leaching occurs more in sedimentary microfacies with high physical properties. In the channel microfacies, there are a few intergranular and intra-granular dissolution pores, while the intra-granular dissolution pores of argillaceous microfacies are basically not developed.



	2.

	
Clay minerals







Compared with clean sandstone, even a small amount of detrital clay will cause a lot of pore loss. Clay minerals are more susceptible to diagenetic compaction [43,44]. Compared with DB, BC, and DC microfacies, IB and FP microfacies contain higher clay mineral content (Table 5). The study area is an unconsolidated sandstone reservoir with relatively weak diagenesis, which only experiences compaction and cementation. The compaction and cementation are weak, and the cement content is low, mainly clay mineral cementation. According to the experimental results, the Guantao Formation reservoir is rich in authentically generated clay minerals including kaolinite, illite, illite/smectite, and chlorite. The occurrence of clay minerals has obvious depositional microfacies’ zonation, which has a great influence on diagenesis, pore characteristics, and reservoir quality. The content of clay minerals (4%, 10%, and 6%) in the microfacies of DB, BC, and DC is far less than that of the IB and FP microfacies (35% and 38%). In particular, compared with other clay minerals, the microfacies of DB, BC, and DC developed relatively more kaolinite (Figure 16B).



Illite fills the pores in filamentous and bridged form (Figure 18A,B), which damages and reduces the pore volume of the reservoir. Illite is mostly generated in deep water environments because when the water is deep, the mud content is high and the clay grains increase, which will generate a high amount of infiltration smectite. During the diagenesis process, the smectite will be transformed into illite, and finally formed illite. Therefore, in high-energy microfacies such as DBs and BCs, the relative content of illite is relatively small and the fine-grained depositional material in the shallow water environment usually contains more authigenic illite. The distribution of chlorite and illite has obvious sedimentary facies zoning and its content varies significantly among different sedimentary microfacies, affecting the heterogeneity of the pore structure. IBs and FPs have higher levels of chlorite (Figure 18C,D) and illite (Figure 18E), which deteriorate the quality of the reservoir.



The illite/smectite layer is the transition product of smectite to illite, which is mainly generated after the early diagenetic stage A, and filled in the pores in the honeycomb shape analyzed by SEM (Figure 18E,F). As shown in Table 5, the content of mixed-layer illite/smectite in the Guantao reservoir was the highest, followed by kaolinite, and the differences among different sedimentary microfacies were also great.



Authoritic kaolinite usually fills pores in a book and wormlike form (Figure 18F,G), dividing large pores into smaller ones, blocking rough channels into thin throats and reducing reservoir properties. Kaolinite takes shape when feldspar is corroded by an acidic medium. Therefore, the permeability of sedimentary rocks will directly affect the formation of kaolinite. For these reasons, compared with other clay minerals, kaolinite has a higher content in terms of arenaceous microfacies with a stronger hydrodynamic force, relatively better sorting, less mud content, good permeability, and coarser grain size. In contrast, it is less developed in the argillaceous microfacies with fine grain size, high mud content, and poor permeability.





5.3. Pore Throat Characteristics Comprehensive Evaluation


It is apparent that the reservoir quality of DB, BC, and DC microfacies are better than other microfacies, mainly for the following reasons: (1) with a better depositional structure, the grain size and sorting of arenaceous microfacies are significantly better than that of argillaceous microfacies; (2) it has a higher content of siliceous minerals with good compression resistance; and (3) it contains relatively higher content of kaolinite content and lower illite and chlorite content. As shown in Figure 19, the clastic particles in the DB, DC, and BC microfacies were mainly in point contact and there was little mud filling in the primary intergranular pores. The lower fractal dimension, coarser grain size, and high porosity of BC, DB, and DC microfacies indicate that good reservoirs have better reservoir heterogeneity and better storage space. This shows that the difference in pore structure of various sedimentary microfacies is comprehensively affected by the sedimentary rock texture (grain size, sorting, accumulation, etc.) and the differential distribution of siliceous minerals and clay minerals.



Previous investigations have conducted some work on the major controlling factors of microscopic pore structures [47]. However, a variety of the research results are limited to qualitative analysis and a description of the influencing factors in reservoir pore throat development, with few containing a quantitative evaluation. In the selection of influencing factors, sorting, grain size, and skewness have been taken as the representatives of primary depositional structure, while quartz, feldspar, and clay mineral content have been taken as the representatives of mineral distribution differences. This study was based on these quantitative parameters.



5.3.1. Feature Pore Characteristics Parameters Selection


Based on the mercury intrusion test, using Pittman’s method, the empirical equations of porosity, permeability, and pore throat radius in the 10–75% mercury saturation interval were established (Table 6). The equation results show that the porosity, permeability, and pore throat radius had the best correlation at 35% mercury saturation, which was similar to the experimental results on high porosity and high permeability sandstone by Nabawy (2009) [26].



Moreover, the correlation between R35 and other characteristic parameters obtained from mercury injection experiments showed that R35 has a good correlation with other parameters (Figure 20), especially with permeability, r50, and skewness coefficients greater than 0.8. Therefore, r35 can be used as the feature pore characteristics parameter.




5.3.2. Major Controlling Factors of Pore Characteristics


The grey system theory was founded by Professor Julong Deng (1989) [48] and has been widely used in many fields such as economics, ecology, military, medicine, and education. Gray relational analysis is not only an important part of gray theory, but also the cornerstone of gray system analysis, prediction, and decision-making. The gray relational analysis basic idea is to judge whether the connection is close according to the similarity of the geometric shape of the sequence curve from things or factors. The closer the curves, the greater the correlation between the corresponding sequences, and vice versa. The gray correlation analysis method makes up for the shortcomings caused by the mathematical statistics method in the system analysis. It is equally applicable to the number of sample sizes and irregular samples, and the calculation is small, and thus very easy to use. In gray correlation analysis, the quantitative results will not be inconsistent with the qualitative results.



	1.

	
Determine the analysis sequence







	(1)

	
The original sequence







The data sequence that can reflect the behavior characteristics of the system is called the original sequence. R35 is a comprehensive function of the pore structure. Therefore, this study defines R35 as the original sequence.



	(2)

	
The reference sequence







The data sequence comprising factors that affect the system behavior is called the reference sequence, which selects median grain size, sorting, skewness, quartz, orthoclase, potash feldspar, plagioclase, mix-layer illite/smectite, chlorite, illite, and kaolinite as a reference sequence of pore evaluation characteristics.


   X 0  =    x 0   1  ,  x 0   2  , ⋯  x 0   n     



(7)






   X i  =    x i   1  ,  x i   2  , ⋯  x i   n     



(8)




where    X 0    is the original sequence;    X i    is the reference sequence; n is the sequence length; and   i = 1 , 2 , ⋯ ,  m    is the number of reference sequence.



	2.

	
Data pre-processing







The data of the original sequence and the reference sequence should be preprocessed for two purposes. One is to de-dimensionalize, so that the data of different dimensions can also be compared. The other is to narrow the range of variables and improve calculation efficiency. In this study, the maximum value method was used to process the data without dimension.



Generally speaking, for the median grain size, skewness, orthoclase, potash feldspar, plagioclase, and kaolinite, the larger the value, the better the reservoir quality. For these parameters, the sequence can be normalized as follows:


   X ′    =  x   x  m a x      



(9)







For sorting, mix-layer illite/smectite, orthoclase, potash feldspar, plagioclase, and kaolinite, the larger the value, the worse the reservoir quality. For these parameters, the sequence should be normalized as follows:


   X ′    =    x  m a x   − x    x  m a x      



(10)







	3.

	
Gray correlation







In gray correlation analysis, the degree of correlation between two systems or two sequences is defined as the degree of gray correlation. The gray relation coefficient    ε  o i    j    for the jth performance characteristics in the ith experiment can be expressed as Equation (11) after data pre-processing.


   ε  o i    j  =   Δ m i n + ρ Δ m a x    Δ  o i    j  + ρ Δ m a x    



(11)




where    ε  o i    j    is the gray relational coefficient.    Δ  o i    j    =   |  X 0   j  −  X i   j  |   is the absolute difference between the original sequence and the reference sequence.   Δ m a x   and   Δ m i n   are the maximum and minimum absolute difference, respectively.   ρ   = 0.5 is generally used.



	4.

	
Gray correlation degree







The gray correlation degree is defined as:


   r  o i    j  =  1 n    ∑   j = 1  n   ε  o i    j   



(12)




where    r  o i    j    is the gray relational grade and n is the number of parameters.



The gray relational grade is between [0, 1], and the closer it is to 1, the higher the correlation degree with the original sequence. Finally, the parameters are sorted according to the gray correlation degree, from large to small, where the order is as follows: mean grain size > median grain size > potassium feldspar > plagioclase > kaolinite > sorting> mix-layer illite/smectite > skewness > quartz > chlorite > illite.



The gray relational grade of each parameter and R35 shows that particle size has the greatest influence on the R35 among the depositional structure factors (Table 7). The sedimentary environment determines the grain size of sedimentary rocks. Grain size is the most significant structural feature of clastic rock particles. Grain size is the most significant sedimentary rock textural characteristic of clastic rock grains, which can point to their lithology and ultimately affect the physical properties of the reservoir. The pore structure of the reservoir is most closely related to grain size, which indicates that the primary sedimentary environment is the most important factor controlling the pore structure.



The feldspar content has the greatest influence of all the mineral content factors, followed by kaolinite and mix-layer illite/smectite. The high content of feldspar minerals can offer the reservoir stronger compaction resistance; on the other hand, it can make the reservoir develop more secondary dissolution pores. Kaolinite and mix-layer illite/smectite are the two clay minerals with the highest content in the Guantao Formation reservoirs. Kaolinite is more developed in high-energy and good permeability reservoirs and mix-layer illite/smectite is relatively high in argillaceous microfacies. Therefore, these two clay minerals have the most significant influence on pore characteristics.



Unconsolidated sandstone reservoirs are distributed in various oil fields throughout the world, and typical oil fields are shown in Table 8. This kind of oil reservoir usually has the characteristics of a shallow burial depth (buried depth < 1800 m), high porosity and permeability, coarse lithology, and loose cementation. Unconsolidated sandstone reservoirs are mainly distributed in Tertiary strata, and some are also distributed in Carboniferous strata such as the heavy oil fields in Alberta, Canada. The research methods and conclusions of this paper are not only applicable to the study area, but also have reference significance for the research work of all unconsolidated sandstone reservoirs.






6. Conclusions


This work contributes to the research on how the shallow-water braided river delta sedimentary system controls the reservoir pore structure, and also establishes empirical formulas for the pore throat radius, porosity, and permeability of high-porosity and high-permeability sandstone reservoirs. The conclusions of this study are as follows:




	
A total of seven typical sedimentary microfacies were identified in the study area; distributary bars (DBs), braided channels (BCs), distributary channels (DCs), mouth bars (MBs), sheet sands (SSs), interdistributary bays (IBs), and flood plains (FPs).



	
The pore structure of various sedimentary microfacies was found to be comprehensively affected by the textural properties of clastic sediments (grain size, sorting, accumulation, etc.) and the differential distribution of quartz, feldspar, and clay minerals.



	
The pore throat radius with 35% mercury saturation was selected as a comprehensive parameter of reservoir microscopic pore structure. R35 not only has the best correlation with porosity and permeability, but also has a close relationship with other mercury injection parameters.



	
Considering the depositional rock texture and mineral fraction, characteristic parameters (grain size, sorting, skewness, quartz, feldspar, kaolinite, chlorite, illite, illite/smectite) were selected to analyze the dominant controlling factor of the pore throat characteristics. Among them, grain size was selected as the most important control factor, indicating that the sedimentary environment is the main controlling factor for pore throat characteristics. It has been established that feldspar, kaolinite, and mixed-layer illite/smectite are the three types of minerals that have the greatest impact on pore characteristics.
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Figure 1. (A) The location of the PL Oilfield [30]. (B) The geologic column of the Guantao Formation in well PL19−3−b. (C) PL: The E−W seismic profile of the PL oilfield is steep in the west and slow in the east [29]. 
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Figure 2. The PL Oilfield reservoir profile [29]. The oil and gas is locally controlled by sandstone pinchout, which is a typical lithologic−structural reservoir. 
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Figure 3. Mudstone color of well PL−19−H. (A) Gray mudstone, L124, 1713.4 m. (B) Light gray mudstone, L100, 1475.3 m. (C) Gray green mudstone, L50, 1180.5 m. (D) Brown red mudstone, L70, 1304.6 m. (E) Red mudstone, L120, 1574.8 m. 
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Figure 4. Sandstone composition triangle. (A) The triangle chart of sandstone classification in the upper Guantao Formation. (B) The triangle chart of sandstone classification in the lower Guantao Formation. 
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Figure 5. The probability cumulative grain size curves and C−M diagram. (A) The probability cumulative grain size curves of the PL19−3−A well. (B) The probability cumulative grain size curves of the PL19−3−B well. (C) The probability cumulative grain size curves of the PL25−C well. (D) The probability cumulative grain size curves of the PL25−C well. (E) C−M diagram of the upper Guantao Formation (L50−L70, N = 69). (F) C−M diagram of the lower Guantao Formation (L80−L120, N = 86). 
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Figure 6. Typical sedimentary structure. (A) Graded bedding, PL19−3−H, 1059.2~1059.9 m. (B) Parallel bedding, PL25−6−C, 1450.5 m. (C) Tabular cross-bedding, PL19−3−F, 1190.5 m. (D) Crescent type cross bedding, PL19−3−F, 1181.3 m. (E) Sand cross bedding, PL19-3-F, 1166.2 m. (F) Erosional basal surface, PL19−3−D, 1364 m. 
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Figure 7. Neogene shallow lacustrine paleontological assemblages in the PL Oilfield [29]. 
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Figure 8. (A) PL19−3−F, 1127.8 m, BC, Gray medium sandstone. (B) PL19−3−F, 1190.4 m, BC, Cross−bedding. (C) PL19−3−E, 1190.1 m, DB, Gray fine sandstone. (D) PL19−3−F, 1190.43 m, DB, Tabular cross-bedding. (E) PL19−3−H, 1157.1 m, DC, Brown pebbly sandstone. (F) PL19−3−H, 1158.1 m, DC, Cross−bedding. (G) PL19-3-D, 1369.0 m, DC, Erosional basal surface. (H) PL19−3−H, 1421.1 m, DC, Erosional basal surface. (I) PL19−3−F, 1135.2 m, MB, Gray−black fine sandstone. DC = distributary channel; IB = interdistributary bay; MB = mouth bar; FP = flood plain; SS = sheet sand; BC = braided channel; DB = distributary bar. 
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Figure 9. (A–F) Log response of typical sedimentary microfacies in wells PL19−3−A, PL19−3−B, and PL19−3−D. DC = distributary channel; BC = braided channel; FP = flood plain; DB = distributary bar; IB = interdistributary bay; MB = mouth bar; SS = sheet sand. 
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Figure 10. Geologic column of the core section of well PL25−6−A. This vertical geologic column includes logging facies, sedimentary microfacies, sedimentary facies spatial distribution, sedimentary rhythm, lithology information, and a similar modern delta sedimentary map, which can intuitively show the vertical changes in geological features. 
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Figure 11. (A) The primary intergranular pores are the main ones, with a small amount of dissolution pores, and the face ratio is 25%, PL19−3−A well, L50, 1224.00 m. (B) There are two main types of neck-shaped and point-shaped throats, PL19−3−A well, L70, 1319.50 m. (C) The point type throat PL19−9−A well, L82, 1552.73 m. (D) The primary intergranular pores, PL19−9−A well, L82, 1553.08 m; (E) The primary intergranular pores, PL19−9−A well, L82, 1553.08 m. (F) The primary intergranular pores, PL19−9−A well, L50, 1379.61 m. 
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Figure 12. (A) Capillary pressure curves. (B) Pore throat radius distribution curve. The mercury intrusion curve is comprehensively controlled by the pore throat size, sorting, and skewness, and is a comprehensive reflection of the pore throat structure characteristics. (A) is the original mercury intrusion curve, and (B) is the pore size distribution curve calculated from (A). 
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Figure 13. Pore size distribution of different sedimentary microfacies reservoirs. (A) Pore size distribution of DBs. (B) Pore size distribution of BCs. (C) Pore size distribution of DC.s (D) Pore size distribution of SSs. (E) Pore size distribution of FPs. (F) Pore size distribution of IBs. 
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Figure 14. Representative sample plots of lg(Pc) vs. lg(1 − Hg). The correlation coefficients (R2) of all the graphs were greater than 0.9, indicating that the samples conform to fractal characteristics. As the quality of the reservoir deteriorates, the fractal dimension gradually increases. (A) Fractal dimension of DB. (B) Fractal dimension of DB. (C) Fractal dimension of BC. (D) Fractal dimension of BC. (E) Fractal dimension of DC. (F) Fractal dimension of DC. (G) Fractal dimension of SS. (H) Fractal dimension of IB. (I) Fractal dimension of FP. 
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Figure 15. (A) Fractal dimension and pore volume scatter plots of different sedimentary microfacies. The pore volume decreases as the fractal dimension increases. (B) Fractal dimension of different sedimentary microfacies. With the improvement in reservoir quality, the fractal dimension gradually decreases. 
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Figure 16. Star diagram shows the mineral distribution characteristics of different sedimentary microfacies. (A) X-ray diffraction method. (B) The quantitative mineral clay analysis method. 
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Figure 17. (A) Compositional maturity and plane porosity distribution. (B) Correlation between compositional maturity and plane porosity. 
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Figure 18. SEM images of representative clay mineral samples from the Guantao Formation. (A) PL25-C1, L80. The dissolution of feldspar produces intragranular pores and transforms into silky and scale kaolinite. (B) PL25-C, L80. Octahedral pyrite, silky illite filling intergranular pores. (C,D) PL19-B, L50. (E) PL25-3C1, L60. The filamentous illite/smectite mixed-layer was attached to the particle surface and filled the intergranular pores. (F) PL25-C, L100. A high number of silk-flocculent illite/smectite mixed-layer filled the intergranular pores, and some potassium feldspar particles were dissolved and transformed into book-shaped kaolinite. (G) PL25-C1, L80.Worm-shape kaolinite fills the intergranular pore throats, and the kaolinite transforms into silky illite. 
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Figure 19. A summary diagram that displays pore characteristics controlled by microfacies in a deltaic depositional environment. 
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Figure 20. The correlation between R35 and other pore characteristic parameters. 
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Table 1. Sedimentary characteristics and logging response.
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Sedimentary

Facies

	
Sedimentary

Subfacies

	
Sedimentary

Microfacies

	
Lithology

	
Sedimentary Structure

	
Log Response






	
Shallow braided river delta

	
Delta plain

(L50–L70)

	
Braided Channel (BC)

	
Gray, off-white medium-fine-grained feldspar sandstone and lithic feldspar sandstone

	
Trough cross-bedding, plate cross-bedding, and erosional basal surface

	
Dentate small cylindrical or bell shaped, medium-high amplitude, GR and SP curves characteristics




	
Distributary Bar/Channel Bar(DB)

	
Gravel-bearing coarse sandstone to medium-fine sandstone

	
Plate cross bedding, trough cross bedding and parallel bedding

	
Homogeneity, box-shaped, high amplitude, curves characteristics.




	
Flood Plain (FP)

	
Reddish-brown, khaki, variegated and gray-green silty mudstones and mudstones

	
Horizontal bedding, with massive structure

	
The GR curve is high and dentate, and the SP curve has the characteristics of low amplitude and smooth logging.




	
Delta front and Delta plain interact

(L80–L120)

	
Distributary Channel (DC)

	
Gravelly sandstone, medium sandstone, fine sandstone

	
Slotted cross bedding, parallel bedding, and small cross bedding

	
Positive rhythm, box, or bell shaped, medium to high amplitude, dentate GR and SP curves characteristics




	
Interdistributary Bay (IB)

	
Gray green, light gray mudstone, and silty mudstone

	
Horizontal bedding, with massive structure

	
The GR curve is high and dentate, and the SP curve has the characteristics of low amplitude and smooth logging.




	
Mouth Bar (MB)

	
Gray to gray-black fine sandstone

	
Low energy bedding development

	
The GR curve is funnel-shaped, with obvious anti-rhythm




	
Sheet Sand (SS)

	
Gray to gray-black fine sandstone and siltstone

	
Parallel bedding

	
The logging curves are in the shape of tines and fingers
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Table 2. Mineral composition of the Guantao Formation.
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Parameter

	
Absolute Mineral Content (%)

	
Clay Mineral Relative Content (%)

	
N






	

	
Quartz

	
Orthoclase

	
Plagioclase

	
Clay

	
Calcite

	
Dolomite

	
Illite/smectite

	
Kaolinite

	
Illite

	
Chlorite

	
81




	
range

	
17.31~81.14

	
4.35~35.16

	
3.05~42.41

	
2.18~59.22

	
0~5.42

	
0~4.32

	
3.21~90.15

	
1.02~78.25

	
2.21~58.87

	
1.15~23.21




	
average

	
45.27

	
12.88

	
16.44

	
23.14

	
0.8

	
0.99

	
48.23

	
31.78

	
11.43

	
8.56
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Table 3. Pore throat characteristics of the Guantao Formation.
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	Microfacies
	Por/%
	Perm/mD
	Vp/cm3/100 g
	    x ¯    /ϕ
	Skp
	Sp
	Dr



	DBs
	33.14
	2256.15
	17.68
	6.61
	1.42
	3.23
	0.49



	BCs
	31.77
	1937.55
	17.06
	8.80
	0.47
	3.92
	0.45



	DCs
	30.30
	1826.25
	16.01
	8.35
	0.64
	3.43
	0.43



	SSs
	20.19
	115.89
	12.51
	10.33
	−0.10
	2.65
	0.28



	MBs
	20.90
	121.26
	13.42
	9.73
	0.28
	2.85
	0.29



	FPs
	13.12
	64.83
	10.87
	11.09
	−0.70
	3.15
	0.22



	IBs
	12.13
	58.65
	11.42
	11.77
	−0.60
	2.82
	0.21



	Microfacies
	P50/MPa
	R50/μm
	Pd/MPa
	Smax/%
	Rmax/μm
	We/%
	R35/μm



	DBs
	0.07
	18.81
	0.02
	89.15
	34.50
	3.84
	20.76



	BCs
	0.20
	4.60
	0.03
	74.51
	29.88
	10.70
	12.88



	DCs
	0.24
	6.33
	0.03
	82.76
	26.23
	11.38
	12.03



	SSs
	2.65
	0.28
	0.12
	69.76
	6.36
	19.78
	0.79



	MBs
	3.12
	1.22
	0.14
	67.72
	5.53
	23.14
	1.52



	FPs
	9.71
	0.08
	0.38
	61.12
	1.96
	28.48
	0.61



	IBs
	7.20
	0.10
	0.30
	59.15
	2.60
	29.58
	0.68







Por = porosity; Perm = permeability; Vp = total pore volume;    x ¯    = pore throat even size; Skp = skewness; Sp = pore throat sorting coefficient; Dr = pore throat variation coefficient; P50 = median pressure; R50 = median pore throat radius; Pd = displacement pressure; Smax = maximum mercury saturation; Rmax = maximum pore throat radius; We = mercury withdrawal efficiency; R35 = the pore throat radius that corresponds to 35% mercury saturation.
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Table 4. Petrological characteristics and sedimentary environment of shallow braided river delta sedimentary microfacies.
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	Microfacies
	Distributary Bar

(DB)
	Braided Channel

(BC)
	Distributary Channel

(DC)
	Sheet Sand

(SS)
	Flood Plain

(FP)
	Interdistributary Bay

(IB)





	Sedimentary hydrodynamics
	High energy
	High energy
	High–moderate energy
	Moderate–low energy
	Low energy
	Low

energy



	Flow manner
	Bidirectional flow
	Bidirectional flow
	Unidirectional flow
	Unidirectional flow
	Unidirectional flow
	Unidirectional flow



	Water depth
	Shallow
	Shallow
	Shallow
	Medium
	Deep
	Deep



	Provenance distance
	Proximal
	Proximal
	Proximal
	Medium
	Distant
	Distant



	Compositional maturity
	Medium
	Medium
	Medium
	Low
	Low
	Low



	Median grain size/μm
	220
	180
	110
	60
	25
	20



	Sorting
	1.62
	2.30
	1.50
	2.89
	3.09
	3.07



	Skewness
	0.62
	0.
	0.54
	0.21
	0.18
	0.15



	Particle contacts
	Point
	Point
	Point
	Line
	Line-surface
	Line-surface



	Porosity/%
	34.15%
	32.05
	32.01
	25.80
	20.24
	19.15



	Permeability/mD
	2885.18
	1504.17
	1259.28
	142.10
	35.21
	40.12
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Table 5. Mineral content of different sedimentary microfacies.
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Microfacies

	
Siliceous Minerals (%)

	
Carbonate Minerals (%)

	
Clay Minerals (%)




	

	
Quartz

	
Orthoclase

	
Plagioclase

	
Calcite

	
Dolomite

	
Illite

	
Kaolinite

	
Chlorite

	
Illite/Smectite






	
BC

	
46.38

	
13.38

	
26.38

	
0.75

	
0.88

	
17.13

	
19.75

	
9.13

	
54




	
FP

	
36.89

	
9.94

	
11.82

	
0.83

	
0.67

	
5.39

	
25.17

	
7

	
62.44




	
DC

	
54.95

	
17.75

	
19.16

	
0.75

	
1.6

	
15.65

	
51.75

	
10.7

	
21.9




	
MB

	
45

	
9.67

	
21.67

	
0

	
1.5

	
10

	
22.67

	
15

	
52.33




	
SS

	
55

	
6

	
9

	
0

	
0

	
11

	
21

	
6

	
62




	
DB

	
64.14

	
17.43

	
16

	
0.29

	
1.14

	
26.29

	
37

	
14.43

	
22.29




	
IB

	
37.25

	
10.21

	
13.77

	
1.08

	
0.7

	
6.42

	
24.17

	
5.33

	
64.08
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Table 6. The empirical equation of porosity, permeability, and pore throat radius at 10~75% mercury saturation.
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	Mercury Saturation (%)
	Fitting Formula (φ,%; K, mD)
	Correlation Coefficient (R2)





	10
	lgR10 = 0.992 + 0.533lgK − 0.928lgφ (N = 41)
	0.72



	15
	lgR15 = 0.977 + 0.570lgK − 1.048lgφ (N = 41)
	0.85



	20
	lgR20 = 0.875 + 0.587lgK − 1.053lgφ (N = 41)
	0.90



	25
	lgR25 = 0.677 + 0.632lgK − 1.050lgφ (N = 41)
	0.91



	30
	lgR30 = 0.490 + 0.698lgK − 1.098lgφ (N = 41)
	0.91



	35
	lgR35 = 0.321 + 0.791lgK − 1.227lgφ (N = 41)
	0.92



	40
	lgR40 = 0.581 + 0.919lgK − 1.725lgφ (N = 41)
	0.86



	45
	lgR45 = 0.110 + 1.018lgK − 1.684lgφ (N = 41)
	0.80



	50
	lgR50 = −0.044 + 0.991lgK − 1.606lgφ (N = 40)
	0.77



	55
	lgR55 = 1.146 + 1.117lgK − 2.779lgφ (N = 40)
	0.70



	60
	lgR60 = 2.429 + 1.233lgK − 4.025lgφ (N = 40)
	0.60



	65
	lgR65 = 2.914 + 1.155lgK − 4.335lgφ (N = 37)
	0.45



	70
	lgR70 = 4.061 + 1.166lgK − 5.339lgφ (N = 37)
	0.34



	75
	lgR75 = 0.222 + 0.794lgK − 2.156lgφ (N = 32)
	0.18







Where R is the pore throat radius of different mercury saturations; φ is the core porosity; and K is the core permeability measured using air flow.
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Table 7. Gray relational results table.
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Gray Relational Grade

	
Original Sequence

	
Reference Sequence

N = 70




	
R35

	
Mz

	
Md

	
Pot

	
Pla

	
Kao

	
Sp

	
I/S

	
Skp

	
Qtz

	
Chl

	
Ill




	
μm

	
μm

	
μm

	
%

	
%

	
%

	
%

	
%

	
%

	
%




	
1

	
0.831

	
0.822

	
0.66

	
0.656

	
0.654

	
0.653

	
0.638

	
0.637

	
0.545

	
0.504

	
0.492








R35 = the pore throat radius of 35% mercury saturation; Mz = mean grain size; Md = middle grain size; Pot. = potash feldspar; Pla. = plagioclase; Kao. = kaolinite; S p = pore–throat sorting coefficient; I/S = mixed-layer illite/smectite; Skp = skewness; Qtz. = quartz; Chl. = chlorite; Ill. = illite.
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Table 8. Characteristics of some unconsolidated sandstone reservoirs.
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Country

	
Region

	
Oil Field

	
Burial Depth

(m)

	
Porosity

(%)

	
Permeability

(mD)

	
Sedimentary Facies Type






	
China

	
Bohai Bay Basin

	
Gudao Oilfield

	
1120~1350

	
33

	
1639

	
Fluvial facies




	
PL 19-3 Oilfield

	
910~1501

	
26

	
1351

	
Shallow braided river delta




	
Qinhuangdao 32-6 Oilfield

	
950

	
35

	
3000

	
Fluvial facies




	
Nanxiang Basin

	
Jinglou Oilfield

	
100~830

	
31.7

	
2642

	
Fan delta




	
Gucheng Oilfield

	
150~1047

	
31.3

	
2250

	
River delta




	
Junggar Basin

	
No.9 District of Karamay Oilfeld

	
215~350

	
31.7

	
3000

	
Braided river




	
Sudan

	
Muglide Basin

	
Fula Oilfield

	
1200~1500

	
29

	
2041

	
Fluvial facies




	
Canada

	
Eastern Alberta

	
Frog Lake Oilfield

	
424~600

	
30

	
1000–2000

	
Fluvial facies




	
United States

	
Gulf of Mexico, California

	
Kern River Oilfield

	
220~420

	
29.3

	
3140

	
Braided alluvial




	
Wilmington Oilfield

	
63~2240

	
30.1

	
4260

	
Fluvial facies
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