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As the difficulty of oil and gas field exploration and development increases both domestically and internationally, onshore exploration targets have gradually shifted from the shallow to the deep and from conventional oil and gas reservoirs to unconventional ones. Particularly in the exploration and development of unconventional oil and gas horizontal wells, there is an increasing demand for higher precision and quality of seismic data to better identify formation lithology, rock fractures, and improve the characterization of reservoirs, reservoir positioning, and connectivity. Wide-azimuth seismic exploration possesses significant technical advantages in addressing exploration challenges such as lithologic exploration, small fault imaging, and detailed characterization of oil and gas reservoirs. Wide azimuth seismic data reduces blind spots in seismic acquisition and improves the imaging accuracy of small faults. Notably, there exist distinct anisotropic characteristics in fault areas and fractured reservoirs. Wide azimuth seismic data is particularly advantageous for studying amplitude variation with variations in amplitude with offset (AVO), incident angle (AVA), or azimuth (AVAZ), as well as velocity with azimuth (VVA). These variations aid in identifying faults, fractures, and changes in formation lithology. As the focus of oil and gas exploration gradually shifts to complex lithological reservoirs and unconventional oil and gas reservoirs, narrow azimuth seismic exploration has been gradually replaced by wide azimuth exploration. However, as observation azimuth increases, challenges related to velocity variations with azimuth, azimuth-related traveltime differences, and azimuth-related anisotropy arise. Based on wide-azimuth seismic data from tight gas reservoirs in western China, this study conducted wide-azimuth anisotropic velocity analysis, OVT domain data regularization processing, OVT domain prestack time/depth migration, and horizontally transverse isotropy (HTI) azimuth anisotropy correction techniques. After applying specialized processing to the wide-azimuth seismic data, significant improvements were observed in the S/N and resolution of the target layer. The delineation of fractures related to hydrocarbon sources also became more distinct. These advancements not only provided high-quality results for high-fidelity, high-resolution imaging of tight gas reservoirs but also provided azimuth volume corresponding to fast and slow wave velocities for seismic data interpretation, facilitating velocity variation with azimuth (VVAZ) fracture detection and AVO analysis research.
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1 INTRODUCTION
Unconventional reservoirs, influenced by the inherent anisotropy of subsurface media, exhibit variations in seismic attributes such as amplitude, velocity, and polarization direction as seismic waves propagate through the formations. The seismic response characteristics of fracture-type reservoirs differ among different azimuthal observation systems, showcasing azimuthal anisotropy (Thomsen, 1986; Rüger and Tsvankin, 1995; Rüger, 1998). Parallel fractures and interbedded thin layers can generate transversely isotropic (TI) properties. Parallel fractures often align nearly vertically, with their symmetry axis being horizontal, and are thus referred to as horizontally transverse isotropy (HTI). Interbedded thin layers are commonly oriented horizontally, with their symmetry axis in the vertical direction, giving rise to vertically TI (VTI). The combination of parallel fractures and interbedded thin layers results in orthorhombic media. Both HTI media and orthorhombic anisotropic media belong to azimuthal anisotropy (AA) (Rüger, 1997).
For unconventional reservoirs with high angle fractures, such as shale oil and gas as well as tight oil and gas formations, they can be effectively considered as HTI media with a horizontal symmetry axis. The seismic exploration data of fractured reservoirs often exhibit the influence of HTI anisotropy, which is primarily manifested in variations of seismic wave amplitude, velocity, and phase with changes in the azimuth of the survey lines (Rüger, 1998; Yuan and Wang, 2020). In fractured reservoirs, there are vertical fractures present above the target layer due to the existence of formation pressure. These approximately vertical fractures introduce anisotropic characteristics in the propagation of seismic waves. Such formations with these characteristics are referred to as HTI media, exhibiting distinct HTI azimuthal anisotropy. This anisotropy causes periodic changes in seismic wave amplitude, impedance, velocity, and travel time with variations in the azimuth of the survey lines (Thomsen, 2010). Additionally, it results in AVO characteristics that increase or decrease with the incidence angle. The AVO features are important for the characterization of fine channels and the detection of gas and serve as crucial factors in the exploration of gas-bearing tight reservoirs within channel sand bodies.
Wide-azimuth seismic data can be used to detect underground fractures that exhibit directional alignment. In an anisotropic medium, both parallel and perpendicular fractures display amplitude variations with azimuthal angle, allowing for the prediction of fractures through the study of amplitude variations (Thomsen, 1988). When seismic waves propagate through HTI anisotropic media, the travel time is shortest and the energy is strongest when the compressional waves propagate along the direction of the fractures. As the angle between the seismic wave propagation direction and the fracture orientation increases, the travel time becomes longer and the energy weakens. The longest travel time and weakest energy occur when seismic waves propagate perpendicular to the fracture direction. Due to the azimuthal anisotropy of HTI media, seismic attributes such as amplitude, impedance, velocity, and travel time exhibit periodic changes with azimuth. Additionally, AVO can increase or decrease with the incidence angle (Swan, 2012). If the issue of velocity variation with azimuth is not addressed, and only a single average velocity is used for normal moveout (NMO) correction, it becomes challenging to flatten all gathers across the range of azimuth angles, and the objective of coherent stacking cannot be achieved (Davison et al., 2011; Tsvankin, 1997a; Tsvankin, 1997b). Therefore, an analysis of velocity considering anisotropy and HTI anisotropy correction is crucial.
In the study of HTI azimuthal anisotropy, Tsvankin and Thomsen (1994) provided NMO velocity expressions for horizontal reflection planes of P and S waves within the symmetric plane of HTI media. Building upon the similarity between the seismic velocity equations in the symmetric plane of HTI media and the velocity equations in VTI media, Rüger and Tsvankin (1995) extended Thomsen’s anisotropy parameters to HTI media. They derived precise expressions for NMO velocity of horizontal interface reflections under arbitrary anisotropy strengths and conducted parameter inversion, establishing relationships between NMO velocity and the principal axis direction, vertical velocity, and anisotropy parameters. If rocks can be approximated as horizontally homogeneous media when subjected to horizontal and vertical stress fields, Gray and Head (2000) used the prestack seismic amplitudes with incidence angle and azimuth (AVAZ) analysis method to solve the Ruger equation and estimate the azimuthal anisotropy parameters that lead to azimuthal variations of AVAZ. This method was applied for fracture orientation and fracture density detection. Based on the analysis of the sensitivity of AVO to NMO velocity errors, Swan (2001) proposed a velocity picking method to mitigate the influence of NMO stretch distortion.
The Offset Vector Tile (OVT) concept was initially proposed by Vermeer (1998) based on a cross-shaped arrangement. In 1999, Cary introduced the concept of Common Offset Vector (COV) into the three-dimensional domain, extending the idea of grouping 2D common offset traces. In 2000, Vermeer discussed the processing method based on the OVT domain, leading to the gradual development of OVT domain processing research (Vermeer, 2000). Calvert et al. (1949), Schapper et al. (2009). Anisotropy velocities and offset vector tile prestack-migration processing of the Durham Ranch 3D, northwest Colorado. The Leading Edge, 28 (11):1,352–1,361) analyzed data processed in the OVT domain and found that it effectively preserved azimuthal information, providing azimuthal attributes for subsequent interpretation. Stein et al. (2010) conducted OVT domain processing analysis on wide-azimuth data and suggested that the processed data could be utilized for better fracture prediction in reservoirs. Schapper et al. (2009) demonstrated the improved capability of OVT-domain prestack time migration in analyzing anisotropic velocities using processed 3D field data.
Acquisition of seismic data with wide azimuth will not only multiply the acquisition cost, but also change the linear characteristics of the shot regular noise of the far array due to the increase of the number of traces in the middle and far offset, showing an approximate hyperbolic characteristic distribution, which is not conducive to the suppression of regular noise of wide azimuth seismic data. Although it is beneficial for velocity analysis and multiple suppression, due to the influence of anisotropy, the frequency and resolution of the stack data are reduced, which is not conducive to high-resolution imaging of thin reservoirs and small fractures.
Based on wide-azimuth seismic data acquired from tight gas reservoirs in western China, this study conducted wide-azimuth anisotropic velocity analysis, OVT domain data regularization processing, OVT domain prestack time/depth migration, and HTI azimuth anisotropy correction techniques. The comprehensive technique effectively addressed the issues of gather distortion, non-linearity, and incoherent stacking caused by azimuthal anisotropy. Additionally, the processing approach provided azimuth volumes corresponding to fast and slow wave velocities, which facilitated interpretations such as VVAZ fracture detection and AVO analysis.
2 THEORY AND METHOD
2.1 Anisotropic velocity analysis of wide azimuth seismic data
The term anisotropy in seismic exploration typically refers to velocity anisotropy, which refers to the variation of seismic wave velocities with angle. Traditional velocity analysis methods are generally based on the assumption of hyperbolic events. However, due to the presence of anisotropy, the travel time of reflected waves no longer satisfy the hyperbolic condition. Conventional velocity analysis methods are not suitable for meeting the accuracy requirements of wide-azimuth velocity analysis (Lu et al., 1998). Therefore, it is necessary to use velocity analysis that considers anisotropy to process and interpret seismic data (Alkhalifah and Tsvankin, 1995).
Compared to isotropic media, the travel time curve in HTI media is no longer a standard hyperbola (Alkhalifah, 1997). If we still calculate travel time in HTI media based on conventional hyperbolic assumptions, errors will occur, particularly at large offsets (Berryman, 1979). This deviation caused by the choice of travel time curve will have a greater impact and affect the accuracy of velocity analysis. In the process of generating velocity spectra, the absence of accurate travel time information from far-offset traces will lead to a decrease in the accuracy of the spectra for the available traces. This deviation discussed here precisely reflects the velocity azimuthal anisotropy characteristic of HTI media. Significant HTI anisotropy characteristics exist in fault zones and fractured reservoirs. Conventional (narrow-azimuth) exploration may weaken or overlook the effectiveness of exploration parallel to the fractures. On the other hand, wide-azimuth exploration significantly improves the ability to identify fracture development zones.
Tsvankin (1995) and Bakulin et al. (2000) deduced a formula for calculating the P-wave NMO velocity in HTI media at any azimuth angle as follow:
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where, [image: image] is the P-wave velocity when seismic waves propagate vertically downward, [image: image] is the angle between the seismic wave propagation path and the crack, [image: image] is anisotropic parameter of HTI media, and [image: image].
When the seismic wave propagation path is parallel to the crack, i.e., [image: image], the P-wave NMO velocity can be expressed as:
[image: image]
When the seismic wave propagation path is parallel to the crack, i.e., [image: image], the P-wave NMO velocity can be simplified into:
[image: image]
Therefore, Eq. 1 can be converted into
[image: image]
The above equation can be written in an elliptical form:
[image: image]
where, [image: image] is the NMO correction velocity parallel to the fracture, and [image: image] is the NMO correction velocity perpendicular to the fracture. From Eq. 5, it can be observed that it represents the polar form of an elliptical equation, indicating that the NMO velocity of compressional waves exhibits an elliptical distribution with respect to the observation azimuth. This allows for the prediction of compressional wave azimuthal anisotropy for fracture detection. Additionally, by utilizing the characteristics of wide-azimuth data in 3D seismic surveys, the compressional wave NMO velocities can be extracted for different azimuths. Based on the attribute values, an ellipse can be fitted, where the ratio of the major and minor axes represents the magnitude of the azimuthal anisotropy intensity and the density of fractures at the sampling point. The direction of fracture development is indicated by the major axis (or minor axis) of the ellipse, which can be determined through imaging logging and coring in real data. The azimuthal anisotropy gradient exhibits a cosine (or elliptical) variation pattern with respect to the azimuth, and as the anisotropy intensity increases, the eccentricity of the ellipse also increases. Therefore, by analyzing the variation characteristics of azimuthal AVO gradients, it is possible to predict the intensity and direction of fracture development.
2.2 OVT domain processing technology based on wide azimuth data
Wide-azimuth data forms the basis for OVT domain processing, which was developed to meet the research requirements of wide-azimuth seismic data (Cary, 1999). OVT is a subset of data in a crossline and inline arrangement, divided into small rectangular sections based on equal shot and receiver distances. Each of these small rectangles is an OVT offset vector tile. Through OVT domain processing, the migrated data retains azimuthal information, providing a solid foundation for prestack inversion and the study of anisotropy. It offers significant advantages in fracture prediction, characterization of reservoir heterogeneity, fluid identification, and other aspects. Figure 1 illustrates the workflow of OVT domain processing for wide-azimuth seismic data.
[image: Figure 1]FIGURE 1 | OVT domain processing flow of wide azimuth data.
OVT domain data processing technology provides high-quality seismic data with rich information for structural interpretation. Currently, this technology has been successfully applied in multiple blocks, yielding favorable results. The following aspects demonstrate its effectiveness:
1) By conducting azimuthal stacking on OVT domain gathers, multiple azimuthal data volumes are obtained. Through analysis and comparison of these volumes, the azimuthal stack with the highest sensitivity to fractures in different orientations is selected, enabling precise identification and characterization of fracture sets.
2) When the propagation direction is perpendicular to the fracture strike, the amplitude is minimized. This amplitude difference increases with larger offset distances. The amplitude attribute varies with azimuth, with stronger amplitudes indicating the direction of fracture strikes and weaker amplitudes indicating vertical fracture orientations. The ratio of amplitude differences in these two directions reflects the density of fractures. A higher ratio indicates greater fracture density, while a lower ratio indicates lower fracture density.
3) As seismic waves propagate in an anisotropic medium, P-waves travel along the direction of fracture development, resulting in the shortest travel time and strongest energy. As the propagation direction deviates from the fracture strike angle, the travel time increases, and the energy weakens. When P-waves propagate perpendicular to the fracture direction, the energy is weakest. Travel time azimuthal anisotropy can be utilized for fracture prediction.
4) When seismic waves propagate parallel to the fracture medium, no dispersion phenomena are observed. However, dispersion phenomena can be observed when waves propagate in the vertical fracture direction. Frequency azimuthal anisotropy can be utilized for fracture prediction.
2.2.1 Data regularization processing technology in OVT domain based on wide azimuth data
Wide-azimuth data serves as the foundation for OVT domain processing. OVT refers to a subset of data in a cross-line arrangement, divided based on source-receiver offset distances. Due to the irregular distribution of source and receiver locations during acquisition, the azimuthal distribution within each data unit is uneven, resulting in non-uniform spatial coverage, irregular sampling, and migration noise issues. These factors degrade the imaging quality. Conventional data regularization techniques typically interpolate data in the common offset domain, using seismic data from different azimuths to compute interpolation factors. This method generally yields satisfactory results for areas with minor azimuthal anisotropy or narrow-azimuth data. However, for wide-azimuth data with significant structural dip or strong azimuthal anisotropy, the interpolation results are often unsatisfactory. Compared to common offset gathers, the OVT domain gathers have inherent advantages that make them more suitable for data regularization techniques. Within the OVT domain, the seismic data used for interpolation factors have fixed source-receiver offset ranges and azimuths. As a result, they exhibit better data similarity, allowing for more accurate interpolation factor determination and achieving superior interpolation results.
Based on the traditional matching pursuit Fourier interpolation (MPFI) method, this paper utilizes the advantages of wide-azimuth OVT domain data to propose an improved MPFI method. The improved method incorporates low-frequency information without spurious frequencies as a constraint, effectively suppressing spurious frequency components in high frequencies. As a result, both frequency leakage and spurious frequency issues are simultaneously addressed, effectively mitigating the impact of data irregularities. The proposed method significantly improves the signal-to-noise ratio (S/N) of seismic data and achieves higher fidelity compared to traditional regularization methods.
The basic idea of the MPFI algorithm is to estimate the unknown frequency spectrum in the Fourier domain using the known non-uniform spatial sampling information in the space-time domain, and then use the conventional inverse Fourier transform to transform the estimated frequency spectrum back to the corresponding space-time domain of a given regular grid, thereby completing the reconstruction process of seismic data. The principle of non-uniform discrete Fourier transform can be expressed as follow (Xu and Zhang, 2005; Xu and Zhang, 2010):
The continuous one-dimensional spatial Fourier forward transform can be expressed as:
[image: image]
where, [image: image] is spatial variable, [image: image] is spatial frequency, [image: image] is instantaneous angular frequency, [image: image] and [image: image] are spatial domain data and spatial frequency domain data. The inverse transformation of the above formula can be obtained as:
[image: image]
The discrete Fourier transform of Eq. 6 can be expressed as:
[image: image]
For irregular sampling data, the following formula can be used to obtain spatial Fourier transform data:
[image: image]
where, [image: image], and [image: image] is the sampling point of data.
The algorithm principle for Fourier reconstruction data regularization under irregular sampling grid conditions can be expressed as follows:
For time-frequency slices [image: image], there are [image: image] spatial points, and a total of [image: image] wavenumber coefficients, defined as:
[image: image]
The Fourier transform can be expressed as:
[image: image]
Assume [image: image] represents the number of iterations, the spectrum estimation process can be expressed as:
[image: image]
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When dealing with irregular sampling, frequency leakage occurs due to the violation of the orthogonality condition. It can be observed that the basic idea of this method is to reduce the energy leakage between different wave numbers. The specific approach is to iteratively apply discrete Fourier transform (DFT) and its inverse transform, extracting the maximum energy for each frequency in each iteration to reconstruct the Fourier coefficients without leakage. Then, based on the estimated discrete Fourier transform, interpolation is performed to the desired output positions, gradually minimizing the spectral leakage during the reconstruction of the orthogonal basis.
The improved MPFI method is based on the original anti leakage Fourier interpolation algorithm mentioned above. Before selecting the component with the maximum energy, it applies a smaller weight to the Fourier spectrum of the higher frequency band, and applies a larger weight to the real signal to achieve the purpose of anti aliasing. This is also the advantage of the improved MPFI compared to previous methods.
The specific implementation steps of the improved MPFI regularization method are as follows:
1) Perform DFT on seismic data;
2) Calculate the weight (a priori value) for the Fourier spectrum and apply the weight to the full frequency band of the spectrum;
3) Select the Fourier spectral component with the weighted maximum energy;
4) Add the Fourier spectral component (unweighted) to the “estimated spectrum”;
5) Perform inverse Fourier transform on the Fourier spectral component (unweighted), and outputting the iterative result according to the input position;
6) Subtract the iteration result from the original input data;
7) Repeat steps 1) to 6) until the set number of iterations is reached or Eq. 3 reaches the set value;
8) Figure 2 is the seismic stack section before and after the improved MPFI regularization, we can also clearly see that after the MPFI 5-D regularization processing, the co-phase axis continuity is enhanced, the diffraction characteristics of tight sand are clearer, the signal-to-noise ratio and resolution have been greatly improved and the missing data acquisition part has been significantly improved.
[image: Figure 2]FIGURE 2 | (A) The Stack section before MPFI, (B) the Stack section after improved MPFI.
2.2.2 OVT domain prestack time/depth migration technology based on wide azimuth
At present, the commonly used pre-stack migration method is common-offset domain migration. Due to the influence of the acquisition system, the coverage of different offset distances within each common midpoint (CMP) bin is uneven. Near and far offsets have lower coverage, while middle-offsets have higher coverage. In actual seismic data, there are often noticeable gaps in common-offset gathers for near and far offsets. This situation often results in an amplitude imbalance phenomenon in the migrated common reflection point (CRP) gathers, which cannot accurately reflect the subsurface geological conditions.
Wide-azimuth data forms the basis for OVT domain processing. The OVT is a natural extension of the crossline gathers and represents a subset of data in a work area. Each OVT tile is a single coverage profile, similar to a three-dimensional post-stack data volume. It is obtained by dividing the crossline gathers into equal intervals based on the offset and receiver line distances. Through OVT domain processing, the pre-stack migrated gather data retains azimuthal information, and the energy distribution is more consistent for near and far offsets. This not only provides a solid data foundation for pre-stack inversion but also establishes a basis for the study of anisotropy and AVO analysis. It offers significant advantages in predicting fractures, characterizing reservoir heterogeneity, and identifying fluid properties (Schapper et al., 2009).
The advantages of OVT domain pre-stack migration over conventional migration are as follows: 1) Each subset in the OVT domain is assigned a unique index based on its position relative to the center of the crossline gathers. Subsets with the same index represent OVT bodies with the same range of offset and azimuth. This forms a COV (Common Offset Vector) volume. The migrated gather data retains azimuth and offset information, which is crucial for azimuthal and AVO analysis (Rüger, 1996; Rüger, 2002). 2) Within each OVT domain gather, the seismic traces have approximately the same offset and azimuth. Pre-stack migration is performed for each OVT element within the near, middle, and far offset ranges (Swapper et al., 2009; Su et al., 2021). The consistency of energy distribution across the offset ranges ensures that the gathered data retains its quality and avoids the “noise” characteristics associated with azimuthal anisotropy in traditional common-offset domains. This significantly improves the imaging accuracy of fractures and weak interbed reflections. 3) The regularization and noise suppression processing in the OVT domain ensure uniform coverage and centralization of the elements. This theoretically reduces the problem of curved traveltime/depth in pre-stack migration and preserves the amplitude relationships of common reflection point gathers. It facilitates reservoir prediction and fracture detection related to azimuth on common reflection point gathers.
Figure 3 is the conventional pre-stack migration CRP gathers and OVT-domain pre-stack migration spiral gathers. It can be seen that after OVT migration, the near-mid-far offset energy relationship is more consistent and the fidelity is better. It contains azimuth information, which is conducive to the research of AVAZ inversion. The azimuthal anisotropy is more obvious, which is conducive to the study of fracture prediction.
[image: Figure 3]FIGURE 3 | Comparison of conventional migration prestack CRP gather (A) and OVT domain prestack migration spiral gather (B).
Figure 4 shows a comparison of OVT-domain pre-stack time migrated profiles for different reflection angles. It can be observed that the profiles enable better analysis of AVO response characteristics of sand bodies and identification of fracture features for different reflection angles.
[image: Figure 4]FIGURE 4 | Comparison of prestack time migration profile in OVT domain (A) Angle of reflection 0–12°,(B) Angle of reflection 10–22°,(C) Angle of reflection 20–36°.
2.3 HTI media azimuth anisotropy correction technology
Obvious azimuth anisotropy often exists in fractured and unconventional reservoirs. Due to the existence of anisotropy, the amplitude, wave impedance, velocity and travel time of seismic elastic wave change periodically with the change of azimuth of measured line, and also increase or decrease with the increase of incident Angle (depending on different formation conditions), which is known as AVO characteristics. Therefore, the characteristics of P-wave velocity, travel time, amplitude and wave impedance in HTI media changing with the azimuth of the survey line and changing with the incident angle are studied. By fitting the ellipse, the development intensity (elliptic curvature) and direction (elliptic symmetry axis direction) of cracks are predicted. The existence of fractures will cause abnormal seismic amplitude, which is the physical mechanism of AVO technology (Grechka and Tsvankin, 1998; Xu and Tsvankin, 2007; Canning and Malkin, 2008).
The existence of fractures will cause abnormal seismic amplitude, which is the physical mechanism of AVO technology (Jenner, 2002; Zeng et al., 2021). The seismic exploration technology of lithologic oil and gas reservoirs is analyzed and identified by using the variation characteristics of amplitude with shot-receiver distance. According to the meaning and correlation of AVO attributes, intersection analysis is carried out to achieve the purpose of bright spot identification, oil and gas detection, fracture prediction and lithologic identification (Su et al., 2020; Zeng et al., 2022). Shuey (1985) proposed a simplified reflection coefficient equation under the premise of isotropic media and small percentage change in elastic properties, as following:
[image: image]
Where,
[image: image]
[image: image], [image: image], [image: image], [image: image], [image: image], [image: image] are the average and difference of the P-wave velocity, density and poisson ratio of the upper and lower media.
When there is azimuthal anisotropy, the AVO response varies with the source-detector azimuth and the equation in HTI media can be expressed as (Wang, 1999):
[image: image]
Where, [image: image], [image: image] is the difference between the average vertical shear modulus of the upper and lower media, and [image: image] and [image: image] are the difference between the shear wave splitting parameter and the Thomsen anisotropy coefficient, respectively. It can be seen that if there is no azimuthal anisotropy, the AVO response in all directions should be the same. When azimuthal anisotropy exists, the AVO response will change with the variation of the source-detector azimuth. For anisotropic media, the direct expression of the AVO gradient will depend on the azimuth. In other words, the intercept P related to a small incident angle is hardly affected by azimuthal anisotropy, while the gradient G at a large incident angle will vary with the angle between the fracture and the observed azimuth.
According to Rüger (1997), when [image: image] for HTI media, a simplified reflection coefficient can be approximated as
[image: image]
Where, [image: image] is the reflection angle, [image: image] is azimuth angle, [image: image] is the intercept, [image: image] is the fracture orientation angle, and [image: image] is the gradient which is effected by [image: image].
Theoretically, [image: image] is composed of two parts: isotropic part [image: image] and anisotropic part [image: image].
Then assuming [image: image], [image: image]
[image: image]
According to Grechka and Tsvankin (1998), Grechka and Tsvankin (1999), Bakulin et al. (2000), Grechka and Tsvankin (1999), in HTI media, the gradient is equivalent to the NMO velocity as expressed:
[image: image]
Where [image: image] and [image: image] are slowness along the major axes of symmetry.
And according to Swan (2012), the relative NMO velocity error can be expressed as follow:
[image: image]
The two components [image: image], [image: image] are along the fractures and perpendicular to the fractures, respectively.
The workflow of the automatic residual anisotropic velocity analysis technique can be expressed as follow:
1) Perform automatic residual velocity analysis on the OVT gathers that acquired by prestack depth migration, and pick up the velocity of each sample in the depth domain.
2) According to the picked velocity, we can obtain the anisotropy parameters and calculate the value of [image: image] and [image: image].
3) Smooth [image: image] and [image: image] to avoid the abnormal value in the velocity field.
4) Calculate the residual moveout in the depth domain or the time domain.
5) Apply residual anisotropic NMO correction and finally we can obtain flatten gathers and a high-resolution profile.
Figure 5 (a) is the profile of [image: image] , (b) is the azimuth profile of slow wave, (c) is the profile of [image: image] slow wave. Tight gas reservoirs in channel sand, with strong heterogeneity, developed small faults and oil-source faults. HTI anisotropy technique can be used to flatten the gather which is useful to the analysis of AVO and also can be used for high-fidelity and amplitude-preserving processing of seismic data. As shown in Figures 6, 7, after azimuthal anisotropy correction, the event is flatter and the velocity focusing is better, the in-phase stacking makes the seismic resolution greatly improved, and at the same time, the weakly reflected energy between layers is further strengthened. By this way, seismic data is more effective to reflect the abnormal reflection of the shallow channel. The internal small faults are clear and the AVO response characteristics of the prestack gather are obvious and reliable, which provides a good foundation for later characterization of the river channel and gas detection.
[image: Figure 5]FIGURE 5 | (A) The profile of [image: image], (B) is the azimuth profile of slow wave, (C) is the profile of [image: image] slow wave. It can be seen from the figure that where cracks and fractures develop, the difference will appear obvious anomalies.
[image: Figure 6]FIGURE 6 | (A) Before azimuthal anisotropy correction. (B) After azimuthal anisotropy correction. After azimuthal anisotropy correction, the event is flatter and the velocity focusing is better.
[image: Figure 7]FIGURE 7 | (A) PSTM before azimuthal anisotropy correction. (B) PSTM after azimuthal anisotropy correction. After HTI anisotropy correction, the in-phase stacking makes the seismic resolution greatly improved.
3 EXAMPLES
The northern slope of the central Sichuan uplift is the main favorable exploration fields. The S-Y research work area in the Sichuan Basin has a full coverage area of 2052.1 km2, and belongs to low hilly and mountainous landform. The terrain fluctuates slightly and the relative elevation is small, but the local elevation changes greatly. The altitude is generally around 350–720 m. As shown in Figure 8, the low-lying areas of the work area are mostly along the banks of the Fujiang River and Zijiang River, and the terrain in the north of the work area is relatively high. The structural location of the S-Y work area in the Sichuan Basin is located in the Yilong tectonic group in the gentle uplift structural area of the central Sichuan Basin. The faults and fractures in this area are relatively developed, and two types of hydrocarbon source faults are developed. Normal faults are developed in the Shaximiao Formation, with small fault spacing and short extension distance. The pressure of gas reservoirs is controlled by the development degree of hydrocarbon source faults. With the development of hydrocarbon source faults in the Xujiahe Formation, the higher the pressure of the gas reservoir, the higher the pressure of the lower sand body where the same fault communicates.
[image: Figure 8]FIGURE 8 | (A) The surface elevation map of the work area. (B) Rose diagram of observation system. The elevation of S-Y block is generally about 350–720 m and the local elevation changes greatly. It can be seen from the rose diagram that the work area belongs to wide azimuth acquisition.
The formation and enrichment of tight sandstone gas reservoirs in Shaximiao Formation in S-Y 3D working area are mainly controlled by high-quality hydrocarbon sources, high-quality channel sand bodies and source faults. In the research area, the lithology of the Jurassic Shaximiao Formation is dominated by purplish red mudstone with light gray lumps of fine-medium sandstone, with a thickness of 800–2200 m. The fluvial-lake sedimentary system is mainly developed, and the meander river delta plain and front fluvial-facies are mainly microfacies. The bottom-up sedimentation has a certain inheritance, and the provenance is mainly from the north section of Longmen Mountain and Micang-Daba. The development of source rocks, the development of small high-angle faults in the Jurassic and the complex relationship between faults and sand body are favorable areas for exploration and development of tight sandstone gas reservoirs. The 23 stage channel sand bodies in Shaximiao Formation are longitudinally superimposed, the reservoir is highly heterogeneous, the wave impedance difference between the thin channel sand bodies and the surrounding rocks is small, the seismic response characteristics of the reservoirs are not obvious, and the seismic prediction of the reservoirs and hydrocarbons is difficult. Therefore, it is necessary to carry out research on high-fidelity and high-resolution imaging of channel sand body, high-precision imaging and prediction of fault, fault distribution characteristics and the relationship between sand body configuration.
As can be seen from Figure 9, the signal to noise ratio of the section processed for tight sandstone gas reservoirs in narrow channels is higher. The seismic response characteristics of gas bearing sand bodies have been further highlighted, and the imaging of small faults is clearer and more reliable. High-quality processed data is provided for fine interpretation of sand bodies, fracture prediction, AVO analysis, and oil and gas detection.
[image: Figure 9]FIGURE 9 | (A) Is the conventional processing prestack time migration profile. (B) is the wide azimuth data OVT domain prestack time migration profile. After OVT domain processing and HTI anisotropic correction, the signal-to-noise ratio and resolution of seismic profile have been significantly improved, the boundary of tight sand body is clearer, and the small fractures are more clearly characterized.
Figure 10 (a) shows the root mean square amplitude attribute map of the original processing data, and (b) shows the root mean square amplitude attribute map of the new processed data. It can be seen that the new processed data is more clear and reliable in terms of fine portrayal of river channels, with a higher fidelity.
[image: Figure 10]FIGURE 10 | (A) shows the root mean square amplitude plane attribute map of the original processing result data, and (B) shows the root mean square amplitude plane attribute map of the new processed data.
Figure 11 (a) shows the coherent attribute map of the original processed data, and (b) shows the coherent attribute map of the wide-azimuth processing data. It can be seen that the faults are clearer and more continuous after the wide-azimuth data processing, making it easier for the fine interpretation of the faults.
[image: Figure 11]FIGURE 11 | (A) shows the coherent attribute map of the original processed data, and (B) shows the coherent attribute map of the wide-azimuth processing data.
4 CONCLUSION
A comprehensive technologies including anisotropic velocity analysis, data extraction in the OVT domain data regularization processing, prestack time/depth migration in OVT domain, and HTI correction, have been developed. The resolution of thin tight gas sand reservoir in the newly processed profile is higher, and the faults are clearer, which well demonstrate the advantages of wide azimuth seismic data processing technology.
On the basis of wide azimuth seismic data, OVT prestack migration gathers preserve azimuth information, which can better detect azimuth anisotropy in the data. Conducting HTI correction effectively solves the problem of different phase stacking caused by azimuth anisotropy, and greatly improves resolution and interlayer weak reflection energy.
Wide azimuth seismic data is more conducive to studying AVO, AVA, AVAZ, VVA, and the identification of faults, fractures. The integrated technology of wide azimuth seismic acquisition, processing, and interpretation is one of the directions for the exploration development of thin layers, fractures, and unconventional oil and gas reservoirs.
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