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Synchronous prestack inversion technology has been widely used to predict the fluid and lithological properties of reservoirs. Its prediction accuracy depends on the seismic data quality. Ultra-deep carbonate reservoirs in the Shunbei area of the Tarim Basin were used as research objects. Based on the shear wave (S-wave) prediction method, petrophysical logging analysis was carried out to select the physical property-sensitive elastic parameters. A physical property indicator with porosity as the target curve was constructed to quantitatively characterize the differences in physical properties in this area. The signal-to-noise ratio (SNR) and resolution of the dataset were improved by preprocessing the seismic and logging data. P- and S-wave impedances and densities obtained from prestack synchronous inversion, which integrate the physical property indicator model. Spatial distribution and transverse variation of the physical parameters of the Ordovician carbonate reservoirs are described. The planar distribution of reservoirs can be effectively predicted.
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1 INTRODUCTION
The Shunbei Oilfield is located in the northwest of the Shuntuoguole Low Uplift, which is in the transitional zone between the central and northern regions of the Tarim Basin. Under the influence of multi-stage tectonic movements, two sets of main strike–slip faults and several secondary faults have been formed. The cave-fracture system developed in the Ordovician carbonate rocks at depths below 7,000 m is characterized by strong heterogeneity and local connectivity, which creates favorable conditions for hydrocarbon migration and accumulation. This study aims to present a method for predicting the spatial distribution of favorable reservoirs by incorporating logging, petrophysics, and seismic methods, which is of great significance for oil and gas exploration in this area.
Petrophysics is vital for helping quantitative interpretation by using seismic data; it links core sample, logging, and seismic information to reservoir properties. Rock physics allows for direct observation of the internal structure of the subsurface material by using CT and SEM (Wu et al., 2019a; b, 2020) and allows for various in situ measurements of the elastic properties of rocks and the corresponding seismic responses to establish a theoretical model that can help in reservoir characterization (Ba et al., 2017; Zhang et al., 2021, 2022). We determined the sensitive parameters related to physical properties using a crossplot of multiple elastic parameters of rock physics (e.g., Wang and Morozov, 2019), with the porosity curve as the target curve for constructing the indicator factors of physical properties, and quantitatively characterized the physical properties in this area.
The complexity of the deep Cambrian–Ordovician oil and gas transport systems makes geophysical predictions challenging (Ding et al., 2020; Wang et al., 2020; Mu et al., 2021). Prestack synchronous inversion can simultaneously obtain the P-wave impedance, S-wave impedance, and density from the CRP gather. Due to the complexity of the Zoeppritz equation, Aki and Richards (1980) proposed the Zoeppritz approximation. Yin et al. (2014) established a statistical petrophysical model to characterize the relationship between elastic impedance and reservoir physical parameters and determined the inversion of reservoir physical parameters through the Bayesian method. Lang and Grana (2018) developed a prediction method for seismic AVO physical parameters based on Bayesian linear inversion using the first-order approximation model of the Gassmann equation. At present, most of these methods are aimed at clastic reservoirs.
In this study, based on the physical indicator factors of the carbonate reservoir, a model-driven prestack synchronous inversion method is proposed to quantitatively characterize the reservoir’s physical properties. The geological background of the Shunbei Oilfield is summarized, and the complex structural characteristics of fault-karst gas reservoirs are pointed out. Second, shear wave prediction was carried out via preprocessing and analysis of logging data. A multiple elastic parameter crossplot was created, and the physical property-sensitive elastic parameters were optimized, in order to construct a physical property indicator. Finally, using the prestack synchronous inversion data of P-wave velocity, S-wave velocity, and density, combined with the constructed indicator of physical properties, we predicted the spatial and planar distribution of the 405 km2 Ordovician Yijianfang–Yingshan Formation reservoir near the Shunbei No. 5 fault zone.
2 GEOLOGICAL SETTING
As shown in Figure 1, the Shuntoguele Low Uplift is connected to the Tabei Uplift in the north, the Tazhong Uplift in the south, the Manjiaer Depression in the east, and the Awati Depression in the west, and it extends to the Shunnan Slope of the Guchengxu Uplift in the southeast (Liu et al., 2020; Lu et al., 2020; Li, 2022; Li et al., 2022). The study area comprises the dotted white box of Figure 1, covering 405 km2, and is magnified in the lower right inset. The study area contains seven wells along the Shunbei No. 5 strike–slip fault zone in the A–B section in the NW direction.
[image: Figure 1]FIGURE 1 | Map showing the location of the Shunbei oil field and main tectonic units in the Tarim Basin (modified by Deng et al., 2019). The inset (lower right) corresponds to the location of the white dotted box, showing the distribution of strike–slip fault zones and wells in the study area.
Recent exploration has shown that carbonate reservoirs in the Shuntuoguole area developed mainly in the upper section of the Ordovician Yijianfang–Yingshan Formation. Figure 2 shows this area’s stratigraphic, seismic horizon, and lithographic information. Due to tectonic activity, the pore geometry in these reservoirs is very complex and exhibits significant diversity in shape and size, high-angle and steep fault-related dissolution caves, high-angle structural fractures, pore-expansion dissolution fractures, partially filled fractures, dissolution pores, inter-crystalline pores, and micro-fractures. These fractures and pores are commonly unevenly distributed. Dissolution caves, secondary fractures, and solution pores along fractures are the dominant types of spaces in these reservoirs (Yu et al., 2016; Lu et al., 2017; Yuan et al., 2021).
[image: Figure 2]FIGURE 2 | Stratigraphic, seismic horizon, and lithologic information of the Shunbei Oilfield (slightly modified from Deng et al., 2019).
3 ROCK PHYSICS ANALYSIS
High-quality well log data are a prerequisite for seismic inversion and reservoir property prediction (Jiang et al., 2014). Thus, abnormal data on well logs must be identified to allow for correction of environmental effects before using such data alongside seismic data. In addition, virtual porosity and error fusion technology (Wang et al., 2011) can be introduced to predict shear wave velocity, which provides the basic data for prestack synchronous inversion.
3.1 Crossplots of elastic parameters
The petrophysical analysis is the basis for prestack inversion and enables the linking of seismic, well log, and reservoir property data. Through petrophysical analysis, crossplots of elastic parameters can be drawn to understand the seismic and logging response characteristics of oil and gas layers and aquifers. It can also help identify elastic parameters that are sensitive to lithology, physical properties, and fluid in the respective area (Ma et al., 2021; Tan et al., 2021; Figure 3).
[image: Figure 3]FIGURE 3 | Crossplots of P-wave impedance, P-to-S-wave velocity ratio, and porosity (A) before and (B) after fluid substitution. Crossplots of P-wave impedance, density, and porosity (C) before and (D) after fluid substitution. Crossplots of P-wave impedance, Lamé constant, and porosity (E) before and (F) after fluid substitution.
This analysis is valuable for predicting the physical property distribution of a reservoir and for detecting fluids. Therefore, data from core samples and well logs were analyzed to identify carbonate reservoirs and surrounding rocks with good physical properties (e.g., high porosity). These data were then used to further distinguish the physical properties of oil-containing layers from those of aquifers. Crossplots of the P-to-S-wave velocity ratio (Vp/Vs) and P-wave impedance (PI) vs. porosity, density and PI vs. porosity, and Lamé constant and PI vs. porosity before fluid substitution are shown in Figures 3A,C,E, respectively. Carbonate reservoirs associated with good physical properties are characterized by a low P-wave impedance, S-wave impedance (SI), density, and Lamé constant.
In the process of drilling Well 1 in the study area, no effective logging curve was generated. Therefore, it is difficult to analyze fluid-sensitive elastic parameters using the measured logging curve. Due to this, Well 4 with a relatively complete curve is selected, and the aquifer is replaced by an oil layer using fluid replacement technology in a region, and the elastic parameters of the oil layer were obtained. Subsequently, a petrophysical analysis was conducted to identify elastic parameters that are sensitive to fluid properties. Crossplots of Vp/Vs and PI vs. porosity, density and PI vs. porosity, and Lamé constant and PI vs. porosity after fluid substitution are shown in Figures 3B,D,F, respectively. The Vp/Vs, density, and Lamé constant of the reservoir decreased after the fluid substitution.
3.2 Establishment of the physical property indicator
A reservoir with high porosity is a good reservoir in the study area. It is difficult to determine the physical characteristics of carbonate using PI or SI alone. Therefore, PI and SI are required to conduct crossdrawing (Figure 4).
[image: Figure 4]FIGURE 4 | Crossplots of P-wave impedance, S-wave impedance, and porosity.
In order to better visually distinguish between good and poor reservoirs, a new physical property indicator (PPI) is proposed in this study:
[image: image]
where ϕ is the rotation angle (the clockwise rotation angle ϕ based on the red line in Figure 4). By changing the angle, the relationship between the porosity and the largest angle can be determined so that the physical property indicator can be determined. As an example, for Well 4, we chose a target porosity curve and a correlation curve to identify property-indicating factors and quantitatively characterize the physical properties of this area. As shown in Figure 5, the curve of the variation of the physical property indicator with depth agrees with the variation of porosity with depth.
[image: Figure 5]FIGURE 5 | (A) Porosity and (B) the physical property indicator varied with depth in Well 4.
The crossplot of the PI, physical property indicator, and porosity curve after rotating the coordinates by a certain angle is shown in Figure 6. It can be seen that the physical property indicator is a sensitive elastic parameter that can distinguish between good and poor physical properties.
[image: Figure 6]FIGURE 6 | Crossplot of the PI and physical property indicator vs. porosity for Well 4.
4 MODEL-DRIVEN SIMULTANEOUS PRESTACK INVERSION
The seismic gathers of ultra-deep layers in the Shunbei area contain multiple reflections and random noise interferences, which leads to a low SNR. We use the prestack gather optimization to eliminate most multiples to increase the SNR, align events, and increase the dominant frequency, thereby providing high-quality seismic data for subsequent prestack inversion for various physical properties. Simultaneous prestack inversion can derive P- and S-wave velocity, as well as density. These parameters enable the establishment of a physical property indicator according to Section 3.2.
Figure 7 exhibits the inversion results along the N–S direction of Well 4. Well 4 had small-scale leakages, but no large-scale reservoirs were found. The physical property indicator and density inversion results indicate that only relatively weak anomalies occurred at Well 4, which is consistent with the drilling data.
[image: Figure 7]FIGURE 7 | Profiles along the N–S direction of Well 4 of (A) density, (B) the physical property indicator, and (C) stack seismic traces.
Figure 8 shows the inversion results along the N–S direction of Well 6. Drilling of Well 6 resulted in large-scale leakages. From the profile of the physical property indicator and density, significant anomalies are observed near Well 6, which is consistent with the drilling data.
[image: Figure 8]FIGURE 8 | Profiles along the N–S direction of Well 6. (A) Density, (B) the physical property indicator, and (C) stack seismic traces.
Profiles of the density, physical property indicator, and stack seismic profile along the main fault zone are shown in Figure 9. Wells 1, 2, 4, and 6 were aligned in an NW–NE direction. Well 1 was partially affected by leakage in the wellbore and the profiles of the physical property indicator and density highlight severe anomalies. In Well 2, the wellbore was unaffected, and thus, profiles of the physical property indicator and density display weak anomalies. Well 4 was impacted by a minor leak in the wellbore, and no major reservoirs were found during drilling. The weak anomalies shown in the profiles of the physical property indicator and density were confirmed by the results from drilling. In Well 6, the wellbore was affected by severe leakage during drilling, and prominent anomalies were observed in the profiles of the physical property indicator and density. Overall, the inversion results are consistent with those from drilling.
[image: Figure 9]FIGURE 9 | Profiles along the main fault zone based on (A) density, (B) the physical property indicator, and (C) stack seismic traces.
An average density profile for the T74–T76 formation is shown in Figure 10A. Anomalies are concentrated near the main fault zone and consistent with the geology setting of the area. A petrophysical analysis confirmed that low-density values indicate the reservoir with high-quality physical properties and the presence of oil-bearing layers, and these findings are consistent with results from drilling in the area. Figure 10B displays a physical property indicator profile for the T74–T76 formation. Sites in red represent those characterized by good physical properties. Reservoirs with good physical properties are concentrated near the main fault zone, which is also consistent with the area’s geology setting.
[image: Figure 10]FIGURE 10 | Profile of the average parameter values for the T74–T76 formation, including the (A) inversion-derived density and (B) the physical property indicator.
5 CONCLUSION
Petrophysical analysis of crossplots demonstrated that reservoirs with good physical properties (high porosity) have the following characteristics: low P-wave impedance, low S-wave impedance, low density, low P-to-S-wave velocity ratio, and low Lamé constant. These characteristics are sensitive indicators of the physical properties of reservoirs. Following the substitution of oil with water, the P-to-S-wave velocity ratio, density, and Lamé constant decreased. The porosity curve is selected as the target curve to construct a physical property indicator for quantification of physical properties in the study area. A petrophysical analysis confirmed that the physical property indicator is suitable for distinguishing between good and poor physical properties. The P-wave velocity, S-wave velocity, and density were obtained by using simultaneous prestack inversion. The density near the main fault zone is small. It showed that low density is indicative of a high-quality reservoir and the presence of oil-bearing layers based on the petrophysical analysis. These observations are consistent with results from drilling in the study area.
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