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ABSTRACT 
 
Liu, C., Qu, Y.M., Zhao, W.J., Zeng, S.H., Yang, T.Y. and Li, Z.C., 2023. 
Interferometric imaging by cross-correlation in surface seismic profile with double 
Green's function. Journal of Seismic Exploration, 32: 243-256. 
  

Interferometric imaging aims to revise Green’s function for the consequences of 
acquisition geometry far from the geologic target bodies. That comprises the influences 
of an irregular acquisition geometry and of complex geological bodies in the overburden 
such as salt body with very high velocity. The sources can be relocate to positions where 
receivers are by seismic interferometric technique and vice versa. It is often used in 
transform data between vertical seismic profile (VSP) and single well profile (SWP), 
surface seismic profile (SSP) and single well profile. In most cases, no receivers are 
available at the underground medium, however the propagation of seismic waves in 
vertical seismic profile can be simulated by finite-difference. By correlating the 
simulated VSP Green’s function with surface seismic data, one can take the acquisition 
geometry from the surface closer to subsurface datum. The traditional interferometric 
imaging in surface seismic profile use one kind of VSP Green’s function so it only can 
handle simple model. To overcome this problem, double VSP Green's function 
interferometric imaging (DGFII) is presented, which can handle complex model. Our 
numerical examples demonstrate that DGFII works perfectly not only in a homogeneous 
overburden, but also in a hetergeneous overburden. 
 
KEY WORDS: interferometric imaging, cross-correlation, surface seismic profile, 
      hetergeneous overburden. 
 
 
0963-0651/23/$5.00   © 2023 Geophysical Press Ltd. 



 244 

INTRODUCTION 
 

Two-way wave migration is more precise for imaging reflected waves 
that propagate through sedimentary strata in highly complex media (Biondi 
et al., 2002), the prerequisites for the method is an accurate migration 
velocity is used. One example is reverse-time migration (RTM). RTM was 
presented by Baysal (1983), Loewenthal (1983), McMechan (1983) and 
Whitmore (1983). Based on the complete solution of the two-way wave 
equation, RTM has no dip limitation and accounts for wave propagation in 
any direction (Esmersoy and Oristaglio, 1988). RTM shows great 
advantages over ray-based method (Beylkin, 1985; Hill 1990; Gray and 
Bleistein, 2009) and one-way wave equation-based method (Claerbout, 
1985) in imaging the complex subsurface structures (Chang and McMechan, 
1986, 1990). 

 
Redatuming of seismic data is a classic technique in seismic processing. 

Its purpose is to simulating the shots and acquiring data both at a new datum 
(Berryhill, 1979, 1984). Generally located closer to the target in a specific 
underground area. The main application of the redatuming technique is to 
correct vertical seismic-profile (VSP) data to accommodate the effects of 
complex geological structures in irregular surface acquisitions or 
overburden, such as low-velocity layers or strong lateral variations. The aim 
is to produce improved single well profile (SWP) data that are easier to 
process and better illuminate the target (Wapenaar et al., 1992). 

 
In recent years, there has been increasing interest in using 

interferometry techniques to improve seismic data processing. Seismic 
interferometry is a subject based on optical physics. It using information 
contained in seismic data that is not considered in conventional processing 
(Barrera et al., 2017). Claerbout (1968) was the first to use interferometric 
techniques. Interferometric redatuming can relocating sources to positions 
where receivers are and also can relocating receivers to positions where 
sources are. They both allows to transmit the seismic acquisitions from the 
surface to subsurface datum. 

 
Xiao and Schuster (2006) implement redatuming in the 

common-midpoint domain to recover images below salt bodies without 
velocity model. Schuster and Zhou (2006) summarize correlation based 
interferometric redatuming methods and compared them with model based 
techniques. Dong et al. (2007) carry out three-dimesional correlation based 
interferometric redatuming technique of Luo and Schuster (2004). It 
achieves RTM of virtual seismic data to improve the imaging results in 
specific regions. Lu et al., (2008) describe a new strategy for imaging salt 
flanks which making use of correlation based interferometric redatuming. 
Van der Neut et al., (2011) presents elastic interferometric redatuming by 
multidimensional deconvolution, promoting the quality of redatuming 
results. Curtis and Halliday (2010) put forward a unified representation 
which combines the correlation type and convolution type. Based on the 
preliminary work of Curtis and Halliday (2010), Poliannikov (2011) 
proposes a interferometric redatuming method to recover reflections that are 
missing in the virtual shot gather due to illumination problems. Ruigrok and 
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Wapenaar (2012) explore a new approach called global-phase seismic 
interferometry which takes advantage of the availability of global phases. 
Tao and Sen (2013) present a new method to recover virtual seismic data 
from crosscorrelating acquired seismic responses in the plane-wave domain. 
Nakata et al. (2014) recover direct wave and reflected wave by using 
seismic interferometry to the recordings of ground motion from regional 
earthquakes. Aldawood et al. (2015) prove least-squares datuming 
obviously suppressing artefacts generated by crosscorrelation. Van der Neut 
et al. (2017) recover virtual reflection wave and transmission wave as if 
sources and receivers were located at the two datum lines enclosing the 
target. Zhao and Li (2018) present a interferometric redatuming method 
based on crosscorrelation in the wavelet domain to suppress the artifacts and 
noise. Guo and Alkhalifah (2019) carry out a simultaneous inversion for the 
overburden velocity model and the virtual shot gathers at that datum line. 
Guo and Alkhalifah (2020) explore a Target-oriented inversion workflow 
which combines full-waveform inversion and least-squares waveform 
redatuming. Barrera et al. (2021) present a new method to reduce 
nonphysical events in interferometric redatuming which only use 
deconvolution procedure. Liu et al., (2022) combine the matched filter and 
the supervirtual interferometry to exactly recover dominant surface waves 
from the field data. 

 
In this paper, we present the theory and application of double VSP 

Green's functon interferometric imaging, then show several numerical 
results. Only the velocity model above the datum is needed for the 
finite-difference solutions in the redatuming step. After redatuming, we can 
extract the valuable part of the redatumed data to finish follow-up imaging 
work. We test the DGFII on simple horizontal layered model synthetic data 
and SEG/EAGE salt model synthetic data. For all these tests, reverse time 
migration is applied to the original and redatumed data. 
 
 
Theory of interferometric imaging 

 
The RTM is calculated in the whole model with array of sources and 

receivers at the surface, the observation system is shown in Fig. 1, and we 
call this SSP data. The conventional interferometric redatuming only input 
one kind of VSP green’s function. A bottom-up strategy can reduced 
computation costs significantly, however it requires the target area is much 
smaller than the acquisition area (Dong et al., 2009). A two step 
interferometric redatuming method was presented (Barrera et al., 2017), 
however it only can handle simple symmetric model. We propose a new 
interferometric redatuming method input two kinds of VSP green’s function, 
the observation system is shown in Figs. 2 and 3. Array of shots at the 
surface and receivers at subsurface datum is demonstrate in Fig. 2. Array of 
shots at the subsurface datum and receivers at the surface is demonstrate in 
Fig. 3. Both arrays positioned at subsurface datum is demonstrate in Fig. 4, 
which also is output of our interferometric redatuming method. Fig. 5 shows 
the principle of the interferometric redatuming method which move down 
the acquisition geometry from surface to subsurface datum. 
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Fig. 1. Sketch of the surface receiver geometry for surface-exciting. 

 
Fig. 2. Sketch of the datum receiver geometry for surface-exciting. 

 
Fig. 3. Sketch of the surface receiver geometry for datum-exciting. 
 

 
 
Fig. 4. Sketch of the datum receiver geometry for datum-exciting. 
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Fig. 5. Sketch of double VSP Green's functon interferometric imaging. 
 
 
 
The 2D time-domain acoustic wave equation with constant density 

with regular-grid discretization can be written as 
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where v is the velocity, s is the source, and p is the pressure field, and t is 
time. 
 

The acoustic wave equation corresponding to the observation system 
shown in Fig. 1, Fig. 2 and Fig. 3 can be expressed by the following 
equation: 
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where v is the velocity, s is the source, and p is the pressure field, and t is 
time, all represents calculating in the whole model, top represents 
calculating in the model above the datum, S0 is the model surface, S1 is the 
subsurface datum. 
 
   In different observation systems, we extract the pressure field at the 
receivers to form the Green’s function: 
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),;,(),( 0 XYSallXY pG =                          (5) 

),;,(),( 0 XBStopXB pG =                          (6) 

),;,(),( 1 AYStopAY pG =                          (7) 
 
where the Green’s function G(Y,X) represents the harmonic point-source 
response of the media, where the source is located at X and the receiver is 
located at Y, B and A are the receivers on the datum. 
 

Our proposed DGFII method also contains two step but where is no 
need to resort common-source gathers to common-receiver gathers. In the 
first step, we call this source-side redatuming, the SSP data would be 
transform to VSP data which can be written as 
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where the asterisk denotes the complex conjugate, point B X Y can be found 
in Figs. 1, 2 and 3. 
 

In the second step, we call this receiver-side redatuming, the VSP data 
would be transform to SWP data which can be written as 
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*
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S S BYAYBA ∫ ∫−= ω   ,               (9) 

 
where the ω denotes angular frequency, i denotes imaginary unit. 
 

The virtual shot record obtained by seismic interference does not 
contain the geological information of the overburden medium, and there will 
be many invalid signal in the shot record end, so the upper part of the shot 
record can be intercepted manually for post-imaging processing, given as 

 

( )
( )max0 ,

),(),( ttBAoutputBA GifftG =    ,                    (10) 

 
where the t0 = 0, tmax denotes artificially selected shot record time, ifft 
denotes inverse fast Fourier transform. 
 

The imaging method chosen is RTM, and cross-correlation imaging 
condition is adopted for imaging, given as 
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where ),( zxI  is the image, ),,( tzxS  is the source wavefeld, ),,( tzxR  
is the receiver wavefeld. 
 
 
NUMERICAL EXAMPLES 
 
Two-layer horizontal model 

 
To validate the proposed double VSP Green's functon interferometric 

imaging method, we conduct an experiment on a Two-layer horizontal 
model (Fig. 6). The size of the model is set as 2500 × 2500 and with the 
grid interval of 5 m. A Ricker wavelet is used as an explosive source at the 
middle of the surface, with the dominant frequency of 30 Hz. The time 
sampling increment is 0.5 ms with a total calculation time of 1.0 s. For the 
SSP geometry in the Two-layer horizontal model, there are 167 shots and 
167 receivers at 5-m intervals on the model surface. A typical common-shot 
gather CSG is shown in Fig. 7a. To calculate one kind of the VSP Green’s 
function (Fig. 2), 167 shots at 5-m intervals are placed along the model 
surface and 167 receivers at 5-m intervals are located along the horizontal 
datum line that is 1.5 km beneath the surface (Fig. 7b). To calculate another 
the VSP Green’s function (Fig. 3), 167 shots at 5-m intervals are placed 
along the horizontal datum line that is 1.5 km beneath the surface and 167 
receivers at 5-m intervals are located along the model surface (Fig. 7c). Eqs. 
(7) and (8) are used to redatum the SSP data so that the redatumed sources 
and receivers are spread along the pre-selected horizontal datum at a depth 
of 1.5 km. To check the correctness of the redatumed data, we computed a 
finite-difference solution to the two-dimensional wave equation for a source 
at the datum, we call this true CSG. Comparing the redatumed virtual CSG 
with the true CSG (Figs. 8a and 8b) shows that the major events are 
accounted correctly, but the curvature of the seismic event is slightly 
deviated, however it does not affect the imaging effect in the later stage. 
RTM are calculated using the surface data and the redatumed data. The 
whole velocity model is used for RTM of SSP shot, although only the part 
of below the datum of velocity model is needed to migrate the redatumed 
data. Fig. 9a shows reflector images from RTM of the SSP data after 
datuming. Fig. 9b shows the RTM image of the original SSP data, note that 
for the sake of comparison, we only extract the part corresponding to Fig. 9a 
for display. By comparison, it can be seen that the imaging of Fig. 9a is 
better. In addition, since we only enter the half upper part of the redatumed 
data when doing the RTM, it will reduce the calculation time. Computation 
times for this test are listed in Table 1. 
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Fig. 6. Two-layer horizontal model. 

 

 
 

Fig. 7. Redatuming using DGFII with the numerical model of Fig. 6. (a) Original surface 
data. (b) Modeled VSP Green's of Fig. 2. (c) Modeled VSP Green's of Fig. 3. 
 

 
 
 
Fig. 8. (a) Redatumed common-shot gather with sources and receivers at a depth of 1.5 
km below the surface. (b) A common-shot gather of SSP synthetic seismograms 
generated from target model depicted in Fig. 6. 
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Fig. 9. (a) RTM of redatumed SSP data. (b) The portion of the RTM of original SSP data 
below the datum depth of 1.5 km. 
 
 
SEG/EAGE salt model 

 
For the second example, we consider the SEG/EAGE salt model (Fig. 

10) to further analyze the capability of the proposed double VSP Green's 
functon interferometric imaging when imaging a complex subsurface 
structures. The size of the model is set as 3200 × 850 and with the grid 
interval of 5 m. A Ricker wavelet is used as an explosive source at the 
middle of the surface, with the dominant frequency of 30 Hz. The time 
sampling increment is 0.5 ms with a total calculation time of 2.0 s. For the 
SSP geometry in the SEG/EAGE salt model, there are 213 shots and 213 
receivers at 5-m intervals on the model surface. A typical common-shot 
gather CSG is shown in Fig. 11a. To calculate one kind of the VSP Green’s 
function (Fig. 2), 213 shots at 5-m intervals are placed along the model 
surface and 213 receivers at 5-m intervals are located along the horizontal 
datum line that is 0.55 km beneath the surface (Fig. 11b). To calculate 
another the VSP Green’s function (Fig. 3), 213 shots at 5-m intervals are 
placed along the horizontal datum line that is 1.5 km beneath the surface 
and  213  receivers at 5-m intervals are located along the model surface 
(Fig. 11c). Eqs. (7) and (8) are used to redatum the SSP data so that the 
redatumed sources and receivers are spread along the artificially selected 
horizontal datum at a depth of 0.55 km. To check the correctness of the 
redatumed data, we calculated a finite-difference solution to the 
two-dimensional wave equation for a source at the datum. Comparing this 
redatumed virtual CSG with the true CSG (Figs. 12a and 12b) show that the 
major events are accounted correctly, but some details are still missing, 
however it does not affect the imaging effect in the later stage. RTM are 
calculated using the surface data and the redatumed data. The whole 
velocity model is used for RTM of SSP shot, although only the part of 
below the datum of velocity model is needed to migrate the redatumed data. 
Fig. 13a shows reflector images from RTM of the SSP data after datuming. 
Fig. 13b shows the RTM image of the original SSP data, note that for the 
sake of comparison, we only extract the part corresponding to Fig. 13a for 
display. The subsalt portion of the images computed from the redatumed 
data is of higher quality than the RTM image obtained from the original 
surface data, especially where the red arrow indicates. In addition, since we 
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only enter the half upper part of the redatumed data when doing the RTM, it 
will reduce the computational costs. Computation times for this test are 
listed in Table 1. 

 

 
 
Fig.10. SEG/EAGE salt model. 

 

 
 

Fig. 11. Redatuming using DGFII with the numerical model of Fig. 10. (a) Original 
surface data. (b) Modeled VSP Green's of Fig. 2. (c) Modeled VSP Green's of Fig. 3. 
 
 

 
 

Fig. 12. (a) Redatumed common-shot gather with sources and receivers at a depth of 
0.55km below the surface. (b) A common-shot gather of SSP synthetic seismograms 
generated from target model depicted in Fig. 10. 
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Fig. 13. (a) RTM of redatumed SSP data. (b) The portion of the RTM of original SSP 
data below the datum depth of 0.55 km. 

 
 

Table 1. Computation CPU costs for different numerical tests. 
 

Numerical tests C-RTM DGFII-RTM 

Two-layer horizontal model 1614s 827s 

SEG/EAGE salt model 1823s 916s 

 
 
DISCUSSION 
 

We applied DGFII to the SSP data associated with the Two-layer 
horizontal model and SEG/EAGE salt model. The redatumed data compared 
well with the actual shot with sources and receivers located at the new 
datum. Migration images from redatumed data disclose faults and deep 
reflectors better than conventional RTM from original SSP data. In the 
example of SEG/EAGE salt model, the migrated redatumed data exposed 
the deep structures beneath the salt more evidently, because the redatumed 
data had been corrected of the defocusing effects of the salt. 

 
A merit of DGFII is that, there is no need to use wavefield 

extrapolation between the surface and the datum. Only using the 
crosscorrelation of SSP data at the surface and two kinds of Green’s 
functions. The Green’s functions are obtained by forward modeling, which 
allows a certain scale of smoothness in the input velocity model. In this case, 
full-volume migration is not necessary, because the virtual shot with sources 
and receivers located at the new datum can be generated after redatuming. 
Of particular importance are the redatumed data have simpler seismic events 
because the distorting effects caused by the overburden are weakened by the 
redatuming. It is worth mentioning that it is still a challenge to make good 
use of multiples imaging in redatuming. Our study can be easily extended to 
three-dimensional media. 
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CONCLUSIONS 

 
We present a double VSP Green’s functon interferometric imaging 

method, which can generate redatumed data in target areas on a artificially 
selected underground datum. The recording time of redatumed data is equal 
to original surface seismic data, however it only contains the information 
from target area, so we can extract the valuable part of the redatumed data to 
finish follow-up imaging work. Computation savings are achieved through 
reducing shot recording time length and longitudinal size of velocity model. 
This method not only can handle simple symmetrical overburden but also 
complex overburden, when surface sources and receivers are redatumed to 
be below it. This is useful for subsalt imaging. Since sources and receivers 
are closer to the target after redatuming, interferometric imaging has clearer 
subsalt structure, better resolution and wider illumination. Multiple arrivals 
that propagate between the surface and the datum are used for imaging 
below the overburden, the traditional multiple artifact is also enhanced. 
Several example reverse time migration images from the redatumed data 
reveal the deep reflectors and salt-dome flanks in the target areas better than 
images from standard whole model RTM. 
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