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In vertical seismic profile (VSP) acquisition, the orientation of the three-component geophones in a borehole is often not aligned due to random rotation of the wireline receiver array. Knowing the geophone orientation is crucial for rotating the waveforms back to the position where the geophones are assumed to be aligned. This procedure is critical in three-component VSP data processing as it provides the correct wavefields for subsequent VSP data imaging and inversion. For zero-offset or near zero-offset VSP measurements, the direct P-wave propagates nearly vertically, and the horizontal geophones receive only a small fraction of the direct P-wave energy. The first-arrival in the horizontal component data is often of low signal-to-noise ratio (SNR). As a result, it is difficult to apply conventional first-arrival–based methods for obtaining accurate geophone orientations. On the other hand, a seismic event comprising individual waveform would achieve maximum correlation if all corresponding geophones are aligned. The geometric characteristics, that is, the slope and continuity of a seismic event in the vector wavefield are the same with those of the modules of the vector wavefield. The latter, also known as the scalar wavefield, can be used for scanning geophone orientations based on waveform correlation. In this study, we propose to use the scalar field to extract the slope of seismic events. The orientation of the individual geophone was calculated with the constraint of the slope. We use both synthetic and field data to demonstrate the effectiveness and applicability of the proposed method. The results show that the new method can provide wavefields of horizontal component VSP data with much higher accuracy and resolution.
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INTRODUCTION
The orientations of the geophones are hard to control in the borehole, which leads to random rotation of horizontal geophones in the three-component VSP acquisition. A universal coordinate system is required for processing vector field data of different acquisition positions. The inconsistent orientation of geophones not only leads to inconsistent coordinate systems of geophone data but also cause poor continuity of the events of the received vector wavefield (DiSiena et al., 1984). This makes the processing and analysis of VSP data difficult. Accurate information about the orientations of geophones is critical for transforming the geophone coordinate systems with Z-, X-, and Y-component axes into a consistent acquisition coordinate system with Z-, R- (radial of shot-receiver), and T-component (transverse of shot-receiver) axes (Liu et al., 2003), which is also the foundation of subsequent vector wave separation (Lu et al., 2018, 2019).
In the methods for determining geophone orientation, the most common one is based on the first-arrival of P-wave. In a VSP acquisition, the polarization direction of first-arrival is parallel to the direction of the shot-to-receiver array. Therefore, the direction of the geophone can be determined by analyzing the polarization characteristics of first-arrivals. Methods related to first-arrival include signal correlation (Becquey and Dubesset, 1990; Guevara and Stewart, 2001), matrix transform (Greenhalgh and Mason, 1995; Hendrick and Hearn, 1999; Li and Yuan, 1999; Park et al., 2004), principal component analysis (Michaels 2001), polarization analysis (Knowlton and Spencer, 1996; Oye and Ellsworth, 2005), energy maximization (Lagos and Velis, 2019), and eigenvector and eigenvalue method (Zaręba and Danek, 2018). Menanno et al. (2013) pointed out that the geophone orientation in a walkaround VSP can be estimated more accurately by using a 3D velocity model and allowing for ray bending. The aforementioned methods rely on accurate picking of P-wave first-arrival. The advantages of these methods are fewer data input and fast evaluation. They are commonly suitable for VSP data with strong first-arrivals. However, for zero-offset or near zero-offset VSP measurements, the direct P-wave propagates vertically to the subsurface sediments, leading to weak energy of horizontal components. Furthermore, due to attenuation and dispersion of seismic waves, the amplitude decay of signals becomes more pronounced with increasing depth. In addition, noises in field data may also smear the weak direct P-wave signals. Therefore, in practice, it is difficult to obtain the orientations of geophones by simply analyzing the first-arrival signals.
There also exist a group of methods that do not make use of the first-arrival signals. Zeng and McMechan proposed the relative angle method (Zeng and McMechan, 2006; Katou et al., 2018), where the orientations of the geophones are obtained by averaging the relative azimuths calculated from all shot points. Huo et al. (2021) determined the relative orientations between the sensor pairs by maximizing the waveform coherence along all the traces for the seismic events. These methods are especially suitable for the cases where multiple resources are located at different positions. However, for single-shot data, it is not easy to collect the statistics of relative angles. Grigoli et al. (2012) proposed a complex linear least-squares method to derive relative and absolute geophone orientations. Krieger and Grigoli (2015) used the eigenvectors of a real symmetric matrix to form quaternions and performed coordinate rotation. Zhu et al. (2018) developed a least squares method and combined an attitude and heading reference system for the orientation of all geophones in geographical coordinates. In essence, these methods are used to rotate the signal of one geophone to the coordinate system of another geophone. This requires that the distance between the geophones is much smaller than the wavelength and presence of limited number of geophones so that the time difference between detectors can be ignored. However, when the number of geophones increases, the non-zero time difference can lead to cumulative errors.
On the other hand, the geometric characteristics (slope and continuity) of the seismic events in vector wavefields are consistent with those of scalar fields (i.e., module of vector field). If the geophones are aligned, meaning each component of the geophone points to the same direction, the seismic event would achieve maximum correlation. Therefore, this important information can be used as a constraint to scan the orientations of geophones based on waveform correlation. In this study, we propose to divide the shot gather data into shallow and deep parts because in the shallow part, the P-waves travel a shorter distance and experience less attenuation. For this situation, the direct first-arrivals can still be evident and applied to determine geophone orientations. In the deep part, based on the scalar field of the horizontal component, the slopes of events are obtained. With the constraint of this attribute, we extract the accurate orientations of geophones. This is followed by reconstructing the correct horizontal component wavefields. Both synthetic and field VSP data were used to demonstrate the applicability of the proposed method.
METHODS
Orientation Determination Based on First-Arrival Eigenvalue Method
Signals received by the geophone at shallow depth show the characteristics of approximate linear polarization. This is because with shorter travel distance, the first-arrival amplitude experiences less attenuation and hence, the signal-to-noise ratio (SNR) is high. The conventional eigenvalue methods that use first-arrivals can be directly used to calculate the geophone orientations. First, we need to determine the average value within the time window of first-arrivals. This can be achieved by using the following equations:
[image: image]
Then, a covariance matrix is created as follows:
[image: image]
where xi(t) and yi(t) are original signals of x and y components, tfi is the first-arrival at the ith geophone, and wt is the half-length of the time window. The largest eigenvector of the covariance matrix Eq. 2 is associated with the polarization direction and represents the deflection angle. The ratio of the minimum and maximum eigenvalues is the polarizability (Jolliffe, 1986). Therefore, the R- and T-component data can be calculated based on the deflection angle αs follows:
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Orientation Scanning Constrained by Scalar Field
For deep geophones, it is difficult to determine the geophone orientation through the first-arrivals with low signal-to-noise ratio. The vector wavefield comprising X- and Y-components cannot reflect the slope and continuity of events due to random geophone orientations. However, the module of the vector wavefield, that is, the scalar wavefield is independent of the geophone orientations. This feature enables the scalar field of horizontally polarized waves (mainly S-wave and possibly P-wave) to reflect the characteristics of the slope and continuity of the events.
In the first step, we calculate the scalar field by taking the modules of the horizontally polarized wave, that is, the ith horizontal components xi(t) and yi(t):
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The seismic events associated with the scalar field of the horizontal components are usually continuous. The corresponding slope indicates the apparent velocity of the seismic wave. The slope can be used as a constraint for scanning geophone orientation. A fast method to calculate the slope of events is to use the negative ratio of the x- and t-direction (i.e., time-depth domain) scalar field data with Hilbert and inverse Fourier transformations (Liu et al., 2015):
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where σ is the dip angle of events. The next step is to choose an appropriate time window for orientation scanning. It is unnecessary to choose the slope of all sampling points as the constraint because this increases computation cost. Instead, it can be optimized by selecting the time window where the sample point attains maximum correlation in the scalar field. The correlation between trace i and previous M traces can be calculated by
[image: image]
where Δx is the interval of geophones, and n is sample number. The maximum correlation of trace i is determined through
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Setting the orientation of the horizontal geophone as αd, the signals of R- and T-components can be rotated as follows:
[image: image]
The objective function of orientation scanning is the sum of the correlation of R- and T-components constrained by the slope of events in the scalar field:
[image: image]
where H0 is the number of geophones in the shallow region. Because the orientations of the shallow geophones are obtained by the eigenvalue method, the shallow trace data need to satisfy the following conditions: 1) the polarizability is small enough; 2) the SNR of the first-arrival is high, which is the basis of the eigenvalue method to obtain relatively accurate results. When the objective function attains the maxima, αdmax is the orientation of the ith trace, that is,
[image: image]
The workflow is summarized in Figure 1. First, we pick the first-arrival based on the Z-component data. This is followed by dividing the VSP shot gather into shallow and deep parts based on the polarizations of the first-arrivals. Then, the orientations of geophones in the shallow and deep parts are obtained by the eigenvalue and scalar field methods, respectively. Finally, the horizontal components are rotated based on the orientation, and accurate R- and T-component data can be obtained.
[image: Figure 1]FIGURE 1 | Flowchart of the scalar field method for determining geophone orientations.
DATA EXAMPLE
In this section, both synthetic and field data are used to examine the effectiveness of the proposed workflow. To model the VSP data, we establish a horizontal 4-layer model, the parameters of which are given in Table 1. The VSP acquisition is as follows: the geophones are located at the depth of 500–1,400 m in a well with an interval of 5 m. The shot point is located at the surface with a zero-offset. Figure 2 shows the single-shot record simulated using finite difference elastic wave simulation. As indicated by the red arrow, the first-arrivals of the P-wave received by geophones at greater depth show weak amplitude. In the abovementioned example, the geophones are aligned, and the data are noise-free. In the second example, the noises are added with a signal-to-noise ratio of 10dB to the simulated data. In addition, a random rotation is assigned to each geophone to mimic the actual VSP acquisition in a well. The data with noises and random geophone rotation are shown in Figure 3. As indicated by the red arrow, we can barely identify the first-arrivals which are masked by noises. Therefore, it is almost impossible to determine the polarization direction of the first-arrival. The continuity of the wavefields also deteriorates.
TABLE 1 | Parameters of the model.
[image: Table 1][image: Figure 2]FIGURE 2 | Synthetic VSP data without noises and the geophones are aligned. (A) X-component. (B) Y-component.
[image: Figure 3]FIGURE 3 | Synthetic VSP data with noises and random geophone rotations. (A) X- and (B) Y-component.
The scalar field of the horizontal components and the slope of events are calculated based on Eq. 4 and Eq. 5, respectively. The results are shown in Figure 4. To fully test the scalar field method based on slope constraint, we set the shallow part as the first five traces and the parameter M in Eq. 6 and Eq. 9 as 5. Using Eq. 8 and Eq. 9, the X- and Y-component data are rotated to R- and T-components based on the results of the orientation scanning. The R- and T-components are shown in Figures 5C,D. For comparison, we also present the results from the eigenvalue method in Figures 5A,B. As shown in Figures 5C,D, the orientation scanning is constrained by scalar field results in the R/T components that closely resemble the original data (see Figure 2). In Figures 5A,B, the noises persist in the data, and the eigenvalue method produces rotated data with poor continuity of the events.
[image: Figure 4]FIGURE 4 | (A) Scalar field of the horizontal components of synthetic VSP data and (B) corresponding slope of the scalar field.
[image: Figure 5]FIGURE 5 | (A) R- and (B) T-component VSP data generated by the largest eigenvector of covariance matrix (C). R- and (D) T-component generated by the proposed method.
In order to evaluate the accuracy of the two methods, we apply the eigenvalue and the scalar field methods to synthetic data with different noise levels. We take the absolute value of the difference between the predicted and the accurate orientations of the geophones as the error. In Figure 6, the blue and red histograms show the error distributions associated with the eigenvalue and the scalar field methods, respectively. The error is expressed in terms of angle degree. The SNR of the data in Figures 6A,B, Figures 6C,D, and Figures 6E,F are 2, 15, and 5dB, respectively. Figure 6 clearly shows that the scalar field method is superior to the eigenvalue method especially when the data are of poor quality (with a low SNR). The scalar field method is efficient in predicting the geophone orientation angle, regardless of the noise level. In contrast, the eigenvalue method becomes less effective in handling noisy data.
[image: Figure 6]FIGURE 6 | Errors in orientation results of all geophones for the synthetic data. The SNRs of (A–B), (C–D), and (E–F) are 15, 5, and 2dB. The left column shows the results obtained from the eigenvalue method, and the right column shows the results obtained using the scalar field method.
Finally, the proposed scalar field method is applied to a field zero-offset VSP dataset shown in Figures 7A,B. The borehole geophones are located between 2,800 and 3,600 m in a well with a spacing of 10 m. Figures 7C,D show the scalar field of the horizontal components and the slope of events calculated using Eq. 4 and Eq. 5, respectively. We first show results associated with the eigenvalue method in Figures 8A,B. We can see that there are some abrupt amplitude changes and phase reversals in the R/T components. This leads to poor continuity of the reflection events. For the same purpose as the model test, we set the shallow part as first five traces and M as 5. The results from the scalar field method are shown in Figures 8C,D. It is evident that the SNR of VSP data becomes much higher, and the continuity of events is significantly improved.
[image: Figure 7]FIGURE 7 | Field zero-offset VSP data before rotation. (A) X-component. (B) Y-component. (C) Scalar field of the horizontal components data. (D) Corresponding slope of the scalar field.
[image: Figure 8]FIGURE 8 | Field seismic data after rotation. (A) R- and (B) T-component VSP data generated by the eigenvalue method. (C) R- and (D) T-component generated by the scalar field method.
In order to compare the wavefield recovery of the two methods in more detail, we selected different types of wavefields for comparison, as shown in Figure 9. The left and right columns are the results of the eigenvalue method and the scalar field method, respectively. Figures 9A,B show the first-arrivals. The results shown in the right column have better continuity. Figures 9C,D show the upgoing wavefield. The results shown in the right column contain the upgoing wavefield (the slopes of the upgoing and downgoing wavefield events are opposite) as shown by the red quadrilateral in Figure 9D. Figures 9E,F show the first-arrivals of shear wave, and it is obvious that the continuity of the results on the right is better. The comparison clearly shows that the developed workflow is efficient in determining the geophone orientations. The latter forms the basis for an accurate R/T component wavefield recovery.
[image: Figure 9]FIGURE 9 | Typical wavefields of field seismic data after rotation. (A), (C), and (E): VSP data generated by the eigenvalue method. (B), (D), and (F): VSP data generated by the scalar field method.
DISCUSSION
In the deep layer, the orientations of the geophones are calculated one by one from the first to the last. As the objective function in Eq. 9, the orientation of the current geophone is determined by the signals of the previous M traces, and it is necessary to ensure that there are enough traces in the shallow layer when calculating the first trace in the deep layer. Therefore, the number of geophones (H0) in the shallow part should be greater than M. In addition, the orientation scanning of the current trace is constrained by the previous M trace data. Such a procedure increases the stability of the algorithm compared with the calculation that uses only two adjacent traces. Especially for the VSP acquisition with a long geophone array, the scalar field method produces less cumulative error and is less sensitive to noises. However, the proposed method is based on the accurate results of shallow geophone orientations. If the shallow results are not accurate, it is also difficult to obtain accurate results using the scalar field method. This shows that the implementation of this method is not independent.
We have demonstrated that this method is effective for zero-offset VSP data. Moreover, it is expected that the method can also be applied to non–zero-offset VSP data. This is because the slope of the scalar field in any VSP survey system can be used in constraining the rotation of horizontal components. On the other hand, since seismic waves may not propagate along the Z-component direction of the geophones, the horizontal and vertical components can receive both P- and S-wave signals. After geophone orientation correction, the pure P- and S-waves shall be extracted from horizontal and vertical components for the subsequent PP and PS imaging/inversion. This will be a subject of future research.
CONCLUSION
Aiming at the problem that the first-arrivals of zero-offset VSP data can be weak and contaminated by noises, we propose a scalar field method for accurately determining the geophone orientations. The method uses the scalar field of the horizontal component as a constraint in the orientation scanning process and yields reliable orientation angles of geophones. To achieve this, we need to divide the shot gather data into shallow and deep parts based on the polarization characteristics of the first-arrivals. Shallow data can be processed by the eigenvalue method. For deep data, we calculate the scalar field of the horizontal component. The slopes of events are obtained by the Hilbert transform of the scalar field data. Making use of these slopes, orientation scanning, which is the sum of the correlation between X- and Y-components, can be carried out in a constrained time window. The synthetic and field data applications show that the scalar field method is efficient in determining geophone orientations from zero-offset VSP data.
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