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Abstract 
This paper presents a new decoupled form of common-shot or common-receiver amplitude-preserving 
prestack depth migration (PreSDM) formula, which can be used for estimating angle-dependent elastic 
reflection coefficients in laterally inhomogeneous anisotropic media. The multi-receiver extension of 
this formula is suitable for an automated prestack amplitude-versus-angle (AVA) elastic inversion of 
ocean-bottom cable (OBC), walkaway VSP (WVSP) or streamer data at every subsurface location. 
The essence of the theory is a systematic application of the stationary-phase principle and high-
frequency approximations to the basic elastic Green’s theorem. This leads to non-heuristic explicit 
wave mode decoupling and scalarization of vector PreSDM. Synthetic OBC data examples and 
applications to field WVSP data show that the new algorithm can produce a good multi-mode elastic 
image. Good data quality is not crucial for this algorithm since it is possible to perform wavefield 
separation and background noise reduction during the migration process.  

Introduction 
In vector processing, it is common practice to enhance strongly polarized wave modes prior to 
PreSDM (e.g. Hou and Marfurt 2002). However, migration artifacts due to incomplete wavefield 
separation often make it difficult to interpret the migrated amplitudes in terms of reflecting surface 
excitations. To overcome this, we may formulate the vector PreSDM procedure as a coupled wavefield 
reconstruction problem (Sena and Toksöz 1993; Hokstad 2000) based on the elastic Kirchhoff-
Helmholtz (KH) modeling theory (Schleicher et al. 2001). Theoretically, because of the elastic 
imaging principle (Kuo and Dai 1984) separation of wave modes occurs implicitly in the existing 
coupled KH migration algorithms. In practice, however, cross-component noise does not allow to 
minimize the cross-talk energy between modes. To achieve some degree of robustness, a number of ad 
hoc weighting functions have been incorporated into multicomponent stacking procedures (Takahashi 
1995; Kennett 2000). These arrival-angle directivity functions accomplish a partial wave mode 
selection by increasing the vector S/N. The purpose of this paper is to show that it is possible to 
achieve a complete rigorous wavefield separation during migration whilst avoiding the limitations of 
the coupled schemes mentioned above. As with acoustic PreSDM (Docherty 1991), a non-heuristic, 
systematic approach based on the stationary-phase principle is applied to the basic KH integral. To 
create instantaneous scalar projections, we use complex-trace transformations of input data (Vidale 
1986) as well as special arrival-angle and polarization stacking weights in addition to the amplitude 
weights implicit in amplitude-preserving PreSDM.  

Theory 
 We have many multicomponent records of the displacement vector  as a function of time t. 
These data are recorded at the observation points R in a borehole (WVSP) or on the sea floor (OBC), 
each from different source positions S on the acquisition surface . Note that the WVSP 
measurements could be transformed into reverse VSP data, acquired with a downhole source at the 
point R and a moving receiver at S, through the principle of reciprocity (Mittet and Hokstad 1995). 
Referring to Figure 1, we formulate the task of recovering subsurface structure below the surface . 
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As with scalar PreSDM (Docherty 1991), we apply a stationary phase analysis to the elastic Green’s 
theorem. Specifically, the coupled elastic wave equations are decoupled by the method of stationary 
phase (Schleicher et al. 2001), and then the decoupled equations are solved for each wave mode using 
methods based upon scalar wave equations. This gives the following common-receiver true-amplitude 
decoupled migration formula 
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data  after source deconvolution,  is the time derivative,  is the plane-wave 

reflection coefficient for our choice of incident and outgoing wave modes at the image point Q,  
is the plane-wave unit polarization vector of the 
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ν th wave mode associated with the two-point 
emerging ray path SQ,  is the total travel time 

along the composite ray path RQS, ,  and G ,  are the 
Green’s function amplitudes and travel times associated with the ray paths RQ and SQ (Schleicher et 
al. 2001), the obliquity factors  and Ω  are given by 
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)()(
0 Qµνe  denotes the unit polarization vector corresponding to a specular νth outgoing wave at the 

point Q, due to the incident µth wave for the ray RQ coming from the receiver R, )()( νν v=v  the 

group velocity,  the acute angle between the ray direction vector 

 and the outward pointing unit normal vector q (Figure 1), and ρ the mass density. 
To account for the frequency-dependent ellipticity of the trajectories of the arrival ellipses, each vector 
trace  is converted to the time-domain analytic signal 
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Here, the instantaneous polarization a  and the instantaneous magnitude  of 
the µth wave mode can be expressed in terms of the 3×3 covariance matrix (Vidale 1986). When eq. 
(4) is used in eq. (1), the final PreSDM formula becomes 
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with the instantaneous polarization weight   
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Eq. (5) is the common-receiver true-amplitude elastic KH migration formula and can be used for an 
automated AVA inversion at any subsurface location. In the limit of an acoustic isotropic medium, it 
is equivalent to the common-shot migration formula derived by Docherty (1991). Eq. (5) differs from 
the coupled vector-weighted PreSDM (Sena and Toksöz 1993; Hokstad 2000) in that it provides a 
truly angle-dependent reflection coefficient. Wavefield separation and regular noise suppression is 
performed using the polarization weights (2), (3), and (6) during the migration process. This process is 

based on performing the diffraction stack along the Huygens’ isochrone  with respect to the t=)(µντ
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subsurface point Q. The obliquity factor (3) plays a very important role in the wave mode decoupling 
process. Similar to the arrival-angle weight empirically derived by Takahashi (1995), it increases the 
contribution of the specular point as  and suppresses the projection of the observed 

wavefield onto unwanted directions of wave propagation as 
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minimizes the remaining cross-talk energy due to non-linear polarization. As with semblance-
weighted three-component stack (Kennett 2000), this filter can help to increase the quality of 
wavefield separation during PreSDM. Eq. (5) is consistent with the principle of elastic wave PreSDM 
(Kuo and Dai 1984): when the decoupled downward continuation is carried out for some point Q in 
the neighbourhood of the reflector, the phase of the reflected/transmitted qP- or qS-wave matches that 
of the direct wave coming from the point R. Therefore, enhanced images are formed at these locations 
through the simultaneous migration of qP- and qS-waves. Otherwise, eq. (5) yields a negligible value. 
Note that eq. (5) is also applicable to streamer data, which corresponds to the case 1)( =µνE . 
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Results 

Let us consider the VTI model “Moreni” provided by Constantin Gerea and Laurence Nicoletis 
(Institut Français du Pétrole). This realistic anisotropic model simulates a typical marine multi-layered 
structure with curvilinear interfaces and homogeneous isotropic and VTI layers (Figure 2). The 
pseudospectral method was applied to create a two-component (X-Z) elastic synthetic OBC dataset. 
The dataset consists of 256 shots with 62.5 m shot spacing. The common-shot gather consists of 500 
receivers with 32 m spacing. The traces are sampled at 3 ms with record length 7.5 sec. This dataset 
has undergone qP-qP and qP-qSV imaging tests using eq. (5). The overall execution time required by 
PreSDM was quite reasonable. It took about 16 hours of CPU time on a 16-node PC cluster to 
compute the depth images in Figure 3. Although numerical errors (aliasing and grid dispersion) in the 
forward modeling cause distortion of migrated waveforms (especially for layers 2 and 12), it appears 
that both images are in satisfactory agreement with the velocity model in Figure 2. Figure 3a identifies 
primary qP-qP reflections and some multiples; there are almost no multiples in Figure 3b. Also, the 
converted-wave image shows higher vertical resolution and overall signal-to-noise ratio than the qP-
qP image, especially at shallow depths. In elastic models, higher resolution of converted-wave depth 

imaging is due to the fact that ,  being the wavelength of the νth wave mode (the 
index 

)1(λ >
ν  takes values 1, 2, and 3 corresponding to qP, qSV, and qSH modes, respectively). This is 

consistent with previous results (Hokstad 2000).  

Conclusions 
In this paper, the rigorous vector migration formula represented in an explicit decoupled form has been 
derived and tested numerically. Compared to previous treatments, the new formula is superior since it 
is suitable for migration with the conventional scalar algorithms enhanced by mode decoupling filters. 
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Figure 1: Geometry of the common-receiver 
migration experiment:  is the reflector interface 
and  is the specular (reflected) ray. 
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Figure 2: Moreni 500  vertical P-velocity 
grid after interval-velocity model building and 
spatial B-spline interpolation. 
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Figure 3 (below): Anisotropic PreSDM for Moreni data: (a) qP-qP versus (b) qP-qSV images. 
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