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Abstract

:

The present study uses core data to group reservoirs of a gas field in the Bredasdorp Basin offshore South Africa into flow zones. One hundred and sixty-eight core porosity and permeability data were used to establish reservoir zones from the flow zone indicator (FZI) and Winland’s methods. Storage and flow capacities were determined from the stratigraphy-modified Lorenz plot (SMLP) method. The effects of the mineralogy on the flow zones were established from mineralogy composition analyses using quantitative X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM). Results reveal five flow zones grouped as high, moderate, low, very low, and tight reservoir rocks. The high flow zone is the best reservoir quality rock and has porosity and permeability values ranging from 12 to 20% and 100 to 1000 mD. The high and moderate zones contribute more than 60% of each well’s flow capacities. The moderate and low flow zone extends laterally to all the wells. The tight flow zone is an impervious rock and has the lowest rock quality with porosity and permeability values less than 8% and 1 mD, respectively. This zone contributes less than 1% to flow capacity. The impact of minerals on flow zones is evident in plagioclase and muscovite content increases. An accompanied decrease in quartz content is observed, which implies that low plagioclase content ≤4% and muscovite content of ≤1% corresponds to the low, moderate, and high flow zones, while plagioclase content of ≥4% and muscovite content of ≥1% belong to the tight flow zone. Consequently, the quantity of plagioclase and muscovite can be used as a proxy to identify better quality reservoir rocks. The diagenetic process that reduces the rock quality can be attributed to quartz overgrowth and the accumulation of mica flakes in the pore spaces. In contrast, the fracture in the high flow zone is the reservoir quality enhancing process. The flow zones are generally controlled by a combination of facies and diagenetic factors.
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1. Introduction


Reservoir rock delineation in a heterogeneous formation is complicated and requires an accurate integration of petrophysical and petrography evaluation because each rock has its petrophysical, petrographical, mechanical and depositional characteristics [1,2,3,4,5,6,7]. Detailed reservoir characterization is possible by using petrophysical core data with a petrography study by dividing the reservoir into different zones based on similar hydraulic rock units or petrophysical rock types. The delineation of reservoirs into zones or units of hydraulic flow units has been studied and applied successfully by many authors [8,9,10,11,12]. To aid the classification of reservoir rocks based on the contribution of rock types, key terms such as Flow Unit (FU), Hydraulic Flow Unit (HFU) and Petrophysical Rock Type (PRT) within the reservoir have been defined [1,13]. To understand the storage and flow capacities of and the petrophysical behaviour of the FU, HFU and PRT within a reservoir, the Stratigraphy-Modified Lorenz Plot (SMLP) is one of the methods that has proven to be successfully applied by many authors in both carbonate and clastic reservoirs [14].



The impact of the depositional environment and diagenesis on reservoir quality is crucial because of the heterogeneity of sedimentary rocks, which also contributes to the variations of reservoir quality within a reservoir [15,16,17,18,19,20]. The quality of a reservoir is the primary factor that controls the prospectivity, especially during the exploration and production of hydrocarbon [21,22]. Due to the importance of reservoir quality in the assessment of the productivity of a reservoir, it is necessary to conduct an integrated core analysis, well log, and petrography studies to obtain the details of the composition of minerals that affect the reservoir quality. Consequently, the shallow marine sandstone reservoirs of wells MO7, MO8 and MO9 of a gas field in the northeastern Bredasdorp Basin, offshore of South Africa, have been studied with the help of conventional core data, sedimentology reports, well logs, and petrography data. To better understand the diagenetic impacts of the reservoir quality of the gas-producing zones, integrated petrographic analyses of X-ray diffraction (XRD), thin section and scanning electron microscopy (SEM) investigations, as well as core porosity and permeability measurements, have been studied.



Previous studies on gas-bearing reservoir flow units and zonation in the Bredasdorp Basin in South Africa [23,24,25] were conducted in the central, northwestern and the western parts of the Bredasdorp Basin. These previous studies on flow zonation in the Bredasdorp Basin identified various flow zones. In some cases, they also integrated XRD data and repeat test analysis to understand the lateral extents of the flow zones and the dominant mineral that controls flow zones. However, a gap exists because the works were not extended to the northwestern part of the Basin. Therefore, the present study aims to vigorously undertake integrated comprehensive petrophysical and petrographic reservoir zonation investigations to identify flow zones and correlate them with the identified zones in the other parts of the Basin. In addition, the study also attempts to understand the impacts of minerals on petrophysical reservoir flow zones. To achieve the objectives of this study, conventional core porosity and permeability data are integrated with sedimentology framework and mineralogy analyses that allows the delineation of the reservoir units into flow zones.




2. Overview of Geological Setting


The present study used three wells, MO7, MO8, and MO9, situated in the Bredasdorp Basin, offshore of the southern part of South Africa (Figure 1). The Bredasdorp basin sediments are predominantly derived from the processes of erosion and stripping of the shallow, deep and transitional marine environments of Cape Supergroup and Karoo Supergroups [26,27]. Consequently, the primary source of hydrocarbons in the basin is the deep marine mature shales deposited in the mid-Aptian. The synrift shelf and drift section of deep marine turbidite sandstone form the two major basinal reservoirs, while the drift shales of marine origin act as the primary seals.



The wells have been drilled to test for hydrocarbons at the primary target formed by a sequence of stacked transgressive and regressive shallow marine sandstones. The sandstone within the shallow marine sequence is interpreted as being deposited in a relatively high-energy, sand-dominated, tide- and wave-influenced environment [28]. Several authors have reported that the Bredasdorp Basin was formed in the Gondwana due to the movement of the South Atlantic along the Agulhas–Falkland Fracture Zone [20,26,29]. In addition, several authors have made significant contributions [25,27,30,31,32,33,34] to study sedimentology, sequence stratigraphy, petroleum systems, and the regional tectonic settings of the Bredasdorp Basin. However, to date, few published works have been published on the impacts of mineral composition on the variations of flow zonation in the Bredasdorp Basin, offshore of South Africa.




3. Materials and Methods


The datasets, including gamma ray well log, core analysis (permeability and porosity), and sedimentology data (reports, SEM and XRD analyses), are available for the studied wells (MO7, MO8 and MO9) of the northeastern Bredasdorp Basin, offshore of South Africa. First, a database was created in Interactive Petrophysics (IP 4.7) software, and all the datasets were loaded. Then, the quality control of data was implemented. The well logs were used to identify the reservoir intervals, lithology and well log-core measurements shift. A total of 168 core plug samples of the wells were examined from the routine core analysis results. The analyses included porosity and permeability measurements using the Vinci Technology poroperm equipment measured at room condition. The well logs indicate that the logger’s depth is 2.45 m deeper than the driller’s depth over the cored interval for well MO9. Therefore, a well-core depth shift was performed. In the other wells (MO7 and MO8), a match between the logger’s depth and the driller’s depth was observed.



Thirty plug samples from well MO7, 70 from well MO8 and 68 from well MO9 were taken to determine the petrophysical properties used for the reservoir zonation. The process commenced with facies identification, followed by the analyses of two independent analytical methods (PRT from the Winland r35 and FZI) and (2) SMLP and then the integration of mineralogy analyses.



3.1. Facies Analysis


Core samples were visually examined and integrated with core description reports and gamma-ray logs provided by PASA, which was used to classify the core samples into distinct facies. The studied reservoir units were classified based on texture, grain sorting, log shapes/patterns and gamma-ray log values.




3.2. Flow Zone Identification Methods (Winland r35, FZI and SMLP)


To divide the reservoir into flow zones from core porosity and permeability, the [35] pore throat radius flow determination and the concept of flow zone Indicator (FZI) by [36] methods, successfully applied by other researchers [37,38,39,40,41], was applied to slice the reservoirs into flow zones accurately. The pore throat radius from core porosity and permeability was calculated from Winland’s r35 method [35,42] as:


Log r35 = 0.732 + 0.588 log K − 0.864 log Ø



(1)




where r is pore throat radius (μm), K is the permeability (mD) and Φ is the porosity (%).



We also adopted the method of [36] to assess the hydraulic flow zones, which utilizes the reservoir quality index (RQI), normalized porosity index (NPI) and flow zone indicator (FZI). In addition, to determine the contribution of storage and flow capacities of flow zones, the SMLP method of [43] was adopted. The SMLP is based on plotting the cumulative flow capacity against the cumulative storage capacity, and significant inflexion points indicate the point of departure from one flow unit or zone to another. The details on how to calculate the capacities are published by [1,39,44,45,46,47].



The SMLP method was implemented in the three wells (MO7, MO8 and MO9) to establish storage and flow capacities because the petrophysical rock type methods cannot establish each zone’s storage and flow capacities.




3.3. Mineralogy Analyses


To assign the mineral composition in a flow zone, a representative of four samples collected for mineralogy analysis. Additionally, detailed mineral composition using the XRD technique was adopted to determine the percentages of different minerals and provide additional visual character details of the structure of the pore spaces. The black loading material preparation method was used for the four samples’ XRD qualitative and quantitative XRD analysis. According to [48], the identification of minerals was based mainly on peak shapes and positions. For the quantitative analysis, amorphous phases, if present, were not considered during quantification. In addition, SEM was performed to provide information on pore types and clay mineral morphology and distribution and to collaborate the results with thin section and XRD measurements.





4. Results and Discussion


4.1. Facies


The reservoir sediments assessed are predominantly of shallow marine depositional environment. The lithology and sedimentary structures in the core intervals varied with depth and strongly correlated with log data. The cored intervals were classified into four facies by combining the visual inspection of the core, grain size distributions, and log data. The four facies identified are:




	
Facies A: Moderately to well-sorted, medium-grained with conglomerate intervals developed;



	
Facies B: Fine- to medium-grained sandstone, slightly glauconitic;



	
Facies C: Fine- to medium-grained sandstone, poorly sorted, very glauconitic;



	
Facies D: Siltstone, very fine-grained with claystone.








Well MO7 has facies B and facies C present, while well MO8 has facies A and B. All the facies are present in well MO9 (Figure 2). Facies A is classified to have the best reservoir quality, while facies B’s reservoir quality is termed good. The reservoir quality of facies C is termed intermediate, while facies D is termed poor reservoir quality. Facie D is manifested at the top and bottom of wells MO7 and MO9, suggesting good seal rocks within both wells. The absence of facies D at the top of well MO3 may illustrate a poor reservoir seal.




4.2. Flow Zone Modelling


4.2.1. Winland r35


The results of the pore throat radius calculated from the Winland r35 pore throat radius methods are presented in Table 1 and Figure 2, respectively. The calculated average value of pore throat radius of an interval was used to represent flow zone designated as (PRTs) based on the criteria below:




	
Megaoporous rock (≥10 µm) = PRT1;



	
Macroporous rock, from 4.0 to 10 µm) = PRT2;



	
Mesoporous rock, from 2.0 to 4 µm = PRT3;



	
Microporous rock (from 1 to 2 µm) = PRT4;



	
Nanoporous rock (≤1 µm) = PRT5.








Figure 3 presents five distinct PRTs (PRT1–5). It can be seen that the lower the value of r35 calculated (PRT1 and 2) represent smaller pore throats and lower permeability values. In contrast, the high r35 values (PRT4–5) resulted in higher pore throats and permeability. PRT3 is an intermediary rock type between the higher and lower pore throats. It was also observed from Figure 3 that, for porosity in the range of 12–21%, higher permeability values from 20 to 1000 mD indicate better reservoir qualities (PRT1 and 2). PRT1 is the best rock type, while PRT5 is the lowest rock type.




4.2.2. Flow Zone Indicator


The results of the computation of FZI for the studied wells using the modified classification criteria of [49] resulted in five distinct HFUs from 0.8 to 11.6 µm, as presented in Table 1. The criteria used for the classification of the flow zones are:




	
HFU1 = ≥6 µm;



	
HFU2 = 3–6 µm;



	
HFU3 = 2–3 µm;



	
HFU4 = 1–2 µm;



	
HFU5 = ≤1 µm.








From Table 1, we can deduce that HFU5 correlates to PRT5, which is the impervious rock type; HFU4 to PRT4, which is a poor rock type; HFU3 to PRT3, ranked as a fair rock type; HFU2 to PRT2, which is good reservoir rock; and HFU1 to PRT1, a very good reservoir rock.



The highest FZI value of 11.2 µm was recorded in well MO9 which has a thickness of 7.0 m, a porosity of 17.2% and an average permeability of 942 mD. The lowest FZI value of 0.8 µm was recorded in well MO9, with a thickness of 14.1 m, a porosity of 10% and permeability of 0.5 mD (Table 1). By visual observation, the RQI versus NPI plot on a log-log scale generally showed five distinguishable HFUs with some overlap (Figure 4a).



The permeability, porosity and FZI of each type of flow unit are presented in Figure 4b. Figure 4b illustrates a significant difference in the flow units’ permeabilities, reflecting different fluid transmissibility. However, the porosity does not clearly distinguish between flow units except for HFU5, which generally displayed porosity values less than 12%. Therefore, for low permeability sandstone gas reservoirs, to which the Eastern Bredasdorp Basin belong, we propose that to differentiate between impervious rocks and reservoir rocks, a porosity cut-off value of 8% with a corresponding permeability of 1 mD be used to exclude impervious rocks from our reservoir rock units.



Based on the differences between the HFUs, it was concluded that HFU1 had the best reservoir quality, while HFU5 is classified as poor quality. The combination of the calculated Windland r35 and FZI petrophysical rock type zonation methods culminated in five different flow zones grouped as High (PRT1), Moderate (PRT2), Low (PRT3), Very low (PRT4), and Tight (PRT5) zones (Table 1). To estimate the storage and flow capacities in the flow zones, the SMLP method is performed.




4.2.3. SMLP


To understand the storage and flow capacities of and the petrophysical behaviour of the HFUs, and PRTs that make up a flow zone within a reservoir, the Stratigraphy-Modified Lorenz Plot (SMLP) method was applied in the studied wells. The SMLP method is based on porosity and permeability core data, multiplied by their respective bed thicknesses, normalized. The results produced the cumulative storage capacity (porosity multiplied by the bed thickness) and cumulative flow capacity (permeability multiplied by bed thickness). The cumulative flow capacity is plotted on the vertical axis against the cumulative storage capacity on the horizontal axis to produce a graph used to estimate storage and flow capacities [43,50,51]. Line segments and slopes of the graph separated by an inflexion point are used to represent flow and storage capacities. The steeper the slope represents the higher flow capacity, whereas the flattened slope represents a barrier or has insignificant flow capacity [47].



In this study, five different flow units, FU1-5 for well MO7, FU1-3 for well MO8 and FU1-5 in well MO9, are identified in Figure 5 and Table 2. The best flow units identified for individual wells are FU2 for well MO7, which contributes 28% and 50% storage and flow capacities, and FU1 in well MO8 (16% storage and 51% flow capacities) and MO9 (14% and 44% storage and flow capacities). At the same time, a minor contributor to storage and flow capacities is FU5, identified in well MO7 (13% and 1% storage and flow capacities) and MO9 (6% and 1% storage and flow capacities).




4.2.4. Identification of Flow Zones


The flow zones in the reservoirs of the studied wells were deciphered from the Windland r35 and FZI, calculated from the core-based porosity and permeability measurements and the mean values used to identify flow zones. Five flow zones identified in well MO7 as very low (2415–2418 m), moderate (2418–2429.3 m), low (2429.3–2435.7 m), moderate (2435.7–2443.3 m) and tight (2443.3–2446.6 m) presented in Figure 6. The very low and moderate flow zones at the top of the reservoir are associated with facies B. Below the moderate zone is facies C, which is very fine to fine and very glauconitic, that separates the moderate and low zones. The low flow zone at depth sandwiched between the moderate zones serves as sand-to-sand contact that allows the flow of fluids between the moderate zones. Finally, the tight flow zone shows the lowest reservoir quality at the base of the reservoir. In terms of the storage and flow capacities, the very low flow zone contributed about 34% and 10% to storage and flow capacities.



In comparison, the moderate flow zone below the very low zone contributes 28% and 51% of storage and flow capacities. The combination of the low and moderate flow zones contributes 25% and 39% to storage and flow capacities. The tight flow zone has 13% storage capacity but 1% flow capacity. The upper moderate zone at depth 2418–2429.3 m is the most productive zone with a thickness of 31 m, an average porosity and permeability values of 7.8% and 30 mD.



Three distinct flow zones were identified for well MO7 as High (2368.2–2380.1 m), moderate zones (2380.1–2436.8 m), and Low zone (2436.8–2445.2 m), presented in Figure 7. Two lithofacies were identified as facies A and B associated with the high flow zone and facies B with the moderate and the low flow zones. The high flow zone is the best reservoir quality with a 12 m average porosity of 14%, the permeability of 237 mD, r35 of 27 µm, FZI of 11.6 µm and 16% and 51% storage and flow capacities. Therefore, the reservoir quality recorded in well MO7 may be due to the dominance of facies A and B in this well. However, the reservoir quality tends to decline generally from the top of the reservoir to the bottom, with the low flow zone located at the bottom of the well.



Six flow zones were identified in well MO9 (Figure 8). At the top of the reservoir is the high flow zone (2369.2–2376.2 m), Low (2376.2–2387.2 m), High (2387.3–2393.3 m), Moderate (2387.3–2419.3 m), High (2419.3–2428.2 m) and Tight (2428.2–2442.4 m) at the bottom of the reservoir. The high flow zones are generally associated with facies A. The high flow zone at the top of the reservoir is the best. It contributes 14% and 44% to storage and flow capacities, while the combinations of the other two high flow zones, the low zone and the moderate zone, contribute 70% and 55% to storage and flow capacities. Conversely, the tight flow zone interpreted as the lowest rock quality is associated with facies D, mainly silt and claystone ranked as an impervious reservoir rock type with 6% storage and 1% flow capacities.



Flow zones are correlated to determine the lateral extent of the flow zones, as illustrated in Figure 9. Comparing flow zones between the studied wells indicates that the low and moderate flow zones are common to all the studied wells. The High productive flow zone identified at the upper reservoir in well MO8 was laterally traceable in well MO9. It is absent in well MO7 and probably has been truncated due to erosion. The high flow zone is about 12 m thick in well MO8 and thin (7 m) in well MO9, composed of FU1 (Table 2), which showed a storage capacity of 16% in well MO8 and 14% in well MO9, and flow capacity of 51% in well MO8 and 44% in well MO9. The very good petrophysical characteristics of the high flow zone indicate that significant quantities of gas can be produced from it, which is comparable to a high flow zone identified in well PA1 at the central Bredasdorp Basin reported by [23].



Another productive zone identified is the moderate flow zone with a combined thickness of 56.7 m at well MO8 decreases in thickness as we move from well MO8 in the western part of the study area to 26 m and 31 m in well MO9 and MO7, respectively. Generally, the variations of the flow zones are interpreted to be controlled by combination facies and possibly diagenetic factors based on the closed association of the best facies associated with the best flow zones. The petrography results from XRD and SEM will now be integrated with the flow zones to establish the impacts of mineral compositions on flow zones.




4.2.5. Impacts of Mineral on Flow Zones


The quantitative results from XRD show that the mineral composition of the four samples from different flow zones (High, Moderate, Low, and Tight) is dominated by quartz and plagioclase (Table 3). The quartz content varies from 75.8% to 95.3%, while plagioclase ranges from 2.6% to 12.1%. The low and tight flow zones observed carbonate fragments of dolomite (7.5%) and calcite (8.5%). Muscovite varies from 0.4% in the high flow zone sample to 1.3% in the tight flow zone sample, while the highest microcline of 2.4% was recorded in the moderate and low flow zones, and 1.5% and 1.7% in the tight and high flow zones. In addition, the samples recorded low pyrite and kaolinite content. The impact of minerals on flow zones is evident as the plagioclase and muscovite content increases. An accompanied decrease in quartz content is observed, which implies that low plagioclase content of ≤4% and muscovite content of ≤1% corresponds to the low, moderate, and high flow zones, while plagioclase content of ≥4% and muscovite content of ≥1% belong to the tight flow zone. Consequently, the quantity of plagioclase and muscovite can be used as a proxy to identify better reservoir quality rocks.



The scanning electron microscopy results of morphological studies of four flow zones (high, moderate, low and tight) help in describing the pores and grain fabrics by imaging clay distributions and dominant pore and clay types (Figure 10A–D) because the quantitative XRD results cannot show the distribution and types of minerals in the pore spaces. The SEM analysis reveals that samples a–c in Figure 10 are composed of detrital constituents, cement and pores, while sample d is an illitic claystone with ragged illite plates with a few lath-shaped overgrowths (Figure 10). The significant detrital found in most of the samples is quartz. Monocrystalline detrital quartz is dominant and polycrystalline quartz is less abundant. The quartz grains are sub-angular to sub-rounded, with the monocrystalline grains, medium- to fine-grained, while the polycrystalline grains are medium- to coarse-grained, which shows information about the metamorphic source. This analysis also shows that there is slight alteration and the occurrence of a fracture. Intergranular porosity is visible, with samples a–c being more porous than sample d as it has less connectivity.



The reservoir quality enhancing factors include fracturing, dissolution and leaching [8,38,52,53]. For the different reservoir flow zones, the diagenetic process that reduces the rock quality can be attributed to quartz overgrowth and the accumulation of mica flakes in the pore spaces. In contrast, the fracture in Figure 10C, the high flow zone, is interpreted as the reservoir quality enhancing process. The flow zones are generally controlled by a combination of facies and diagenetic factors.






5. Conclusions


In this study, the impact of detrital minerals in the sandstone reservoirs, northeastern Bredasdorp Basin, offshore of South Africa, have been investigated:




	
The lithofacies are interpreted as facies A, B, C and D based on the geological framework and five flow zones interpreted as high, moderate, low, very low and tight based on flow zone calculations.



	
The High productive flow zone identified at the upper reservoir in well MO8 was laterally traceable in well MO9. It is absent in well MO7 and probably has been truncated due to erosion. The high flow zone showed a storage capacity of 16% in well MO8 and 14% in well MO9 and a flow capacity of 51% in well MO8 and 44% in well MO9.



	
The very good petrophysical characteristics of the high flow zone indicate that significant quantities of gas can be produced from it, which is comparable to a high flow zone identified in well PA1 at the central Bredasdorp Basin.



	
The diagenetic process that reduces the rock quality can be attributed to quartz overgrowth, accumulation of mica flakes in the pore spaces and high content of plagioclase and muscovite.



	
Fracture observed in the high flow zone is interpreted as the reservoir quality enhancing process. The flow zones are generally controlled by a combination of facies and diagenetic factors.



	
This study has opened a door for researchers to investigate the vertical and lateral extent of the flow zone that extends to all wells studied.
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Figure 1. Maps showing the area of study offshore South Africa and the location of the wells. 
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Figure 2. Well MO9 showing gamma ray log in track one and four different facies classified as facies A, B, C and D in track three. 
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Figure 3. Calculated Windland r35 pore throat radius showing five different petrophysical rock types (PRT1-5) plotted on the standard Windland graph on permeability against porosity. 
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Figure 4. (A) Calculated FZI used to identify different HFUs from RQI versus NPI. (B) Permeability versus porosity plot showing different hydraulic flow units, HFU 1–5. 
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Figure 5. Plot of cumulative flow and storage capacities for wells showing five different flow units, FU1-5. 
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Figure 6. Results of well MO7 showing flow zones in track 2, gamma ray log in track 3, facies in track 4, porosity in track 5, permeability in track 6, FZI in track 7 and r35 in track 8. 
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Figure 7. Results of well MO8 showing flow zones in track 2, gamma ray log in track 3, facies in track 4, porosity in track 5, permeability in track 6, FZI in track 7 and r35 in track 8. 
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Figure 8. Results of well MO9 showing flow zones in track 2, gamma ray log in track 3, facies in track 4, porosity in track 5, permeability in track 6, FZI in track 7, and r35 in track 8. 
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Figure 9. Correlation panel of flow zones showing lateral extension of the moderate and low flow zones in all the wells. The top high flow zone of well MO8 extends to well MO9 and truncated in well MO7 which may be due to erosion. 
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Figure 10. Scanning Electron Microscope (SEM) images: (A) Well MO7, 2427 m, intergranular pores (IGP) in slightly altered quartz (Qz) grains; (B) Well MO7, 2430 m, Finer grains of monocrystalline quartz derived from the coarser polycrystalline quartz (Qz) grains; (C) Well MO9, 2369 m, authigenic quartz (Qz), intergranular fracture (F) within finer quartz grains; (D) Well MO9, 2441 m, intergranular porosity (IGP) within plated illite (Ilt) grains. 
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Table 1. Results of calculated petrophysical rock types and flow zone indicators used to classify rocks into different flow zones.
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	Well
	Top

Depth (m)
	Bottom Depth (m)
	Thickness

(m)
	Porosity

%
	Permeability

mD
	Zone
	r35 (μm)
	PRT/HFU
	Rock Type
	FZI (μm)
	Ranking





	
	
	
	
	12–22
	200–1000
	High
	≥10
	1
	Megaporous
	≥6
	Very Good



	
	
	
	
	10–12
	20–200
	Moderate
	4–10
	2
	Macroporous
	3–6
	Good



	
	
	
	
	5–10
	5–20
	Low
	2–4
	3
	Mesoporous
	2–3
	Fair



	
	
	
	
	5–10
	1–5
	Very Low
	1–2
	4
	Microporous
	1–2
	Poor



	
	
	
	
	<5
	<1.0
	Tight
	<1
	5
	Nanoporous
	≤1
	Impervious



	MO7
	2415.1
	2418.0
	2.9
	6.0
	2.1
	Very Low
	3.4
	4
	Microporous
	2.2
	Poor



	
	2418.0
	2429.3
	31.3
	7.8
	29.8
	Moderate
	8.3
	2
	Macroporous
	4.9
	Good



	
	2429.3
	2435.7
	6.4
	5.9
	10.8
	Low
	4.1
	3
	Mesoporous
	2.3
	Fair



	
	2435.7
	2443.3
	7.6
	7.3
	53.8
	Moderate
	10.1
	4
	Macroporous
	5.8
	Good



	
	2443.3
	2446.6
	3.1
	4.9
	0.5
	Tight
	1.2
	5
	Nanoporous
	0.9
	Impervious



	MO8
	2368.2
	2380.1
	11.9
	13.7
	237.0
	High
	15.2
	1
	Megaporous
	8.1
	Very Good



	
	2380.1
	2396.0
	15.9
	12.2
	65.0
	Moderate
	7.0
	2
	Macroporous
	4.9
	Good



	
	2396.0
	2417.6
	21.6
	11.5
	29.0
	Moderate
	5.0
	2
	Macroporous
	3.2
	Good



	
	2417.6
	2436.8
	19.2
	11.7
	42.0
	Moderate
	5.8
	2
	Macroporous
	3.9
	Good



	
	2436.8
	2445.2
	8.4
	11.2
	18.0
	Low
	3.3
	3
	Mesoporous
	2.6
	Fair



	MO9
	2369.2
	2376.2
	7.0
	16.8
	842.0
	High
	27.0
	1
	Megaporous
	11.6
	Very Good



	
	2376.2
	2387.2
	11.0
	12.2
	27.5
	Low
	4.3
	3
	Mesoporous
	3.0
	Poor



	
	2387.2
	2393.3
	6.1
	15.3
	300.0
	High
	14.0
	1
	Megaporous
	6.8
	Very Good



	
	2393.3
	2419.3
	26.0
	12.8
	43.0
	Moderate
	6.7
	2
	Macroporous
	4.2
	Good



	
	2419.3
	2428.2
	8.9
	12.9
	277.0
	High
	16.0
	1
	Megaporous
	10.0
	Very Good



	
	2428.2
	2442.4
	14.2
	10.1
	0.5
	Tight
	0.7
	5
	Nanoporous
	0.8
	Impervious
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Table 2. Storage and flow capacities estimated for wells.
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MO7

	
MO8

	
MO9




	
FLOW

UNIT

	
Storage Capacity (%)

	
Flow Capacity (%)

	
Storage Capacity (%)

	
Flow Capacity (%)

	
Storage Capacity (%)

	
Flow Capacity (%)






	
1

	
34.0

	
9.5

	
16.0

	
51.0

	
14.0

	
44.0




	
2

	
28.0

	
50.5

	
70.0

	
45.0

	
14.0

	
3.0




	
3

	
10.0

	
8.0

	
14.0

	
4.0

	
9.0

	
13.0




	
4

	
15.0

	
31.0

	
-

	
-

	
47.0

	
39.0




	
5

	
13.0

	
1.0

	
-

	
-

	
6.0

	
1.0
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Table 3. Quantitative XRD results showing the mineral content of different minerals.
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	Well
	Depth

(m)
	Zone

Name
	Quartz

(%)
	Dolomite

(%)
	Plagioclase

(%)
	Muscovite

(%)
	Calcite

(%)
	Microcline

(%)
	Pyrite

(%)
	Kaolinite

(%)





	MO7
	2427
	Moderate
	93.7
	0
	3.2
	0.6
	0
	2.4
	0
	0.1



	MO7
	2430
	Low
	84.6
	7.5
	3.8
	1.4
	0
	2.4
	0.2
	0.2



	MO9
	2369
	High
	95.3
	0
	2.6
	0.4
	0
	1.5
	0
	0.1



	MO9
	2442
	Tight
	75.8
	0
	12.1
	1.3
	8.5
	1.7
	0
	0.7
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