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The purpose of this research is to delineate the structures of the Lower Goru Formation, investigate fluid properties, and clarify the hydrocarbon-prone areas through seismic attributes analysis. First, the acquired data was matched by the interpretation datum. Structural analysis was done by performing horizon interpretation, fault interpretation, and contour mapping on the C-Interval of the Lower Goru Formation. Hydrocarbon zones were marked with the help of attribute analysis on seismic sections and were justified by petrophysical analysis. An integrated approach such as seismic structural interpretation, seismic attribute, spectral decomposition, and petrophysical analyses was used in current research to better understand geological structure and features. This research showed that normal faults are present in the area showing negative flower structure, horst and graben, and faults oriented north-west to south-east. The contour map shows structural inclination and faults bound closure near well locations. Variance attribute and spectral decomposition attribute were used to verify horizon lineation and fault behavior. Instantaneous amplitude and instantaneous phase attributes justify hydrocarbon bearing zones, and bright spots are present on seismic sections at C–Interval of Lower Goru Formation. Petrophysical analysis of the available wells showed a number of significant hydrocarbon zones having more than 55% of hydrocarbon saturation at the C-Interval of the Lower Goru Formation. The four possible reservoir zones in Sawan-02 well, two zones in Sawan-07 well, and three zones in Sawan-09 well are identified based on well data interpretation. Based on these analyses, the area of interest has a very good reservoir potential, structural closure, and visible bright spots. The current finding of this research will be helpful for future exploration and development of the Sawan area.
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INTRODUCTION
The manual interpretation of the seismic data set is extremely time-consuming and requires expensive manpower. Automation based on various computer techniques is considered a dependable, quick, and highly productive alternate approach providing useful information by extracting seismic attributes from seismic data. In order to improve the accurate geological interpretation of the target horizons, the seismic attributes are employed as a technique to extract significant information and features from the seismic data set (Khayer et al., 2022a). Numerous techniques and methods for feature extraction available in the literature are provided for better interpretation and analysis of seismic images (Khayer et al., 2022b). Seismic attributes are utilizing a wide range of time frequencies on seismic data to precisely locate underground channels and structures (Khasraji-Nejad et al., 2021). Although using seismic attributes to extract useful geological features is not a novel technique but it is a challenging task to select and choose the most relevant attributes to extract the necessary data due to the large varieties of seismic attributes and their diverse range of uses (Bulat and Long, 2001; Khasraji-Nejad et al., 2021). Seismic image analysis techniques were precisely used to detect subsurface geological features and target reflectors (bed boundaries) by the addition of automatic seismic imaging techniques. Automatic seismic imaging techniques have some drawbacks were not properly working in that areas where subsurface geological structures were complex and have low-resolution data sets (Zahmatkesh et al., 2021; Hosseini-Fard et al., 2022).
The study area (Sawan area) has heterogenic lithology and facies; this may be due to differences in the environment of deposition. The reliable well logs interpretation for the estimation of reservoir properties in the study area is still a challenge due to the heterogeneity of the Lower Goru Formation (Ehsan et al., 2019; Ashraf et al., 2020; Qiang et al., 2020; Ashraf et al., 2021). The previous study indicates that the study area is one of the most promising gas fields in the Middle Indus Basin (MIB) of Pakistan with cumulative production of 850 BCF from the Lower Goru Formation (LGF) (Ashraf et al., 2019). An integrated study uses geophysical tools (seismic structural interpretation, seismic attribute, and petrophysical analysis) effectively estimated the gas-bearing zones of the C-Sand interval of LGF in MIB Pakistan (Mughal and Akhter, 2021). To identify the heterogenetic behavior of lithology and to better understand the subsurface structures and lithological variations several techniques are taken, which include reservoir characterization through well log data and seismic attribute analysis applying to seismic data (Ashraf et al., 2019; Ismail et al., 2020a; Ehsan and Gu, 2020; Mughal and Akhter, 2021). 2D seismic data that was calibrated with well logs data provides a better understanding of the subsurface structure (Radfar et al., 2019). Integration of advanced seismic methods is considered an appropriate seismic imaging method to understand complex geology and helpful to structure interpretation (Farrokhnia et al., 2018).
The established reservoir sand intervals in the Middle and Southern Indus Basin are the Lower Goru Formation sands intervals but it is difficult to identify the gas zone of these sands facies by seismic interpretation because the payable/reservoir zone ranges from 2 to 8 meters in thickness. Seismic attributes are hence applied to the seismic interpretation data to differentiate between the reservoir and non-reservoir zone (Azeem et al., 2016). Seismic attribute analysis is considered an interpretation technique that is used to enhance the spatial prediction of structural properties from seismic data (Maleki et al., 2015). Among the various seismic interpretation methods, seismic attribute analysis has proven to be the most beneficial technique to detect the reservoir structural variations away from the well (Ashraf et al., 2019). The accuracy of conventional structure and well logs interpretation has decreased because it only relies on seismic and well logs data. At the present time, geological structure interpretation has been improved with the advancement of seismic exploration and interpretation techniques as well as advanced tools that are utilized for seismic and well logs interpretation such as seismic attributes, seismic inversion, lithofacies prediction, cluster analysis approach, reservoir quality prediction, multi-attributes analysis, deep learning, and machine learning. So, multiscale seismic dip constraint geological structure interpretation copes up the issue which integrates time-frequency decomposition of seismic data and geological structure interpretation (Ali et al., 2022; Anees et al., 2022; Hussain et al., 2022; Zhang et al., 2022).
Seismic attributes and inversion are used worldwide for the prediction of reservoir lithological and petrophysical properties of extremely heterogeneous reservoirs (Abbas et al., 2019; Bashir et al., 2021; Mughal and Akhter, 2021). The application of seismic attributes can improve seismic data interpretation and consider a powerful aid to seismic data interpretation. Seismic attributes are used to derive rock characteristics from the observed seismic signal (Chopra and Marfurt., 2008; Torvela et al., 2013). Seismic attribute analysis is very useful in every aspect of seismic interpretation as it helps ease the interpretation. For example, variance is an attribute that is used to identify or measure the coherency of the horizons, this also helps to find the faults as the area of low coherency tells the breakage of the horizon. The combined interpretation of well and seismic data can be used to identify the porosity of reservoir zones as a whole and in different portions. In the case of heterogenic subsurface, the best models are generated with the help of attributes but first of all structural interpretation, fault marking, and formation identification are done through seismic data as attribute analysis is not complete without seismic interpretation (Ashraf et al., 2020; Robinson and Davis, 2012). Well-log data is also used to calculate the saturation of water and hydrocarbon, which can further guide the production rate of the field. The volume of shale and volume of sand is calculated to identify if the lithology is clean or shaly and to calculate the porosity mostly effective porosity as shale is nonporous and shale can’t let the fluid pass through it. On the other hand, sand is very porous and permeable, it can pass and store fluid. Seismic attribute analysis helps to have an accurate mapping of traps associated with formations. This technique will not only tell the information about internal characteristics but also the ambiguity present with the reservoir (Robinson and Davis, 2012).
The study area is a part of the Middle Indus Basin that is present on the southern side of the Indian Plate. The current study was performed in the Sawan area by using seismic structural interpretation, seismic attribute, spectral decomposition, and petrophysical analyses to understand reservoir potential in Lower Goru Formation, Middle Indus Basin, Pakistan. Seismic attributes and petrophysical analyses will help to a better understanding of LGF hydrocarbon potential. The current study findings will be helpful in identifying new horizons in the Lower Goru Formation. The detailed workflow is shown in Figure 1. It has been determined from this study’s findings that an integrated approach will be able to better understand the subsurface structure and detect sweet spots in sand intervals.
[image: Figure 1]FIGURE 1 | Workflow adopt for the current study.
GEOLOGICAL SETTING
The tectonic framework of Pakistan is very complex. Pakistan is divided into different tectonic zones on the basis of variations in tectonics, geology, age, and structures (Kazmi et al., 1997). The study area of the present research belongs to the Indus platform and foredeep tectonic zone (Figure 2). It is further divided into the sub-zones which include buried ridges, zones of upwarp, zones of downwrap, platform slope, and foredeeps.
[image: Figure 2]FIGURE 2 | The regional structural setting with sedimentary basins of Pakistan. The location of the study area is highlighted by the black circle (Anwer et al., 2017).
Sargodha-Shahpur ridge and Nagar Parkar ridge lie in the zone of the buried ridge. Zone of upwarp contains Mari—Kandhkot high, Jacobabad—Khairpur high, Thatta—Hyderabad high, and Tharparkar high. Northern and southern Punjab monocline, Cholistan shelf, Panno Aqil graben, Nawabshah slope, lower Indus trough, and Nabisar slope are the parts of the zone downwrap and platform slope. The last tectonic sub-zone contains Sulaiman foredeep and Kirthar foredeep (Zaigham and Mallick, 2000; Kazmi and Jan, 1997; Kazmi and Rana, 1982).
The Indus Basin is a part of Gondwanan lands, and Axial Belt separates the Tethyan and Laurasian domains. The central and eastern regions of Pakistan are dedicated to the Indus Basin. The Indus Basin is situated northwest of the Indo-Pakistan subcontinent. The Lower Indus Basin (LIB) is divided into Central and Southern Indus Basins by Jacobabad High and Mari Kandhkot High. Both Jacobabad and Mari Kandhnkot highs are together termed the Sukkur Rift. The Central Indus Basin (Sulaiman sub-basin) consists of the Punjab Platform, Sulaiman Depression, and Sulaiman Fold Belt while the Southern Indus Basin includes the Thar Platform, Karachi Trough, Kirthar Foredeep, Kirthar Fold Belt, and Offshore Indus (Kadri, 1995; Aziz et al., 2020).
The discoveries in LIB associated with Lower Goru Formation (LGF) are either located on structural high or its proximity (Figure 2). These structural highs include Jacobabad-Khairpur High, Lakhra High, Mari High, and Badin uplift etc. The highs have significance for the hydrocarbon migration, charging of the reservoirs, and structural and stratigraphic structures/features for the hydrocarbon traps. In LIB, wrench faults (strike slip) are frequently present which have a general trend of northwest to southeast. The entire cretaceous strata is cut by such faults that change its character from top to bottom. The fault trend varies from multiple en echelon left lateral segments at Upper Goru and Lower Goru to a strongly linear and single fault at Chiltan Formation. It is a result of trans-tensional tectonic events associated with the first collision of the Indian Plate with the Eurasian plate and the counterclockwise rotation of the Indian Plate. Secondary hydrocarbon migration, charging and the modification of the trapping mechanism took place during Late Eocene to Oligocene, the second uplift event in Central Indus Basin and Southern Indus Basin (Ahmad et al., 2004).
A complete stratigraphic sequence of the Central Indus Basin (CIB) does not exist in the Sawan area. In the Sawan area, the known formations for the petroleum play in the study area include the Sembar Formation which acts as a regional source rock, sands of LGF act as a reservoir, and shales of the Upper Goru provide a seal for the hydrocarbon. Intercalated shales within the LGF also act as source rock in some areas of the CIB. The Goru Formation (LGF and Upper Goru) is of Cretaceous age, it consists of interbedded shale with limestone, siltstone, and sandstone units. Its lower part has mostly grey-green colored shale with irregular bedded calcareous and very thin-bedded limestone near Goru village. Mostly the formation shows a change from sand to shale e.g., from east to west sand facies change into shale and the environment of deposition varies from deltaic to deep marine (Wandrey et al., 2004; Kazmi and Jan 1997). In the study area, the upper part of the Goru Formation (Upper Goru member) consists of mostly shale, and the lower part contains interbedded sand and shale units (Kadri, 1995; Ehsan et al., 2021). In the CIB, Lower Goru Formation is a proven reservoir, but the reservoir zones are comprised of vertical compartments which are very thin (5–10 m), and only a few times such zones are greater than 1 m which may be due to the presence of interbedded shale present among them (Azeem et al., 2016).
The LGF is categorized further into different payable zones. The oil companies use different nomenclature for these sand and shale packages which are interbedded due to marine regression and transgression processes. In the LIB, the Sembar Formation and intra-formational shale units of LGF are acting as source rock. LGF is divided into five intervals: A, B, C, and D sands and a shale interval as shown in Figure 3. The first three sand intervals act is acting as a reservoir, while the shale interval acts as a seal (Ahmad et al., 2004; Azeem et al., 2016; Khan et al., 2022). Previous studies suggest that C-Sand bears a good reservoir property i.e., higher porosity and permeability, lower volume of shale, and the existence of sweet spots which make it lucrative (Ashraf et al., 2019; Mughal and Akhter, 2021).
[image: Figure 3]FIGURE 3 | Generalized stratigraphy column of the Middle Indus Basin (Azeem et al., 2016).
METHODS AND MATERIALS
The selected data includes six 2D seismic lines and three well logs data. Five seismic lines were dip lines and one strike line of the Miano area all three wells (Sawan-2, Sawan-7, and Sawan-9) were in the Sawan area, MIB, Pakistan. The data was obtained from Directorate General Petroleum Concession (DGPC), Pakistan for this research. In the base map, it looks like the exact match of two wells on acquired seismic lines but there is some distance between the wells and seismic lines. In the base map, it is shown that two wells i.e., Sawan-2 and Sawan-7 were located exactly on acquired seismic lines but, the wells were not located exactly on these lines as shown in Figure 4. In actuality, the well Sawan-2 was the closest to the acquired seismic line, this was one of the reasons to choose PSM 98-201 as the control line.
[image: Figure 4]FIGURE 4 | Base map of the study area.
The primary task in seismic data processing in hydrocarbon exploration is to remove noise and improve the signal of the data set to better understand the subsurface picture (Mahdavi et al., 2021; Mafakheri et al., 2022). The resolution of the seismic image is playing a key role to get the accuracy of the target for exploratory drilling by seismic data (Mahdavi et al., 2021). The seismic data was composed of 2D seismic sections. When the seismic sections correlated the horizons of similar amplitudes did not match, and there was some shift or mistie present among the seismic sections. One seismic line (PSM 98-201) was considered as the control line as the well i.e., Sawan-2 was located on this line. The well log data of Sawan-2 was used to generate a synthetic seismogram, well to seismic tie was held in this seismic line with Sawan-2. First, the amplitudes of all seismic sections were balanced, so that these lines can be shown in the mistie section. Before amplitude balancing, the mistie section had some sections missing in either of the selected seismic lines as shown in Figure 5A. Seismic line intersection issues should be noted when interpreting seismic data sections. These discrepancies, also known as misties (Chen et al., 2018), can frequently be seen visually and demonstrate wave and longitudinal time deviations of the same reflector occurrences. Such discrepancies could result from different seismic acquisition and processing; the mistie greatly impedes our interpretation job. The 2D seismic data used in this study was from the two vintages OMV98 (one seismic line) and OMV96 (five seismic lines). The seismic line OMV98-PSM-201 was the only one from a different vintage, hence other profiles from the same vintage were used to correct it. Mis-tie analysis was carried out as a phase in the data quality process, and it revealed a mistie between the profiles of OMV98-PSM-201 and OMV96-PSM-114 (Figure 5A). A constant of 100 ms shift was applied that matched the behavior of seismic reflectors on both seismic profiles (Figure 5B). After the completion of the mistie correction, a synthetic seismogram of Sawan-2 well was generated and matched with the seismic section, then horizons were marked along all seismic sections, and then synthetic seismograms of Sawan-7 and Sawan-9 wells were generated to correlate with horizon interpretations. Initially, seismic sections were matched with the marked reflector of the Chiltan Formation, but the upper part of the seismic sections did not match completely. So, the Upper Goru Formation top was used for matching the seismic lines although the shift was minor because of the previous correlation at Chiltan Formation. The Upper Goru Formation top was used for correlation because its reflector was continuous, the amplitude of this horizon was bright, and it was near the C-Interval of the Lower Goru Formation.
[image: Figure 5]FIGURE 5 | (A) Mismatch of seismic sections before (highlighted with the red oval shape) correcting Mistie (B) Image of the seismic sections after Mistie correction.
A synthetic seismogram is necessary to generate before starting any seismic interpretation project as the identification of seismic horizons and the rectification of seismic events was done in time and amplitude data. It was also used to correlate the geological data with well logs data to justify seismic trace data (Naeem et al., 2016).
Several steps were taken for petrophysical analysis, these include marking the zone of interest, the volume of shale and saturation, etc., marking of the zone of interest was done by keeping in mind the value ranges of the well logs i.e., stability of caliper log, low gamma ray values (for sand bodies), and neutron-density cross over must be present (Rider et al., 2002). After marking the zones, the volume of shale was calculated as
[image: image]
Where IGR is a gamma-ray index. IGR is converted into shale volume ([image: image]) by Steiber equation (Stieber, 1970) as
[image: image]
Calculation of the volume of sand ([image: image]) or non-shale content is given as:
[image: image]
For the calculation of density porosity, Eq. 4 was used
[image: image]
where, [image: image] = density derived porosity,[image: image] = matrix density, [image: image] = fluid density and [image: image] = bulk density values from the log.
For calculating neutron porosity, the Schlumberger Chart was used in the case of sandstone, but neutron log curves were used in the case of limestone. Calculation of average porosity in the case of gas-bearing formations was done using Eq. 5 (Rider et al., 2002).
[image: image]
Where is the average porosity, [image: image] is neutron porosity, and [image: image] indicates density porosity.
Effective porosity is the product of average porosity and the volume of sand that is calculated from the volume of shale. The value for effective porosity is always lower than average porosity. The formula for the calculation of saturation of water used the Archie equation (Schlumberger, 1991).
The acquired information from seismic data either based on experience-based results or with the help of measurements is called seismic attributes. Seismic attribute interpretation delivers the subsurface physical parameters and the quantitative geometrical information. If physical parameters were required, then the principal element for the determination was amplitude analysis but if quantitative geometrical information is required then the phase analysis was generally applied. This resolves that the information gained from seismic parameters falls within the definition of seismic attributes. Seismic attributes applied to seismic data sets are RMS amplitude, variance, instantaneous frequency, etc. There are a number of seismic attributes for different purposes, the most common seismic attributes are variance, root mean square (RMS), instantaneous frequency and instantaneous amplitude, sweetness, etc. The physical parameters include velocity, frequency, phase, and amplitude and their changes with respect to time and space (Taner, 2001). The reflection strength of each time sample was calculated by using Eq. 6 and its strength is always positive (Azeem et al., 2016)
[image: image]
RESULTS AND DISCUSSIONS
Horizon and fault interpretation
After the mistie is corrected, horizon interpretation takes place. It is started with the help of well data as well as formation tops are given with their depths and well to seismic tie is completed. We just need to show well tops on the seismic section and start marking the horizons. In this case, 2D seismic lines are present, and wells do not lie on seismic sections, we need to choose the nearest well to any seismic section which is Sawan-2 (Well) near seismic line PSM 98-201 (∼120 m). After completing the horizon interpretation, faults are marked where the wave crest changes into a trough horizontally, throw of a horizon is encountered that is interpreted with amplitude attributes and variance attributes.
In this research, three synthetic seismograms are generated for three wells (Sawan-2, Sawan-7, and Sawan-9), and two well logs i.e., sonic log and density log are used in each well. Different wavelets were used to generate a synthetic seismogram, but the best result interpretation was with the extracted wavelet from the data. This wavelet was then matched with the surface seismic data that used five extracted traces from the neighborhood. The synthetic seismogram for the Sawan-2 well (Figure 6A) shows the correlation of synthetic wavelet and seismic trace.
[image: Figure 6]FIGURE 6 | (A) Image of Synthetic seismogram of Sawan-2 well on seismic dip line PSM-201 (B) Seismic interpretation of dip line PSM 98-201.
In this seismic section (PSM 98–201) as shown in Figure 6B, only two faults (Fault 4, Fault 5) named accordingly in contour maps are present. The horizon trend is shallow north-westwards towards Jacobabad High and deepens towards Lundo Low which lies in the south-east direction.
The dip line PSM 96-115 as shown in Figure 7A is the longest seismic line in the given data, it shows differences in facies that are increasing towards the east and different fault trends towards the east including wrench faults and horst and graben structure, sadly other seismic lines are present in the west side that is mostly continuous.
[image: Figure 7]FIGURE 7 | (A) Interpreted seismic section of dip line PSM 96-115 (B) Interpreted seismic section of dip line PSM 96-135.
The seismic dip line PSM 96-135 as shown in Figure 7B is the most southward line in acquired data, it is also not intersected by another acquired seismic line, so for horizon interpretation jump correlation method is used. Only those fault cuts interpreted in this section that is also present in other seismic lines and further used for creating fault polygons, the structural trend is similar to other seismic lines. The interpreted data suggests that the structure is dipping on the eastern side according to the dip lines having the direction of west-east. On the western side of the Sawan area, an anticline feature is indicated. The literature also shows that the geological structure on the southeast side of the Sawan area is a low named Lundo Low and on the northwest side is Jacobabad High. Seismic data also suggests that on the east side, the facies are more than on the west side of data that is visible in dip lines PSM 96-115 (Figure 7A). Faults present here are normal faults, wrench faults with a horst, and a graven structure that proves the extensional regime. Furthermore, details of the structure are shown in time and depth maps.
Contour maps
The formation of interest in this area is the C-Interval of the Lower Goru Formation. No other interval, member, or formation was identified as a reservoir or area of interest either in the literature review or in this research. So, both contour maps (time contour map and depth contour map) are also computed for the C-Interval of the Lower Goru Formation.
In the time contour map, time grids were generated with the interpreted horizon on the entire base map and fault polygons are generated from fault surfaces. There were fault polygons identified cutting the horizon at different points/area as shown in Figure 8A. The contour map contains: a grid map along with contours of C-Interval, faults polygons having similar directions (north-west to south-east), a color bar showing the trend of structure, and a base map.
[image: Figure 8]FIGURE 8 | (A) Time contour map of C-Interval, Lower Goru Formation (B) Depth contour map of C-Interval, Lower Goru Formation.
In Figure 8A, the structure is deepening in the south-east towards Lundo Low, and becomes shallow in the north-west side near Jacobabad High. In between these major tectonic features petroleum play exists, all three wells are surrounded by faults, and the Sawan-7 well has a shallow contour or time. With accompanied by seismic attribute analysis, and petrophysical analysis of these wells are placed in good reservoir locations.
In the depth contour map, depth grids were generated with a time grid and velocity grid on the same area as above, and fault polygons are generated from fault surfaces as shown in Figure 8B. The contour map also contains: a grid map along of C-Interval, faults polygons having similar directions (north-west to south-east), a color bar showing the trend of structure, and a base map. The depth grid the has same generic trend as of time grid, but it shows structural throw, and the Sawan-2 and Sawan-9 wells are also located in shallow depth trends making closure for hydrocarbon.
Seismic attribute analysis
Amplitude-derived attributes are very helpful as they address problems of stratigraphy and reservoir properties i.e., bright spot, flat spot, etc. Time-derived attributes describe the detail of the structure, frequency derived attributes help disclose the additional geological layers. The hybrid attributes are the combination of amplitude and frequency thus they are very useful for the measurement of seismic characteristics. Attributes alone are very limited information so they must be correlated with petrophysical studies to build confidence in correlation with the reservoir properties and parameters (Brown, 2001).
The other name for variance is semblance although they may be two different attributes, the general phenomenon is the same as they both calculate the lateral continuity of the events. The name of these attributes suggests that variance describes discontinuity, but semblance tells the continuity of events. The color indication for both attributes is the same. Figure 9A shows the continuity of reflectors only and in the second Figure 9B well (Sawan-2) is shown with generated synthetic seismogram, and horizons are also interpreted. As variance tells the continuity so, we can see the lateral continuity, and no major faults are visible. The green horizon (B-Interval) is not clear in the margins; this is due to the reason that the reflectors are also disturbed in this area. This disturbance is resolved by another attribute called spectral decomposition (Figure 12A).
[image: Figure 9]FIGURE 9 | (A) Seismic attribute Semblance variance showing the continuity of seismic section PSM 98-201 (B) Seismic attribute Semblance variance showing the continuity of seismic section along the interpreted horizons.
Seismic reflections frequently exhibit sudden direction changes and change waveform signature as well as amplitude. This seismic disorder is referred to as randomness, or chaos, which can represent either seismic or geologic noise or maybe a combination of the two (Chopra and Marfurt, 2016). To get target properties from seismic data different window lengths are used to quantify the attributes of chaos, variance, and edge content (Khayer et al., 2022a). Seismic data can exhibit chaotic textures that can be used as a direct indicator of where reflector disruption is occurring. The high values of chaoticness are indicates complex geological structures such as faults, channel sand bodies, gas chimneys, and fractures, and the minimum values represent bed continuity (Ismail et al., 2020b). The irregularity of the coarse-grained sediments seen in channel infills can contribute to the chaotic signal pattern found in seismic data. Therefore, in lithology variation contexts, the chaotic attribute can be used to discriminate between distinct sediment facies (e.g., sand and shale). The high values that are represented by red arrows showed discontent reflections and are marked as faults, in the contrast less shaded represent the least amount of chaos and are consistent with the assumed bed continuity as shown in Figure 10.
[image: Figure 10]FIGURE 10 | (A) Seismic attribute Chaos showing the red arrow discontinuity on seismic section PSM 96-133 (B) Seismic attribute Chaos showing the red arrow discontinuity on seismic section PSM 96-133 along the interpreted horizons.
Instantaneous Frequency is a result of the derivative of the instantaneous phase as a function of time. The color separates different zones on the basis of low to high-frequency values. This attribute is a physical attribute; it answers to both depositional characteristics and wave propagation. For this attribute, low-frequency values are associated with hydrocarbon-saturated reservoirs, gas-bearing zones, and changes in lithology. Among the values, in contrast, the lowest values represent the strongest gas absorption phenomenon, but the high-frequency values represent the thinning of reservoir zones (Azeem et al., 2016). The instantaneous frequency attribute tells/highlights the bright spots present in the section as shown in Figure 11A. In this image, we can see the bright spots in white to red color scattered throughout the seismic section. As our area of interest is only C-Interval, the Lower Goru Formation that is proved with petrophysical analysis and literature review to be a reservoir in the area of interest. In Figure 11B, we can see a bright spot between C-Interval and D-Interval that is also present in the well location.
[image: Figure 11]FIGURE 11 | (A) Seismic attribute instantaneous frequency showing the bright spots on seismic section PSM 98-201 (B) Seismic attribute instantaneous frequency on interpreted seismic section showing the bright spots.
The attribute trace envelope is also known as instantaneous amplitude and reflection strength. It is the result of performing Hilbert transformation on the original seismic trace which is the magnitude of each pair of polar values. Instantaneous attributes can be calculated for any point in the seismic section and do not depend on any sort of interpretation (Radovich and Oliveros, 1998).
The energy attribute is independent of phase which helps in clearly seeing the amplitude anomalies and the resultant values of energy are always positive (Azeem et al., 2016). Seismic attributes showed clear hydrocarbon indications near the Sawan-2 well in seismic line PSM 98-201. Variance and spectral decomposition are used to interpret horizons, fault marking, and verify lateral continuity. Trace envelope attribute suggested that high energy area has the presence of hydrocarbon (Figures 12A,B). A similar area was marked as a low-frequency area (bright spot) in the instantaneous frequency attribute (Figures 11A,B). These results also confirm the seismic interpretation and presence of hydrocarbons in the marked area.
[image: Figure 12]FIGURE 12 | (A) Trace envelope seismic attribute showing high energy zones on seismic section (B) Trace envelope seismic attribute showing high energy zones on interpreted seismic section.
Spectral decomposition
Spectral decomposition is applied to seismic data by using Fourier transformation, it gives the lateral variability and fault trends. It also helps to separate the most important frequency content in the area of interest; it optimizes the image for direct hydrocarbon indicator (DHI) interpretation and uses specific bandwidth (Chopra and Marfurt., 2008). Spectral decomposition is effectively used to image and map bed thickness, geologic discontinuities, and channel delineation, and also consider DHI (Othman et al., 2016). The spectral decomposition used in Figure 13A is of 8 Hz, and it helped in the visibility of reflectors in disturbed areas but in this section no major faults are present. In this case, the horizons are separate, but C-Interval and B-Interval are not clear on the sides. The difference in result by using different values of frequency is shown (Figures 13A–C) as the reflectors become thinner and become easier to interpret.
[image: Figure 13]FIGURE 13 | (A) The seismic attribute, spectral decomposition of 8.0 Hz showing smoothened horizons on interpreted seismic section (B) The seismic attribute, spectral decomposition of 13.3 Hz showing smoothened horizons on interpreted seismic section (C) The seismic attribute, spectral decomposition of 37.1 Hz showing smoothened horizons on interpreted seismic section.
Well log analysis
The previous study based on seismic attributes and well logs analysis indicates that the C-sand interval consists of medium sandstone with inter-beds of shale, and siltstone in the reservoir interval of the Sawan area has good reservoir properties (Ashraf et al., 2019). The well logs analysis is done on all three wells; the well logs used are caliper log, gamma ray log, resistivity logs, neutron log, density log, spontaneous potential log, and sonic log. The presence of reservoir properties through all these well logs was identified in only C-Interval and different zones are marked for a reservoir in C-Interval. Initially, many reservoir zones were marked but then the number of zones was reduced by merging small-sized zones and neglecting subtle zones as shown in Figure 14A–D. Further detail is given in Table 1.
[image: Figure 14]FIGURE 14 | (A) Zone 1 well logs of Sawan-2 (B) Zone 2 well logs of Sawan-2 (C) Zone 1 well logs of Sawan-7 (D) Zone 1 well logs of Sawan-9.
TABLE 1 | Detailed petrophysics result of C-Interval (C-Sand) in given well logs data.
[image: Table 1]CONCLUSION
This research includes seismic structural interpretation, seismic attributes analysis, spectral decomposition, and petrophysical analysis resulting in the following conclusion:
1. The seismic interpretation tells the structural trend up dipping in the north to west and down dipping in the east to south direction, fault marking indicates the general trend of faults from Northwest to Southeast, and contour mapping shows structural traps for hydrocarbon accumulation.
2. Seismic attribute validates lateral continuity of horizons, faults interpretation, and zone of interest for hydrocarbon. Seismic attribute analysis results are confirming the seismic structural interpretation and presence of hydrocarbons in the C-Interval of the Lower Goru Formation.
3. Petrophysical analysis indicates substantial hydrocarbon possibility in the C-Interval of all three given wells (Sawan-2, Sawan-7, and Sawan-9). The four zones of the Sawan-2 well have hydrocarbon saturation from 57% to 72%. Sawan-7 has two zones: zone 1 with 71% and zone 2 with 57% hydrocarbon saturation. Three zones for the Sawan-9 well were identified each of the three zones having a hydrocarbon saturation of approximately 53%.
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