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Abstract

:

The lower limits of petrophysical properties for an effective reservoir are among the key parameters for assessing hydrocarbon reserves and are therefore directly related to hydrocarbon exploration and development strategies. However, the lower limits for marine sandstone gas reservoirs are still not clear and the impact factors also remain to be discussed. This study analysed the lower petrophysical property limits of an effective sandstone reservoir in the Qiongdongnan Basin using porosity, permeability and gas testing. The results showed that the lower porosity and permeability limits of effective reservoirs developed in the deltas are 8.9% and 1.2 × 10−3 μm2, respectively, and 11.3% and 4.0 × 10−3 μm2 in the submarine canyons and fans, respectively. Sedimentary facies, sediment transport distance, grain size and burial depth of sandstone significantly influence the lower physical property limits. The lower porosity and permeability limits increase with the increase in sediment transport distance as well as the decrease in sandstone grain size and burial depth. Sediment sources and sedimentary facies determine whether sandstone can become an effective reservoir in the Qiongdongnan Basin. Specifically, the sediment source dramatically influences the petrophysical properties of sandstone. The sandstone sourced from the Red River has higher porosity and permeability, followed by the sandstone sourced from the Hainan Uplift, and the sandstone sourced from the palaeo-uplift within the basin has the lowest porosity and permeability. The feldspar dissolution by CO2 and organic acid is the primary formation mechanism of the effective reservoir in the Lingshui Formation, whereas the dissolution of glauconite is more common in the sandstone reservoirs of the Sanya and Meishan formations.
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1. Introduction


Recently, tight oil or gas exploration has received increasing attention [1,2,3,4,5,6]. Due to the high technical requirements for tight oil or gas exploration, its use costs much more than conventional oil or gas [7,8,9,10,11,12]. Efficient tight oil or natural gas exploration is one way to reduce costs, making oil and gas explorers consider the lower physical property limits [13,14,15,16,17]. The definition of the lower limits of physical properties for effective reservoirs is the minimum porosity and minimum permeability required for fluid accumulation in rocks [13,14,15]. The lower porosity and permeability limits of the reservoirs have become fundamental factors for assessing oil or natural gas reserves; they are directly related to oil or natural gas exploration strategies [18,19,20,21,22]. Similarly, deepwater oil or gas exploration also faces this dilemma [23,24]. In addition to considering the buried depth of the reservoirs, offshore drilling pays attention to the current seawater depth because the requirements of deepwater oil or gas exploration for drilling technology are far higher than those of shallow-water areas [23,24]. Deepwater oil or gas exploration costs much more than shallow-water oil or natural gas exploration [23,24,25]. Therefore, when exploring deepwater oil or natural gas, researchers must also consider the lower porosity and permeability limits of the reservoirs. However, the lower porosity and permeability limits of the reservoirs distributed in marine deepwater areas have rarely been studied.



Previous studies have determined the lower porosity and permeability limits of effective reservoirs using empirical statistics, oil testing, oil-bearing analysis and other methods [13,14,15,17,20,22,26,27,28,29]. The results show that the lower porosity and permeability limits of the tight sandstone of the Ordos, Junggar and Songliao basins, China, are 3–12% and 0.02–1 × 10−3 μm2 [13,14,15,17,30]. Source rock, buried depth and hydrocarbon generation kinetics are the primary factors influencing the lower porosity and permeability limits of tight reservoirs [17,18,20,26,28,29,31,32,33]. The development and evolution of sandstone reservoirs are jointly controlled by the basin tectonic background, sedimentary facies, diagenesis, palaeoclimate, palaeotemperature and other factors [20,27,31,32,33]. The sedimentary facies forms the basis for reservoir development, and the later reconstruction of a reservoir formed by diagenesis is key to reservoir performance [20,31,33]. Pressure and cementation determine the degree of compaction of a reservoir, while dissolution is the key to the development of secondary pores in a reservoir [31,33]. Therefore, the sedimentary facies and diagenesis are vital for determining reservoir properties [20,31,33]. However, the effects of sedimentary facies, sediment transport distance and grain size on the lower porosity and permeability limits of effective reservoirs are yet to be discussed.



The objectives of this study were to (1) investigate the lower porosity and permeability limits of effective reservoir and its influence factors and (2) evaluate the roles of sediment source, sediment transport distance, sedimentary facies and dissolution diagenesis on the formation of an effective reservoir. The results are of practical significance for guiding the selection of natural gas exploration zones in the Qiongdongnan Basin (QDNB).




2. Geological Background


The QDNB is in the northern area of the South China Sea (see Figure 1A). NE-, NNE-, NW- and EW-trending faults controlled the development of the Songxi Sag (SXS), Songdong Sag (SDS), Yabei Sag (YBS), Yanan Sag (YNS) and Songtao Uplift (STU) in the northern depression; the Changchang Sag (CCS), Songnan–Baodao Sag (SN–BDS), Lingshui Sag (LSS), Ledong Sag (LDS) and Songnan Uplift (SNU) in the central depression and the Beijiao Sag (BJS) in the southern depression (see Figure 1B). The western QDNB contains YBS, YNS, LDS and LSS, and the eastern QDNB contains SXS, SDS, SN–BDS and CCS (see Figure 1B). The tectonic evolution of the QDNB includes the rifting (35–23 Ma) and post-rift subsidence stages (23–0 Ma) [34,35,36].



The QDNB is developed on Mesozoic basement and contains a thickness of 6000–12,000 m Tertiary to Quaternary sediments (see Figure 2) [37,38]. Rifting commenced in the Eocene and finished around the late Oligocene, leaving a series of sags that are filled with lacustrine sediments (see Figure 2) [37,38]. During the early Oligocene, the Yacheng Formation (YCF) comprised neritic and coastal-plain coal-bearing sediments (see Figure 2) [37,38]. Immediately above the Yacheng Formation is the littoral to neritic Lingshui Formation (LSF) (see Figure 2) [37,38]. Following the rifting stage, the QDNB experienced post-rift thermal subsidence to date and was filled with a thick sequence of marine sediments (see Figure 2) [37,38]. In the post-rift subsidence stage, marine sediments dominated by mudstones with occasional turbidite channels and deepwater fan sandstone were deposited in the Miocene Sanya Formation (SYF), Meishan Formation (MSF), Huangliu Formation (HLF) and the Pliocene Yinggehai Formation (YGHF) (see Figure 2) [37,38]. The primary strata in this study are the LSF, SYF and MSF.



The sediments source of the QDNB includes the palaeo-uplifts within the basin, the Hainan Uplift and the Red River [39,40,41,42]. These sediment sources were dominant in different periods [43]. The basin was in the rifting stage during the deposition of the YCF and LSF, and each sag was an independent sedimentary unit [34,35,36]. The sediments of each sag during this period primarily originated from the palaeo-uplifts adjacent to the sag, and the transport distance of these sediments was short [41]. During the deposition of the Miocene SYF and MSF, the basin was in the post-rift subsidence stage, and the sediments from the Hainan Uplift entered the basin widely and occupied a dominant position [34,36,44]. The transport distance of these sediments is longer than that of the Oligocene sediments. During the late Miocene HLF and Pliocene YGHF depositions, the sediment transported by the Red River entered the basin and deposited as a large submarine fan and canyon with the longest transportation distance [42,45,46].
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Figure 1. Map showing the location of the Qiongdongnan Basin (A) and the sags of the Qiongdongnan Basin (B). A 3D topographic map in (A), modified after Yang [47]. Legends: YBS: Yabei Sag; SXS: Songxi Sag; SDS: Songdong Sag; YNS: Yanan Sag; LDS: Ledong Sag; LSS: Lingshui Sag; SN–BDS: Songnan–Baodao Sag; CCS: Changchang Sag; BJS: Beijiao Sag; STU: Songtao Uplift; SNU: Songnan Uplift; LNU: Lingnan Uplift. 
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Figure 2. The left seismic profile and interpretation profile shows the internal structure, tectonic stage, sedimentary facies and evolution of the Qiongdongnan Basin. The right sketch map shows the sequence classification, seismic reflector, geologic age and lithologic characteristics of the Qiongdongnan Basin. The ages of the sequence boundaries and formations in the Qiongdongnan Basin were provided by the Research Institute of China National Offshore Oil Corporation. 






Figure 2. The left seismic profile and interpretation profile shows the internal structure, tectonic stage, sedimentary facies and evolution of the Qiongdongnan Basin. The right sketch map shows the sequence classification, seismic reflector, geologic age and lithologic characteristics of the Qiongdongnan Basin. The ages of the sequence boundaries and formations in the Qiongdongnan Basin were provided by the Research Institute of China National Offshore Oil Corporation.



[image: Jmse 12 00735 g002]






3. Materials and Methods


3.1. Samples and Their Petrography, Porosity and Permeability


Systematic observations were conducted on cores from the QDNB, covering approximately 200 m of the cores from 10 wells. The China National Offshore Oil Corporation (CNOOC) provided 60 core samples from the MSF, SYF and LSF sandstone. Sixty samples were prepared as cast thin sections to investigate the mineralogical compositions, diagenesis and pores. A Nicon LV100 polarizing petrographic microscope (Nikon Corporation, Tokyo, Japan) was used to observe thin sections under different magnifications. Quantitative petrographic analysis was performed by counting at least 300 points/thin sections, to differentiate between detrital composition, cements, foraminifera and types of pores. Scanning electron microscope (SEM) analysis was performed on nineteen samples using an FEI Merlin Compact SEM (Carl Zeiss AG, Oberkochen, Germany). The purpose of the SEM analyses was to determine the type and morphology of the foraminifera. Approximately 406 mineralogical compositions of the MSF, SYF and LSF sandstone were used, of which 110 mineralogical compositions refer to different samples that were point-counted through thin sections, 162 mineralogical compositions were obtained from the CNOOC, and the other 134 mineralogical compositions from Gao [48] and Zhong [49]. Approximately 2438 porosity and permeability values of the LSF, SYF, MSF, HLF and YGHF sandstone were used, of which 1147 porosities and permeabilities were obtained from the CNOOC, and the other 1291 from Zhao [50], You [51] and Su [52,53].




3.2. The Lower Porosity and Permeability Limits of Effective Reservoir Analysis


The lower porosity and permeability limits of the effective reservoir were investigated using 423 measured porosities and permeabilities and interpreted gas saturations from 44 wells (including the prementioned 10 wells of which samples were prepared as cast thin sections to investigate the pores). Depending on whether the reservoir contains natural gas and water, the reservoirs were interpreted as a gas layer, gas and water layer, gas-bearing water layer, water layer and dry layer [13,14,15]. The CNOOC provided the porosity, permeability and gas- or water-layer interpretation results. Here, we define the gas-bearing water layer, gas and water layer, gas layer and water layer as the geological fluid-bearing layer. On the cross-plot with porosity and permeability as abscissa and ordinate, respectively, the samples of those interpreted as the dry layer are frequently distributed in different regions, with the samples interpreted as a geological fluid-bearing layer, and the porosity and permeability boundaries between them are considered as the lower porosity and permeability limits of the effective reservoir [13,14,15].





4. Results


4.1. Sandstone Petrography


4.1.1. Late Oligocene LSF


The LSF sandstone includes four lithofacies: conglomeratic coarse sandstone, coarse sandstone, fine sandstone and siltstone (see Figure 3). The LSF sandstone comprises subfeldsarenite, sublitharenite, litharenite, feldspathic litharenite, lithic arkose and feldsarenite (see Figure 4A). The average quartz content is 59.5%, of which the single-crystal quartz content is 45.9%, the polycrystalline quartz content is 13.6% and the secondary growth of quartz is generally developed (see Figure 5A). The average feldspar content is 16.3% and its type is primarily potassium feldspar. The average rock fragment content is 7.7% and the type is predominantly igneous and metamorphic rock fragments (see Figure 5A). The average matrix content is 10.4%, and the cement is dominated by calcite, with a content of 0.2–8.6%, followed by iron dolomite (3.5%) and iron calcite (2.1%). The grain size is typically fine to medium with a few coarse grains present, well-to-moderately sorted and subangular to round (see Figure 5A).




4.1.2. Lower Miocene SYF


The SYF sandstone includes two lithofacies, primarily comprising siltstone and fine sandstone (see Figure 3). The SYF sandstone contains subfeldsarenite and sublitharenite and some quartz arenite and litharenite (see Figure 4B). The average quartz, feldspar and rock fragment contents are 60.3%, 6.9% and 6.4%, respectively (see Figure 5B). The feldspar and rock fragments are mainly potassium feldspar and metamorphic and extrusive rock fragments, with average contents of 6.7%, 2.3% and 2.6%, respectively. The argillaceous matrix content is 2.7–34.6%. The cement is mainly iron calcite (avg. 4.5%), followed by dolomite (2.8%) and iron dolomite (2.8%). The grain size is silt to fine grain, poorly to moderately sorted and angular to subangular (see Figure 5B).




4.1.3. Middle Miocene MSF


The MSF sandstone includes two lithofacies, primarily comprising siltstone and muddy siltstone (see Figure 3). The MSF sandstone contains subfeldsarenite, sublitharenite, litharenite, feldspathic litharenite and some quartz arenite (see Figure 4C). The quartz content ranges from 33.0% to 74.0% (avg. 51.8%) (see Figure 5C). Quartz primarily comprises single-crystal quartz; the secondary growth of quartz is undeveloped. The feldspar content is 2.5–6.5% (avg. 5.5%) and its type is mainly potassium feldspar. The rock fragment content is 1.0–2.5% (avg. 1.6%) and the type is primarily metamorphic rock fragments (avg. 1.5%). The argillaceous matrix content in sandstone ranges from 2% to 26% (avg. 7.3%). The cement is mainly iron calcite (5.3%), followed by calcite (1.3%), dolomite (1.1%) and iron dolomite (0.6%). The sandstone texture of the MSF is similar to that of the SYF, with the silt grain size being poorly sorted and angular to subangular (see Figure 5C).





4.2. Pore Systems


4.2.1. Primary Intergranular Pore


Only a few primary intergranular pores are preserved in the LSF, SYF and MSF sandstones. The minerals are typically inline or in uneven contact because the LSF sandstone has undergone strong compaction (see Figure 5A). The lesser development of cement allows a few primary intergranular pores to be retained (see Figure 5D,E). These pores are usually triangular or elongated in thin sections. The SYF and MSF sandstones experience inadequate compaction and the minerals are typically in point contact (see Figure 5F–I). Because of strong carbonate cementation and the generous argillaceous filling, the primary intergranular pores in the SYF and MSF sandstones were not preserved. Only when the MSF sandstone is well-sorted and the argillaceous matrix is low can the residual primary intergranular pores be observed between the quartz grains.




4.2.2. Secondary Dissolution Pore


Secondary dissolution pores widely exist in the LSF, SYF and MSF sandstones (see Figure 5E–I). The dissolution pores comprise intergranular dissolved, intragranular dissolved, mould and dissolution-enlarged pores (see Figure 5E–I).



The intergranular dissolution pores in the LSF, SYF and MSF sandstones are primarily formed by the dissolution of the feldspar grain edges (see Figure 5E,F,I). The morphology of the feldspar intergranular dissolution pores is highly irregular, frequently showing a bay-like shape. Furthermore, the intergranular dissolution pores related to the dissolution of the glauconite grain edges are developed in the SYF and MSF sandstones (see Figure 5H,I). Since glauconite is a unique mineral in the SYF and MSF sandstones, the intergranular dissolution pores related to glauconite are unique to the SYF and MSF sandstones (see Figure 5H,I). The morphology of glauconite intergranular dissolution pores is much more regular than that of feldspar intergranular dissolution pores, frequently similar to the shape of the glauconite particles (see Figure 5H).



The feldspar and glauconite intragranular dissolution primarily form the intragranular dissolution pores in the LSF, SYF and MSF sandstones (see Figure 5E,G,H). The intragranular dissolution of feldspar is widespread in the LSF sandstone (see Figure 5E). However, the intragranular dissolution of glauconite is more common in the SYF and MSF sandstones (see Figure 5H). The intragranular dissolution pores related to glauconite in the SYF and MSF sandstones are more developed than the intergranular dissolution pores related to feldspar. Feldspar intragranular dissolution is frequently carried along the cleavage of feldspar to the periphery to form irregular intragranular dissolution pores (see Figure 5E). The dissolution pores in glauconite grains are primarily regular, continuous flakes (see Figure 5H).



Mould pores are widely developed in the SYF and MSF sandstones and are formed when the glauconite particle is almost entirely dissolved, and only the outline of the grain remains (see Figure 5H). The size and shape of the glauconite grains determine the size and morphology of these pores. The glauconite in the SYF and MSF sandstones are mainly stripes, triangles and ellipses; therefore, the related mould pores are also stripes, triangles and ellipses. The complete dissolution of feldspar to form a mould pore is rarely observed. However, after several continuously arranged feldspars undergo intergranular or intragranular dissolution, dissolution-enlarged pores are formed in the LSF, SYF and MSF sandstones.




4.2.3. Foraminiferal Cavities


Foraminifera are widely developed in the SYF sandstone and are occasionally observed in the MSF sandstone (see Figure 6). The most common foraminifera in the SYF sandstone are in the Operculina sp. It contains a few fossil fragments of the Cycloclypeus sp. and Miogypsina sp., with a shell diameter of 2–6 mm (see Figure 6). Other biological debris included minimal Globigerina and bivalves. Foraminiferal shells in thin sections typically appear in a directional arrangement. The size of foraminiferal bodies buried in the same position is similar, the shells are intact and many foraminiferal cavities are preserved. Foraminiferal cavities are isolated pores separated by partition walls, and only some are partially connected due to the destruction of the shell structure (see Figure 6).





4.3. Porosity and Permeability


In the western QDNB, the LSF sandstone has a porosity of 2.1–29.35% and a permeability of 0.07–2549 × 10−3 μm2 (see Figure 7A,B). Three abnormally high petrophysical property zones developed at depths of 2700–2900 m, 3650–4150 m and 4450–4800 m with maximum porosities of approximately 30%, 25% and 20%, respectively (see Figure 7A). In the eastern QDNB, the amount of LSF sandstone with a burial depth of less than 3500 m porosity is generally high, ranging from 10% to 30%, and that of LSF with a burial depth greater than 3500 m is rapidly reduced to 2–15% (see Figure 7A). Two abnormally high porosity zones developed at depths of 3750–4300 m and 4800–5250 m, with maximum porosities of approximately 17% and 13% (see Figure 7A).



The burial depths of the SYF and MSF sandstones in the western QDNB are typically greater (>2300 m) than those in the eastern QDNB. The burial depth of the SYF and MSF sandstones in the western QDNB is generally greater than 2300 m, whereas that of the eastern QDNB is usually less than 2500 m. The difference in the SYF and MSF sandstones’ burial depths in the eastern QDNB ensures a higher porosity of 8–32% and permeability of 0.05–93.8 × 10−3 μm2, whereas, in the western QDNB, they have a low porosity of 1–28% and permeability of 0.01–20 × 10−3 μm2 (see Figure 7C,D). The SYF and MSF sandstones in the western QDNB developed one abnormally high porosity zone at 4700–4800 m deep (see Figure 7C).





5. Discussion


5.1. The Lower Porosity and Permeability Limits of the Effective Reservoir


5.1.1. Sandstone in Different Sedimentary Facies


Various sedimentary facies are developed in the QDNB, including delta, submarine canyon and submarine fan [35,40,42,46]. The lower porosity and permeability limits of effective reservoirs in different sedimentary facies is an exciting topic. Considering that the submarine fan data are few in this study, the submarine fan and submarine canyon data are taken as the sample for statistical analysis. Statistical analysis shows that the porosity and permeability of sandstone developed in the delta are greater than 8.9% and 1.2 × 10−3 μm2, respectively, and the sandstone might contain water or natural gas, thus becoming an effective reservoir (see Figure 8A). For sandstone developed in submarine canyons and fans, the lower porosity and permeability limits of sandstone that can become an effective reservoir are 11.3% and 4.0 × 10−3 μm2, respectively (see Figure 8B). The result indicates that with the increase in the sediment transport distance, the lower porosity and permeability limits of the reservoir will increase. The possible reason for this result is that, with the increase in the sediment transport distance, the sandstone will be better sorted and rounded. Intergranular pore development is more common, resulting in the sandstone having higher porosity and permeability. When geological fluids enter these sandstone layers, they preferentially accumulate into a reservoir with higher porosity and permeability. This process improves the lower porosity and permeability limits of whether the sandstone can contain geological fluids.




5.1.2. Sandstone with Different Grain Sizes


Argillaceous siltstone, siltstone and fine and coarse sandstone are enriched in the QDNB [40,41,42]. The pore structures and petrophysical parameters of sandstone with different grain sizes vary considerably [49,50,51,52,53]. Therefore, it is necessary to analyse the lower porosity and permeability limits of effective reservoirs with varying grain sizes. Statistical analysis shows that only when the porosity and permeability of coarse sandstone, fine sandstone, siltstone and argillaceous siltstone are greater than 9.9% and 7.7 × 10−3 μm2, 10.2% and 1.9 × 10−3 μm2, 12.3% and 9.9 × 10−3 μm2 and 12.2% and 3.9 × 10−3 μm2, respectively (see Figure 8C–F), the sandstone might contain water or natural gas, thus becoming effective reservoirs. The result indicates that with the decreasing grain size, the lower porosity limit for sandstone to be an effective reservoir will increase and no significant correlation exists between the grain size and lower permeability limit because, with the decrease in grain size, the porosity and permeability of the reservoir decrease. It is challenging for geological fluids to enter reservoir with poor porosity and permeability, requiring higher porosity and permeability limits for siltstones to be effective reservoirs.




5.1.3. Sandstone in Different Strata


The burial depth of the sandstone influences its diagenetic process, which will change the petrophysical parameters of the sandstone, causing the reservoir in the deep stratum to frequently have a lower porosity and permeability [49,50,51,55]. We discuss the variation in the lower porosity and permeability limits of effective reservoirs in different formations. Considering the small thickness and few data of the MSF (primarily 100–250 m thick), the MSF and the SYF data are taken as samples for statistics. Statistical analysis shows that the porosity and permeability of sandstone developed in the late Oligocene LSF are greater than 8.8% and 1.0 × 10−3 μm2, respectively, and the sandstone might contain water or natural gas, thus becoming an effective reservoir (see Figure 8G). For sandstone developed in the Miocene MSF and SYF, the lower porosity and permeability limits of sandstone that can become effective reservoirs are 11.8% and 5.7 × 10−3 μm2 (see Figure 8H). The result indicates that with the decrease in the stratum period, the lower porosity and permeability limits of the effective reservoir will increase because, in shallower buried formations, sandstone tends to experience weaker compaction and cementation, resulting in higher porosity and permeability. When geological fluids enter the shallower buried sandstone, they preferentially accumulate into sandstone with high porosity and permeability. This process improves the lower porosity and permeability limits of whether the shallower buried sandstone can contain geological fluids.





5.2. Formation Mechanism of the Effective Reservoir


5.2.1. Effect of Sediment Source and Transport Distance


Sediment source and transport distance are fundamental factors determining the petrophysical parameters of the QDNB sandstone [41,49,51]. In particular, the sediment transport distance significantly influences the petrophysical parameters of sandstones [41,49,50]. A petrophysical parameter comparative analysis shows that the sandstone sourced from the Red River drainage has experienced the longest transport distance [42,45,46], and the porosity and permeability are the highest (see Figure 9A). The sandstone reservoir sourced from the Hainan Uplift experienced a medium transport distance [34,36,44], and the porosity and permeability are in the middle of the three provenances (see Figure 9A). The sandstone reservoir sourced from the palaeo-uplift within the basin experienced the shortest transport distance [41], and the porosity and permeability were minor in the three provenances (see Figure 9A). Furthermore, the petrophysical parameters of sandstones from the palaeo-uplift within the QDNB and the Hainan Uplift vary widely, indicating that only a portion of the sandstone from these two provenances can be effective reservoirs (see Figure 9A).




5.2.2. Effect of Sedimentary Facies


Reservoir quality is influenced by depositional process [55] and sedimentary facies are therefore another major factor determining the petrophysical parameters of the QDNB sandstone [49,50,51]. A comparative analysis of the petrophysical parameters of sandstone developed in different sedimentary facies shows that the sandstones developed in deepwater fans and submarine canyons have higher porosity and permeability, followed by deltas and fan deltas. The sandstone developed in the coastal area has the lowest porosity and permeability (see Figure 9B). The porosity and permeability of sandstone developed in deepwater fans, submarine canyons, fan deltas and deltas of the QDNB vary widely. The deepwater sedimentary sandstone sourced from the Red River system has higher porosity and permeability, whereas that from the southeast Hainan Uplift has a lower porosity and permeability (see Figure 9). The sandstones developed in fan deltas and deltas have a wide range of porosity and permeability because the sediment sources are primarily from the palaeo-uplift within the basin and the Hainan Uplift (see Figure 9).




5.2.3. Dissolution of Various Minerals during Diagenesis


	(1)

	
Dissolved minerals







Feldspar dissolution is an important diagenetic reaction affecting reservoir quality evolution in sandstones with detrital feldspars [56]. Feldspar particles are the primary dissolved minerals in the LSF sandstone reservoir of the QDNB (see Figure 5D,E). The average feldspar content in the LSF sandstone is 16.3%, of which 85% have suffered varying degrees of dissolution. Some feldspar particles are only dissolved at the outer edge, and some are inside the particles (see Figure 5D,E). Most feldspar particles in the LSF sandstone were dissolved, indicating that the feldspar content determines the development degree of dissolution pores. The feldspar content in the LSF sandstone is proportional to the grain size of the sandstone [48,49]. In sandstone reservoirs with coarser grain sizes, the feldspar content is higher and the dissolution pores of feldspar are more developed than those with finer grain sizes [48,49].



In addition to feldspar, glauconite dissolution is more common in the SYF and MSF sandstone reservoirs (see Figure 5H). The average feldspar contents in the SYF and MSF sandstone reservoirs are 6.9% and 5.5%, respectively, which is much lower than the feldspar content in the LSF sandstone reservoir. However, the glauconite content in the SYF and MSF sandstone reservoirs reached 3–15%, of which 95% have suffered different degrees of dissolution (see Figure 5H). Moreover, most dissolution occurs inside the glauconite particles, which significantly contributed to the dissolution pore development in the SYF and MSF sandstones (see Figure 5H).



	(2)

	
Dissolved acidic geological fluids







Carbonic acid is one of the primary acidic fluids in the QDNB [57]. The CO2 content in the natural gas reservoir of the QDNB is 0.5–97.2%, and, in particular the CO2 content in the natural gas reservoir distributed in the northern SN–BDS is typically higher than 80% [53,58]. The carbon isotope value of CO2 in the QDNB is between −7.50‰ and 3.90‰, the value of 3He/4He is 3.46–8.75 × 10−6 and the R/Ra value is between 2.47 and 7.87 [53,58]. Such recorded values indicates that the CO2 in the QDNB is primarily of mantle-derived inorganic origin. Mantle-derived CO2 in the QDNB enters sandstone reservoirs mainly through magmatic diapirs and eruptive volcanoes [58]. The fluid inclusions show that the CO2 charging periods are the Pliocene and Quaternary [53,58]. Simulation experiments show that CO2-rich deionised water can have a strong dissolution effect on potash feldspar and albite [57].



The organic acid released from the source rock is another essential acidic fluid in the QDNB [53]. The source rocks in the QDNB are developed in the YCF [58]. The YCF in shallow-water areas comprises 483–910 m mudstones and 5–13.5 m carbonaceous mudstones and coals [58]. The total organic carbon (TOC) value is 0.4–98.5% [58]. The YCF in deepwater areas comprises shales, carbonaceous shales and coals, with TOC values of 0.4–21% [58]. The YCF source rocks primarily contain types IIb and III kerogens [58]. The YCF source rocks in the QDNB reached a mature stage at 22 Ma and entered the gas generation window at 10 Ma [58]. Thermal simulation experiments show that the YCF source rocks can generate many organic acids, with an average yield ratio of organic acid to kerogen of 3.8 mg/g; moreover, the primary component is oxalic acid, which has a strong dissolution ability [53]. When the organic acids generated by the YCF source rocks enter the adjacent sandstone reservoir of the LSF, SYF and MSF along the fault system, they dissolve the soluble minerals in the sandstone reservoir and form dissolution pores [56].





5.3. Implication for Deepwater Natural Gas Exploration


The LSF effective reservoir in the deepwater area of the QDNB is mainly distributed in the northern margin of the LDS and LSS, the periphery of the SNU and the northern margin of the SNS. The sedimentary facies of the sand bodies in the northern area of the LDS and LSS are deepwater fans [41]. The sediments of these deepwater fans are mainly sourced from the deltas developed in the Yacheng area, where the sediments are primarily medium- and coarse-grained sandstone [41]. Therefore, deepwater fan sandstone developed in the northern margin of the LDS and LSS is also considered coarse grained [41]. Furthermore, dissolution pores are widely developed in the LSF sandstone in this area. The facies of the sand body developed on the periphery of the SNU is a beach bar, and no drilling has encountered this set of sand bodies. From the sedimentary environment, it is inferred that the sandstone should be pure. It is adjacent to the source rock and prone to organic acid dissolution. The sedimentary facies of the sand bodies developed in the northern margin of the SNS are fan deltas and coastal seas and are prone to organic acid dissolution.



The SYF effective reservoir in the deepwater area of the QDNB is mainly distributed in the northern margin of the LDS and LSS. The sedimentary facies of the sand bodies developed in the northern margin of the LDS and LSS are deepwater fans [41]. However, the grain size and argillaceous content of the sandstone vary [41]. The delta sediments developed on the northern shelf of the LDS and LSS have a coarse grain size, making the deepwater fans developed in this area have a coarser grain size and lower argillaceous content than in other areas [41]. Furthermore, the development of dissolution pores results in the deepwater fan sand bodies in this area having a higher porosity and permeability.



The MSF effective reservoir in the deepwater area of the QDNB is primarily distributed in the central and northern regions of the LDS and LSS and the northern margin of the SNS and CCS. The depositional facies of the sandstone are deepwater fans [40]. The sand bodies developed in the LDS and LSS are sheet sand but differ from the sheet sand in the northern margin of the SNS [40]. The sheet sand developed in the northern area of the LDS and LSS has a coarser grain size and lower argillaceous content [40]. Simultaneously, due to the development of dissolution pores, the sheet sand developed in the LDS and LSS has high porosity and permeability. The sheet sand developed in the northern margin of the SNS has multiple stages of evolution [40]. The deepwater fans developed in the early stage are small, are dominated by siltstone and rich in argillaceous [40]. The deepwater fans developed when the sea level decreased to the lowest during the middle Miocene has a large scale and a fine grain size [40]. Moreover, no magmatic diapirs are developed in the development area of the late-stage deepwater fan, which can avoid CO2 filling [57]. The sedimentary facies of the sand bodies developed in the northern margin of the CCS are deepwater channels [40]. The lithology of the deepwater channel sandstone is well-sorted fine sandstone [40] with a high porosity and permeability.





6. Conclusions


This study analysed the lower petrophysical property limits and their influence factors of the effective marine sandstone gas reservoirs in the Qiongdongnan Basin using porosity, permeability and gas testing. Then, the roles of sediment source, sediment transport distance, sedimentary facies and dissolution diagenesis on the formation of an effective sandstone reservoir were evaluated, and finally the favourable reservoir development zone was proposed.



	
A few primary intergranular and many secondary dissolution pores are preserved in the LSF, SYF and MSF sandstones of the QDNB. Foraminifera were widely preserved in the SYF sandstone. In the western QDNB, three abnormally high porosity and permeability zones developed in the LSF at depths of 2700–2900 m, 3650–4150 m and 4450–4800 m, whereas there are two abnormally high porosity zones in the eastern QDNB at depths of 3750–4300 m and 4800–5250 m. The SYF and MSF sandstones in the eastern QDNB have a high porosity of 8–32% and a permeability of 0.05–93.8 × 10−3 μm2, whereas the SYF and MSF sandstones in the western QDNB have a low porosity of 1–28% and a permeability of 0.01–20 × 10−3 μm2. The SYF and MSF sandstones in the western QDNB developed abnormally high porosity at 4700–4800 m deep.



	
The lower porosity and permeability limits of effective reservoirs developed in the deltas are 8.9% and 1.2 × 10−3 μm2, whereas the lower porosity and permeability limits of those developed in submarine canyons and fans are 11.3% and 4.0 × 10−3 μm2. The lower porosity and permeability limits of the effective reservoirs with coarse, fine, silty and argillaceous silty grain sizes are 9.9% and 7.7 × 10−3 μm2, 10.2% and 1.9 × 10−3 μm2, 12.3% and 9.9 × 10−3 μm2 and 12.2% and 3.9 × 10−3 μm2, respectively. The lower porosity and permeability limits of effective reservoirs developed in the late Oligocene LSF are 8.8% and 1.0 × 10−3 μm2, whereas the lower porosity and permeability limits of effective reservoirs developed in the Miocene MSF and SYF are 11.8% and 5.7 × 10−3 μm2.



	
The sandstones from the Red River have higher porosity and permeability, followed by those from the Hainan Uplift. The palaeo-uplift within the basin presents the lowest porosity and permeability. The sandstone reservoirs developed in deepwater fans and submarine canyons have a higher porosity and permeability, followed by deltas and fan deltas, and the sandstone reservoir developed in coastal areas has the lowest porosity and permeability. Dissolution of the feldspars by CO2 and organic acid, resulting in dissolution pores, is considered the primary mechanism for increased porosity of the effective LSF reservoir. Glauconite particle dissolution is common in the SYF and MSF sandstone reservoirs.
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Figure 3. Well L421 shows that the Lingshui Formation sandstone comprises siltstone, fine sandstone, coarse sandstone and conglomeratic coarse sandstone; well B1922 shows that the Sanya Formation sandstone comprises siltstone and fine sandstone; and well S3611 shows that the Meishan Formation sandstone comprises siltstone and muddy siltstone. 
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Figure 4. The mineralogical compositions of (A) the Lingshui Formation, (B) the Sanya Formation and (C) the Meishan Formation sandstones are plotted in the triangular chart (after Folk [54]). 1: quartz arenite; 2: subfeldsarenite; 3: sublitharenite; 4: feldsarenite; 5: lithic arkose; 6: feldspathic litharenite; 7: litharenite. 
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Figure 5. Lithology and pore characteristics of the Lingshui, Sanya and Meishan Formation sandstones. (A) The thin-section micrograph shows that the Lingshui Formation (LSF) sandstone is fine–medium grain, moderately well-sorted and subangular to subrounded; well Y1312, 3883.15 m. (B) The Sanya Formation (SYF) sandstone is silt to fine grain, poorly to moderately sorted and angular to subangular; well S3431, 2575.20 m. (C) The Meishan Formation sandstone is silt grain, moderately sorted and angular to subangular; well B1923, 2426.50 m. (D) A few primary intergranular and many intergranular dissolution pores are developed in the LSF sandstone; well Y1921, 3827.90 m. (E) Feldspar grains dissolved to form intragranular pores in the LSF sandstone; well Y1313, 3816.10 m. (F) Secondary dissolution pores are widely developed in the SYF sandstone; well S3431, 2576.00 m. (G) Feldspar grains dissolved to form intragranular pores in the SYF sandstone; well S3431, 2572.90 m. (H) Glauconite grains dissolved to form intergranular and intragranular pores in the SYF sandstone; Well S3431, 2566.00 m. (I) Secondary dissolution pores are widely developed in the Meishan Formation sandstone; well B1311, 1582.10 m. Legend: quartz (Q), quartz overgrowth (QO), feldspar (F), dissolved felspar (DF), glauconite (G), dissolved glauconite (DG), primary porosity (PP), secondary pores (SP). 
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[image: Jmse 12 00735 g005]







[image: Jmse 12 00735 g006] 





Figure 6. (A–C) Thin-section micrographs and (D–I) SEM images showing pores in various foraminiferal cavities. (A) The chambers in orientated foraminifera were well preserved, well S3431, 2570.90 m. (B) Spherical chambers in foraminifera, well S3431, 2568.10 m. (C) The chambers in foraminifera were well preserved, well S3611, 3257.80 m. (D) The pores in the outer wall of foraminifera, well S3611, 3257.80 m. (E) Spherical chambers in foraminifera, well S3611, 3257.80 m. (F) The chambers in foraminifera, well S3611, 2813.20 m. (G) Spherical chambers in foraminifera, well S3611, 3257.80 m. (H) The pores in the outer wall of foraminifera, well B1331, 1968.90 m. (I) The chambers in foraminifera, well Y9, 2221.57 m. 
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Figure 7. (A) Porosity and (B) permeability of the Lingshui Formation sandstones. (C) Porosity and (D) permeability of the Sanya and Meishan Formation sandstones. 
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Figure 8. The porosity, permeability and gas testing relation graphs of the sandstones developed in the (A) deltas, (B) submarine canyons and fans, (C) coarse sandstone, (D) fine sandstone, (E) siltstone, (F) argillaceous siltstone, (G) Lingshui Formation and (H) Sanya and Meishan formations. 
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Figure 9. The relationship between porosity, permeability and (A) sediment source and (B) sedimentary facies of the sandstones in the Qiongdongnan Basin. 
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