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Future gas field development and prospect assessment depend on accurate reservoir parameter characterization. The understanding of the tight sand distribution of the Shanxi and Taiyuan Formations within the Hangjinqi area is ambiguous due to the presence of coal and mudstone lithofacies, high heterogeneity, and poor resolution of the seismic data. Thus, it is difficult to determine the reservoir’s thickness. To cope with this challenge, we have employed the advanced method of constrained sparse spike inversion (CSSI) utilizing 3D seismic and nine wells for the distinction of tight sandstone facies from the coal and mudstone facies. Results of petrophysical analysis of studied well J54 show that the coal and mudstone facies are dominant towards the T9c horizon, whereas tight sandstone facies are present towards the T9d horizon. The obtained findings show that the CSSI accurately identified the spatial distribution of sand-ratio in the zone of interest (ZOI) that lies between the T9c and T9d horizons. The acoustic impedance (AI) of coal shows the lowest AI values, whereas the tight sandstone shows the highest AI values. The tight sandstone facies shows moderate values of AI in the range of 8.5 × 106 kg/m2s to 1.20 × 107 kg/m2s. The impedance map of T9c suggested the presence of coal and mud facies, whereas the T9d impedance map suggest the presence of maximum tight sandstone facies. The sand-ratio map of T9d showed maximum reservoir thickness that ranges from 0.65-0-95, whereas the sand-ratio value mostly ranges from 0 to 0.5 on the T9c map. The maximum sand-ratio values on T9d show that the lower Shanxi Formation has good reservoir characteristics. Whereas, due to the presence of coal and mudstone in the Taiyuan Formation, the T9c map shows low values of sand-ratio. The maximum sand-ratio regions within the targeted T9c-T9d layers should be exploited for future gas explorations.
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1 INTRODUCTION
Tight sandstone gas is the world’s top unconventional natural gas source and has emerged as a crucial characteristic for natural gas production. Also, unconventional tight gas contributes the most to China’s yearly production of natural gas, accounting for 24.6% of total output (Dai et al., 2012). Tight sandstone is generally defined as a reservoir with porosity of around 12% and less than 1mD (Dai et al., 2012). Henceforth, reservoir characterization and reservoir quality prediction are thus being studied by a large number of geologists, geophysicists, petrophysicist and petroleum engineers (Ehsan et al., 2018; Abdulaziz et al., 2019; Ashraf et al., 2019; Ehsan et al., 2019; Qiang et al., 2020; Radwan, 2020; Vo Thanh et al., 2020; Ashraf et al., 2021; Kassem et al., 2021; Radwan, 2021; Radwan et al., 2021; Dar et al., 2022; Jiang et al., 2022; Ullah et al., 2022; Vo Thanh and Lee, 2022). The Ordos Basin has China’s biggest yearly gas production (Duan et al., 2008; Yang et al., 2015). The Hangjinqi area lies in the Ordos Basin. Pure gas exploration began here a decade ago (Anees et al., 2022b). Hangjinqi has several wells, however, the distribution of sand-ratio in many zones is unclear. Reliable reservoir property calculations such as reservoir sand distribution in relation to the acoustic impedance (AI) are crucial for production policy and decision-making (Pendrel, 2006).
Seismic inversion calculates rock parameters for reservoir characterization (Saussus and Sams, 2012) and identifies reservoir parameters such as the distribution of tight sand in relation to the mud that can be exploited for future drilling and field development (Avadhani et al., 2006). Post-stacked seismic data is converted to p-impedance layer data for AI inversion (Latimer et al., 2000). The constrained sparse spike inversion (CSSI) is an advanced approach used by geoscientists in oil and gas (Wang and Guo, 2008). In previous studies, many authors have utilized CSSI as an advanced and effective tool to measure the elastic properties of gas hydrate-bearing sediments (Riedel et al., 2010), and to estimate the coal-strata thickness (Zhu, 2011). In a recent study, authors utilized the CSSI to evaluate the sand-ratio of a heterogeneous reservoir for reservoir-quality estimation (Ashraf et al., 2020). Traditional inversion methods are difficult to use because of their dependence on the starting model. As a result, CSSI is included in our analysis since it is independent of the model and relies only on the characteristics of the original data. CSSI offers a benefit over current approaches since it can be used to analyze whole bandwidth reflectivity (Simm et al., 2014).
The recent studies within the Shanxi and Tiayun Formations were focused on the pore-structure features (Wang and Guo, 2019), fractal characteristics (Gaoyuan et al., 2021), shale gas potential within the southern region of the Ordos Basin (Li et al., 2021; Wang et al., 2021), and sedimentary facies modeling (Li et al., 2021; Zhang et al., 2022). However, a comprehensive study addressing the tight sandstone facies within the Shanxi and Taiyuan Formations is still missing. Much attention is needed to address the accurate tight sandstone reservoir distribution. Therefore, in this study, we have focused on the identification of the horizontal and vertical distribution of lithofacies by means of the AI model via regional 3D seismic and well-log data. Also, we aim to highlight the low-impedance sandstone reservoir zones that can be exploited for future gas explorations.
2 GEOLOGY OF THE STUDY AREA
The clastic rocks from the upper Paleozoic are the most important exploration prospects for natural gas in the Hangjinqi area. The black mudstone and coal of the tidal flat-delta-lake facies make up the majority of the gas source rocks and are found in the Shanxi and Taiyuan Formations (Wu et al., 2017). The cap rocks are comprised of the upper Shihezi Formation and Shiqianfeng Formation, while the reservoirs are composed of shore sand bodies, deltaic braided channels, interdistributary channels, and channel-bar sand bodies (all of which are found in the Shanxi and Lower Shihezi Formations). The tight sandstones of the Lower Shihezi Formation, which include sandy fluvial conglomerate and coarse-to-fine-grained sandstones, are acting as the primary reservoir within the Hangjinqi area (Zhang et al., 2009; Anees et al., 2019). Recent studies show that the member-1 of the Lower Shihezi Formation has good reservoir quality and has the potential to develop gas reserves on a regional and commercial scale (Anees et al., 2022a). In addition, the northern region of the member-2 and member-3 of the Lower Shihezi Formation also suggested good favorable zones for gas exploration (Anees et al., 2022b).
The Hangjinqi lies at the Yishan ramp and Yimeng uplift (Figure 1A). The paleo-high in the northern Ordos Basin makes Hangjinqi ideal for hydrocarbon migration (Xue et al., 2009). From west to east, three primary faults are dispersed throughout the research area, with Porjianghaizi Fault (P-fault) separating the Hangjinqi area into north and south (Xu et al., 2018; Liu et al., 2020) (Figure 1B). According to the present geomorphology, the central region of the Ordos Basin is relatively stable and does not contain many structures. On the other hand, the margins of the basin have been subjected to multiple tectonic activities, which has resulted in structural complexity (Ju et al., 2017). Since the end of the Carboniferous era, the whole area had subsided, marking the beginning of a period in which sedimentation was shifting from the ocean (marine) to the land (continental) settings (Ju et al., 2017). At the beginning of the Triassic period, the basin began to experience an intracontinental phase, and as a result, there were collisions that occurred between the North China Block and the South China Block, as well as the collision between the Qiangtang Block and the Eurasian Plate. Tectonic forces shifted from exerting compressional to exerting extensional stress throughout the Cenozoic epoch (Ju et al., 2017). During the Cenozoic, the Ordos Basin and North China Block parted, creating six tectonic areas on the Archean-Proterozoic basement. These includes Weibei uplift, Yimeng uplift, Western thrust belt, Jinxi flexural belt, Yishan slope, and Tianhuan depression (Yang et al., 2005).
[image: Figure 1]FIGURE 1 | (A) The Ordos Basin’s primary tectonic units. The red colored text and box show the Hangjinqi study area. (B) 3D seismic grid along with wells utilized to execute the research. The P-fault is the main fault within the Hangjinqi area.
In the current study, we focus on the geological characteristics of the Lower Permian Shanxi (P1s) and Carboniferous Taiyuan (C3t) Formations (Figure 2). The Shanxi Formation further comprises of Shanxi-1 and Shanxi-2 members. The Taiyuan Formation was mostly formed in a marine sedimentary environment, while the Shanxi Formation was primarily deposited in a terrestrial sedimentary environment (Xu et al., 2015).
[image: Figure 2]FIGURE 2 | Simplified stratigraphic diagram of the study area. The highlighted blue colored text shows the studied region.
3 DATA AND METHODS
A vast grid of 3D post-stacked seismic data that incorporates around 1,000 km2 including nine wells (J16, J32, J53, J54, J55, J69, J74, J75, and J76) is utilized in our study to identify the tight sand thickness of the reservoir within the Hangjinqi area. In order to achieve the aim of the research, several geophysical logs, such as sonic (DT) (us/m), density (RHOB) (g/cm3), deep resistivity (LLD) (ohm.m), shallow resistivity (LLS) (ohm.m), caliper (CAL) (in), compensated neutron log(CNL) (dec), and gamma-ray (GR) (API), were included (Ehsan and Gu, 2020). The study was accomplished with the help of the Jason software package. In the first step of the interpretation, the stratigraphic and structural interpretations were done using seismic sections and well logs. Initially, we employed the petrophysical analysis to interpret the lithofacies and reservoir zone. Afterward, to create a synthetic seismogram, the seismic to well-tie approach was used (Ashraf et al., 2016). The T9c and T9d layers were identified as two distinct horizons within the Shaanxi and Taiyuan Formations which encompass the whole zone of interest (ZOI). The interpolation of the geological models was run along the T9c and T9d horizons. The two targeted horizons were utilized to help understand the extent of the reservoir facies and tight sand thickness distribution. In the second step, the thickness of ZOI was calculated using well-logging data on geophysical logs of the studied well J54. In the next step, to get the average wavelet, a wavelet was created for each well. It was integrated with a band-limited model to improve the inverted broadband model’s resolution by extracting average wavelet, seismic, log, and horizon data. A series of quality control (QC) tests followed to ensure the inversion results were accurate. The geostatistical analysis was used to examine the impedance maps and thickness maps in order to determine the distribution of lithofacies.
4 RESULTS
4.1 Petrophysical analysis
In order to examine the generalized pattern of the vertical distribution of tight sand and coal facies, well J54 was selected as a case study to use as an example. The layer T9c lies at the bottom of the Taiyuan Formation, whereas T9d is situated at the top of the Shanxi (including the Shanxi-1 and Shanxi-2) Formation which is marked by red lines in Figure 3 to show the ZOI. The results of petrophysical analysis within the ZOI show the vertical distribution of coal, tight sandstone and mud lithofacies. There are three thin coal layers between 2,905–2,950 m, and a thick zone of coal lies between 2,957–2,978 m. The coal facies shows high resistivity values, low RHOB, high CNL, and low GR. The minor variations in logs values are associated with the different type of coal rank, type, gas content, and adsorption content (Mangi et al., 2020; Mangi et al., 2022; Wood and Cai, 2022). On the other hand, as compared to coal facies, the tight sandstone facies shows comparatively high GR, low resistivity values, high RHOB and low CNL. The particularly moderate values of porosity give the indication of tight sandstone in the study area. There are four porous zones that lie above the thick zone of coal facies. The tight sandstone facies are mainly present near the T9d layer. Whereas, towards the bottom of the ZOI, the region near the T9c layer shows the presence of mainly mudstone facies. The coal facies are acting as a source rock within the study, whereas the porous tight sandstone facies above the thick coal zone near 2950 m suggesting good porous zones that can act as a reservoir within the Hangjinqi area.
[image: Figure 3]FIGURE 3 | Well J54 interpretation shows the interpreted tight sandstone, mudstone and coal facies within the ZOI. The ZOI lies between the Shanxi and Taiyuan Formations.
4.2 Acoustic impedance inversion
4.2.1 Horizon interpretation
In order to make the interpretation mapping of the horizons as smooth as possible, the smoothing technique that is offered in the Jason software was used for the loaded horizons. This was done in order to limit the number of troughs and peaks in the data. The interpolation of the geological model runs along the horizons while this procedure creates a smoothed version of the interpolated well-log AI over the whole survey. The interpreted T9c and T9d horizons on the seismic section are shown in Figure 4A, while their interpolated structural maps are shown in Figure 4B and Figure 4C, respectively.
[image: Figure 4]FIGURE 4 | (A) Interpreted horizons T9c and T9d on the seismic section. Interpolations of horizons (B) T9c, and (C) T9d.
4.2.2 Generating missing logs
At the beginning of the investigation, the p-impedance log was not accessible for all of the study wells. As part of the process of completing the inversion, an AI log is required which was created by employing the Backus’ averaging of the DT log on the ZOI for the successful completion of the time-to-depth conversion. Since AI comprises RHOB and DT, therefore corrected DT log of some wells was utilized to generate the missing RHOB. The Jason suite has an in-built algorithm that can generate the missing RHOB log by applying Gardner’s equation (Eq. 1) to the data (Gardner et al., 1974).
[image: image]
4.2.3 Wavelet estimation and synthetic seismogram
In order to accomplish a reliable seismic inversion, an accurate wavelet estimate is required first and foremost. The amplitude spectrum and phase spectrum of a wavelet are the two main components. Also, it is more challenging to define the phase spectrum in comparison to the amplitude spectrum. Since the phase spectrum is the primary cause of producing errors in the inversion, it is of the utmost importance to take into consideration the correct phase spectrum, which ultimately leads to the correct inversion and the right results. The generation of synthetic seismograms for each well, which is the critical initial stage in the process of wavelet estimate, was completed so that the seismic and well data could be linked (Anees et al., 2017; Abbas et al., 2019). Because high-quality good ties are required in order to obtain the low-frequency AI trend, the step of creating a synthetic seismogram is followed by an iterative method for the tie process to improve the quality of the tie.
The amplitude spectrum is derived from the seismic data by performing an autocorrelation analysis on them. We have employed the autocorrelation technique to remove the phase from the seismic data by employing the temporal taper to the autocorrelation function in order to smooth out the spectrum (Table 1).
TABLE 1 | Selected parameters for optimum wavelet estimation within the study area.
[image: Table 1]The seismic data was zero phase, therefore a zero phase wavelet was developed for the research region. This was done to ensure that there was a strong connection between the data from the well logs and the seismic data. The wavelet extraction was performed during the process of stretching and squeezing, and the resulting extracted wavelet was updated throughout the process of tying. This iterative procedure verifies the accurate extraction of the wavelet and creates a reliable connection between the data from the well log and the seismic data (Figure 5A). The sensitivity of the inversion procedure was evaluated with the aid of the various wavelets that were retrieved. Within the context of the seismic survey, the well placements and overall quality served as the primary considerations for the extraction of the average wavelet. The wavelet was derived from the targeted horizons of T9c to T9d, which entirely enclosed the reservoir (Figure 5B). All those wells were used to obtain the average wavelet for the available consistent wavelets which were having the DT and RHOB logs reaching the targeted depths of T9c and T9d.
[image: Figure 5]FIGURE 5 | (A) Well editing window of well J54. The seismic data from chosen traces surrounding the well is shown on the left-hand panel. The synthetic from the acoustic impedance and the well logs are shown in the second and third panels, respectively. The integrated sonic was used to transform this data from depth to time from a vertical well. (B) The amplitude and phase spectrum of the average wavelet retrieved from the study wells.
4.2.4 Low-frequency model
To construct a low-frequency model, the phrases relative and absolute AI are often used to describe AI. The computation of relative AI does not take into account the development of a low-frequency model, despite the fact that it is a feature of the relative layer. The absolute AI, on the other hand, is a feature of the absolute layer that is employed for both qualitative and quantitative interpretations, as well as for the construction of low-frequency models. It is possible, however, to achieve absolute AI by using an inversion method that includes a low-frequency component (0–15 Hz) (Cooke and Cant, 2010). Sparse-spike inversion uses a distinct inversion technique for the low-frequency model, rather than using the inversion algorithm itself (Cooke and Schneider, 1983).
The presence of low-frequency disturbances in the seismic data spoils the low-frequency information, which in turn causes the low-frequency information to be disturbed in the recorded seismic data. The incorporation of the low-frequency model resulted in the generation of a zero-hertz component, which converted the relative AI values to the absolute AI values. As a result, the detection and resolution of the tight sandstone, mudstone, and coal facies were improved.
Ferguson and Margrave, 1996 provided the low-frequency AI model and algorithm that was employed in our study (Ferguson and Margrave, 1996). This model and technique are based on an approach known as iterative forward modeling (Veeken and Da Silva, 2004). This approach improved the low-frequency information by using integrated well-log data (mainly DT and RHOB logs), an estimate of seismic wavelet, 3D seismic data (band limited), and seismic horizons taken from the seismic reflectivity data. To create a low-frequency model, all wells that had logs extending to at least T9c horizon were utilized for seismic data. Figure 6 shows the generated low-frequency model for the Hangjinqi 3D seismic survey. The overlay AI log of well J54 show deflection towards the left side presenting low impedance values that are associated with the coal facies. In addition, the deflection of AI curve towards the right side shows high AI values gives the indication of mudstone and tight sandstone facies.
[image: Figure 6]FIGURE 6 | Low-frequency model created for study area.
Since AI inversion was band-limited, a low-frequency model was needed to create a broadband model. This low-frequency model was retrieved from well-log data and incorporated into a seismic-derived band-limited AI model. Because the distribution of the wells within the research region is not uniform, the inverse distance weighted and kriging interpolation approaches were not delivering the most accurate information. The triangulation approach was selected as the preferable method of interpolation since it was determined to be the most appropriate for the regional available data for the research. Due to the fact that it generates an interpolation of data that is continuous and smooth, this approach really produced the best interpolation results over the whole of the survey. In order to lead the interpolation between the well-logs, two different horizons (T9c and T9d) were incorporated. The low-frequency model that was produced provided a better understanding of the lateral and vertical variance of the facies that are present in the Taiyuan and Shanxi Formations.
4.2.5 Constrained sparse spike inversion
After completing the computation of the wavelets and the interpolation of the AI logs, the inversion process was completed by establishing additional parameters. They consist of the selection of lambda, trend mismatch, the maximum and lowest values of AI that the inversion is capable of achieving, as well as the p and q parameters for reflectivity and the seismic misfit term. The following is a description of the stages that were carried out in the process of inversion:
a) The preliminary step was composed of editing the trends. In most cases, the value of the p-impedance increases with the increase in the depth of the well logs. Therefore, the trends of all the wells using a targeted area (T9c-T9d) were edited.
b) Trace merging was carried out in order to combine two data sets: one that had information about the low-frequency band, and the other that contained information about the seismic bandwidth or above. The band-pass filter was applied. The frequency of the cut-off was determined to be between 0-50 (lowest to highest frequency) Hz.
c) Different QC procedures for the CSSI were carried out with the lambda factor serving as the testing variable.
After making adjustments to all of the QC parameters, CSSI was accomplished to get the results of the inverted bandlimited AI. In order to fill the missing element regarding the low-frequency, a low-frequency model was included in the model. To get the most accurate interpretation of the inversion, all of its many components were utilized. Since the full bandwidth contains the maximum bandwidth and the least amount of wavelet effects, the results of the full bandwidth inversion provided the most reliable information for interpretation. To carry out the quantitative analysis, these results were tied directly to the p-impedance logs of the wells. Once regions and ZOI on the full bandwidth result were recognized, the bandlimited and low-frequency components were further analyzed to define the underlying coalbeds from the channel tight sandstone and mudstone facies.
The results of the CSSI model are shown in Figure 7. After being integrated with the low-frequency model, the CSSI approach proves to be an efficient tool for the delineation of vertical and lateral changes in impedances of the various lithofacies. The broadband model that was generated displayed the maximum resolution possible and exhibited a vibrant variation in the AI. This variation made it possible to differentiate between the vertical and lateral extent of the coal and the tight sandstone reservoir facies that are present in the Hangjinqi region. The low-velocity influence of coal obscures the amplitude response of tight sandstone. Seismic resolution is insufficient to distinguish between coal and tight sandstone. As a result of the seismic section’s low-velocity coalbed layer producing such a high amplitude reflection, it creates a thick reflector. When it comes to interpretation, the thick reflector might be deceiving. An inversion of limited sparse spike inversion data evidently showed the coal deposit to be distinct from mudstone and tight sandstone. The coal bed (dark blue) is present between the T9d to T9c horizons in Taiyuan and Shanxi Formations. Furthermore, the AI broadband model shows that various lithologies are present in between T9c-T9d horizons which were not easily resolvable on the seismic section. The tight sandstone (yellow-brown color) is evidently differentiated from the coal layer (dark blue) and mudstone (cyan-green color). The impedance value of coal is quite low as compared to tight sandstone and mudstone facies. Whereas, the impedance of mudstone facies is moderate to high, and tight sandstone shows moderate-to-highest impedance. The impedance of coal facies lies around 6.5 × 106 kg/m2s, 8.5 × 106 kg/m2s for mudstone facies, and about 1 × 107 kg/m2s for tight sand facies near J54 well location.
[image: Figure 7]FIGURE 7 | (A) Inverted broadband acoustic impedance model. Zoomed image shows the presence of thin mudstone layers (B). Inverted bandlimited acoustic impedance model. Well J54 is overlaying on the inverted models showing the vertical distribution of the p-impedance log.
Geoscientists often find worth in impedance sections that are placed between wells and overlay them with logs. As a result of the fact that impedance sections often demonstrate reservoir connection which can be correlated with porosity and impedance sections that are able to provide valuable information to geological models. For this reason, overlay log was utilized in order to validate the dependability of the inverted model. Because the seismic has a lower vertical resolution than the well logs, many beds that can be observed in the wells were not evident in the seismic. In order to make a more accurate comparison between the well logs and the inversion result, a high-cut filter was applied to the p-impedance (AI) log and then filtered back to the frequency of the inversion result. Following the completion of the filtering process, the Al log was then superimposed over the inverted AI sections.
At the J54 well site, a p-impedance log curve was superimposed on an inverted AI absolute (broadband) model (Figure 7A) and bandlimited model (Figure 7B). This indicates that the coal facies exhibit the lowest impedance values that range from 4.5 × 106 kg/m2s to 6.5 × 106 kg/m2s. Whereas, tight sandstone facies exhibits the highest impedance values that range from 8.5 × 106 kg/m2s to 1.20 × 107 kg/m2s at J54 well location. However, the mudstone facies shows a moderate value of impedance that ranges around 6.0 × 106 kg/m2s to 1.15 × 107 kg/m2s. For a conventional case, low AI is one of the key features of good gas reservoirs. In a previous study of conventional sand-shale reservoir, authors showed that the high-quality gas reservoirs fall somewhere in the region of 7.5 × 106 kg/m2s to 9.9 × 106 kg/m2s, whereas the higher values show the features of shales (Ibrahim, 2007). But, in our case, the tight sandstone shows unconventional behavior due to presence of coal. Since, the AI values of tight sandstone in the ZOI is highest as compared to mudstone and coal facies, therefore it suggests the presence of unconventional tight sandstone facies. In many recent studies, authors have showed that the tight sandstone within the Ordos Basin shows unconventional pattern where coal shows lowest impedance and tight sandstone shows highest impedance values as compared to mudstone facies (Liu et al., 2022; Pan et al., 2022).
Furthermore, the test confirmed that the inverted AI model is reliable and can be used for further reservoir characterization of sand-ratio identification.
5 DISCUSSION
5.1 Distribution of the acoustic impedance on the targeted intervals
The AI maps of layers T9c to T9d (Taiyuan and Shanxi Formations) were generated to interpret the coal seams and the fluvial channel sandstone facies distribution of the targeted area. The AI map of T9c horizon shows the distribution of tight sandstone, mudstone and coal seam in the Taiyuan and Lower Shanxi Formations (Figure 8A). The AI map of T9d horizon shows the distribution of only tight sandstone and mudstone. Since this horizon lies at the top of the Shanxi Formation and the bottom of the Lower Shihezi-1 Formation, the majority of the area within the T9d map shows the distribution of the mainly reservoir tight sandstone (Figure 8B). The sand bodies are developed and overlapped with each other. It can also be seen from the T9d map that the effect of coal from the underlying Shanxi and Taiyuan Formations is negligible on this horizon map.
[image: Figure 8]FIGURE 8 | Impedance maps of (A) T9c horizon and (B) T9d horizon. The highlighted well J54 is utilized in the study to assess the vertical distribution of lithofacies.
5.2 Reservoir sand-ratio distribution
We exported the lithofacies and depth columns of well-logging data of the ZOI. It was determined how thick each lithology was by noting the top and bottom depths of each lithology and then calculating the thickness of each lithology. After that, the thicknesses of the tight sandstone intervals were put together to get the overall thickness of the tight sand. In addition to this, the whole thickness of the targeted formation intervals was computed. The sand-ratio was determined by utilizing the ratio of sandstone-thickness and formation-thickness (Ashraf et al., 2020).
After the calculation of formation thickness and cumulative tight sandstone thickness within the ZOI, following steps were undertaken to measure the sand-ratio.
1. Initially, horizon attribute extraction was conducted between the T9c and T9d impedance map. By utilizing the horizon-to-horizon attribute map between T9c-T9d, we noted the impedance values at each well location.
2. By employing the formula of sand-ratio = sandstone thickness/formation thickness, we have the calculated the sand-ratio of each well.
3. A table was constructed using the above mentioned points for further analysis (Table 2). After plotting the results with p-impedances along the x-axis and sand-ratio along the y-axis, a linear connection (trend-line) and an equation was obtained (Figure 9). Since the tight sandstone showed highest impedance as compare to mudstone and coal facies, therefore a positive slope was obtained due to the unconventional characteristics of tight sandstone in the Hangjinqi area. The trendline with a positive slope also suggest that the sand-ratio is increasing with increasing p-impedance value. Cross plot of AI and sand-ratio with a correlation coefficient showed an excellent R2 = 0.91 value.
4. The acquired equation was entered into the FunctionMod Jason program, where it was utilized to generate the framework (statistics) by using the inverted AI model. The final result, which was also produced, was then presented on the map for the results (Figure 10).
[image: image]
TABLE 2 | Statistics for T9c-T9d sand-ratio and p-Impedance of nine studied wells.
[image: Table 2][image: Figure 9]FIGURE 9 | Cross-plot between the AI and sand-ratio with a good correlation coefficient value. The relationship shows a linear relationship with a positive slope. The nine points shows the AI and sand-ratio values of nine studied wells that lie within the targeted T9c-T9d horizons.
[image: Figure 10]FIGURE 10 | Sand-ratio maps of (A) T9c horizon & (B) T9d horizon. The highlighted well J54 is utilized in the study to assess the vertical distribution of lithofacies.
The sand-ratio map of T9c and T9d (Taiyuan and Shanxi Formations) was generated to measure the facies distribution of the targeted area. The sand-ratio thickness map supports the results of the impedance maps. The results show that T9d is the reservoir horizon that has the maximum distribution of tight sandstone as compared to T9c. The sand-ratio distribution is less than 25% in the majority of the area on T9c map due to the presence of excessive mudstone and coal facies (Figure 10A), whereas it is more than 80% in majority of the area on the T9d map due to mainly tight sandstone facies (Figure 10B). The T9d map gives the indication of thick braided channels and braided bars where the tight sand facies were deposited, and mudstone facies were deposited in the inter-distributary channels. On the other hand, the T9c map displays multi-characteristics of sedimentary facies distribution where coal facies were deposited in the swamp region. The tight sand and mud facies were deposited in the deltaic and inter-distributary channels. Corollary, our research indicates that the T9d horizon that lies at the interface of Shanxi and Shihezi-1 Formations has the best potential for exploring gas reservoirs due to the presence of maximum sand-ratio distribution.
CONCLUSION
We have utilized regional 3D seismic and nine well logs by employing the advanced CSSI to evaluate the spatial distribution of lithofacies within the T9c and T9d horizons that covers the Shanxi and Taiyuan Formations of the Hangjinqi area.
The conclusions of the study are as follows;
1. The formation evaluation of well J54 shows the vertical distribution of lithofacies. The coal facies are composed of thin and thick layers towards the bottom of the zone of interest. Mudstone facies are distributed mainly in Taiyuan Formation, whereas the tight sandstone facies are present in the middle and top regions. The thick zone of coal is present at 2,957–2,978 m, whereas the four tight sandstone porous zones lie between 2,905–2,950 m.
2. The CSSI provided the reliable horizontal and spatial distribution of various lithofacies through broadband and bandlimited inverted models. Results of CSSI also supported the results of well logging which showed that the coal facies were accumulated at the bottom and displayed low-impedance values that range between 4.5 × 106–6.5 × 106 kg/m2s, mudstone facies had moderate AI values of about 6.0 × 106–1.5 × 107 kg/m2s, and reservoir tight sandstone facies lie between 8.5 × 106 kg/m2s to 1.20 × 107 kg/m2s at J54 well location.
3. The sand-ratio and AI relationship yielded a strong association of R2 = 0.91. The sand-ratio of T9c lies between 0 and 0.5 and 0.65-0.95 for the T9d horizon map. The T9d horizon suggested the presence of thick fluvial braided channels and braided bars where tight sandstone is accumulated. The mudstone facies are present in the inter-distributary channels in the Hangjinqi. The coal facies are mostly present in the T9c map that suggest the swamp settings. Overall, the T9d has good quality reservoir characteristics and should be targeted for future gas explorations.
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