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Featured Application: Imaging through gas clouds using SH shear wave.

Abstract: In this paper, we discussed the reverse time migration imaging of compressional wave
(P-wave) and horizontally polarized shear wave (SH shear wave) seismic data, together with P- and
SH shear wave constrained velocity model building. In the Sanhu area in Qaidam Basin, there are
large areas of gas clouds, which leads to poor P-wave seismic imaging. The P and SH shear wave
seismic data of a co-located survey line with the same acquisition geometry were used to access their
imaging capability using reverse time migration. We first estimated the change in P-wave and SH
shear wave velocity ratio using pre-stack time migration (PSTM) for constraining the overall depth
domain velocity model. Additionally, we then used an eighth-order finite difference scheme for
P-wave reverse time migration on a variable grid and used the sixth-order combined compact
difference (CCD) wave field simulation method for SH shear wave reverse time migration on a
regular grid. The results show that the constrained velocity model produces a good match in
the overall geological structure shown in the P-wave and SH shear wave reverse time migration
results. However, in the gas cloud areas, SH shear wave reverse time migration has obvious imaging
advantages, which can clearly image the structure inside the gas clouds.

Keywords: shear wave; reverse time migration; numerical simulation; Sanhu depression; Qaidam Basin

1. Introduction

Currently, the main means of oil-gas exploration are mainly based on the P-wave
(compressional wave). A series of mature technologies developed for P-wave exploration,
including data acquisition, data pre-processing, pre-stack time migration, and pre-stack
depth migration, have made great progress and are still making progress. However, with
the extension of exploration to low permeability, deep and unconventional reservoirs and
the increasingly complex exploration targets, relying solely on P-wave technology is facing
more and more challenges. Through an analysis of the limitations of P-wave exploration
and the potential of shear wave exploration, Gou et al. [1] proposed the effectiveness and
applicability of SH shear wave (horizontally polarized shear wave) exploration technology
and conducted SH shear wave data acquisition and processing tests in an exploration area
in Western China [2].

Generally speaking, the resolution of seismic exploration is a quarter of the wavelength,
which depends on the velocity and frequency. As the wave velocity of subsurface media
is objective and certain, the resolution can only be improved by increasing the frequency.
In terms of tight reservoirs or deep carbonate reservoirs, the P-wave velocity can be
higher than 5000 m/s, and the effective frequency will be reduced to about 30 Hz with
the attenuation of deep high-frequency components, which is very unfavorable for the
identification of deep thin layers [3,4]. The further improvement of the effective frequency
band in the deep layer will face great challenges in source excitation. If the frequency band
is consistent, the wave speed of the shear wave is usually about half that of the P-wave,
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and the resolution can reach twice that of the P-wave. Shear-wave exploration is one of the
effective ways to improve the resolution [5–7].

In recent years, with the rapid development of computer calculation, reverse time
migration has gradually become an industrial applied imaging technology used to solve the
imaging of various complex structures. Compared with that of the P-wave, the shear wave
velocity is low and the frequency band is wide, such as carbonate rocks (Takougang et al.,
2020) [8], which can improve the resolution of the formation; the shear wave propagation
is only related to the rock frame, which can be used to accurately construct the subsurface
structure. In terms of the near offset, the shear wave has a higher signal-to-noise ratio
than the P-wave, so it has higher inversion precision [9–16]. To improve the accuracy and
efficiency of shear-wave pre-stack depth migration, it is necessary to apply a high-precision
finite-difference scheme to shear wave seismic imaging on the basis of the low-speed
characteristics of the shear wave, and this method needs to maintain good accuracy of
spatial difference and time difference under the condition of a large spatial grid and time
step. Thus, migration algorithm selection is one of the subjects discussed in this paper.

Since the mid-1990s, reverse time migration has been applied to multi-component
wave seismic data excited from an elastic-wave source [17–20], and it has overcome calcula-
tion problems and interference artifacts in P- and shear wave simulation. In recent years,
most studies have focused on the P- and shear wave decoupled method to separate P- and
shear waves [21–28]. In these studies, there is no case of the direct use of shear wave data
for reverse time migration, but the elastic wave field was used to separate P- and shear
waves or decoupled P- and shear wave fields obtained from the elastic-wave equation. This
paper will focus on the direct use of SH shear wave source data for reverse time migration
imaging and together with corresponding procedures for velocity analysis and velocity
model building.

The study area, Sanhu, referred to in this paper, is located in the Qaidam Basin. The
reservoir in the area is mainly consisted of thin sand-mudstone interbed and unconsol-
idated sandstone reservoirs, and this area is the largest Quaternary biogas production
area discovered in China. Affected by the reservoir gas, the reservoir imaging is seriously
blurred and distorted. To determine the characteristics of the study area, in this paper, the
SH shear wave velocity model in the depth domain is established by using the SH shear
wave data in the survey, and the subsurface reflecting interface in this area is imaged by
using the SH shear wave reverse time migration imaging technology [29,30]. During depth
domain velocity model building, we obtain the P-to-SH shear wave velocity ratio in the
area from the time domain P-wave and SH shear wave imaging results, which is used to
constrain the overall P- and SH shear wave depth domain velocity model building.

2. Application Background and Method Principles
2.1. Survey Background

The survey studied in this paper is from the Sanhu area of the Qaidam Basin, and
its surface is mostly composed of aeolian monadnock, sand dunes, sandbag, saline-alkali
land, hard-alkali land, salt marsh, etc. The Sanhu area is a biogas enrichment area. Af-
fected by subsurface gas, as shown in Figure 1 the energy and frequency absorption of
P-wave seismic data in the seismic anomaly area is serious, the data signal-to-noise ra-
tio is low, and the structure is distorted [31]. It is difficult to obtain reliable imaging of
low-relief structures.

At the same time, there are unique geological characteristics of the Quaternary system
in the Sanhu area, such as weak diagenesis, a thin sand-mudstone interbed, an indiscrimi-
nate hydrocarbon source and reservoir, as well as the succession and relay of gas generation.
Under this unique geological background, a high resolution is required for imaging the
structure in this area, and SH shear wave imaging has a high stratigraphic resolution due
to its low velocity and wide frequency band.
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Figure 1. Pre-stack time migrated P-wave seismic section in a gas-cloud region of Sanhu.

2.2. Principle of Reverse Time Migration

The principle of SH shear wave reverse time migration (RTM) used in this paper is
briefly introduced below:

Reverse time migration based on the solution of two-way wave equation is the most
advanced pre-stack depth migration imaging. After an accurate velocity model is ob-
tained, SH shear wave reverse time migration imaging (SH-RTM) generally includes three
steps [32]:

(1) The source wave field is obtained by using the source constructed manually or ex-
tracted from actual data, and the corresponding model is numerically simulated to
obtain the source wave field S(x, z, t), where x, z is the space vector.

(2) Using the seismic data obtained at the receiver, the reverse continuation propagation
passes through the same velocity model, and the corresponding receiver wave field
R(x, z, t) is obtained, where the position of the receiver is xr, zr.

(3) We can then apply appropriate imaging conditions, such as cross-correlation, we
obtain the I(x, z) (reverse-time migration image results):

I(x, z) =
∫ T

0
S(x, z, t)R(x, z, t)dt (1)

where S(x, z, t) is the source wavefield obtained by forward modeling, R(x, z, t) is
the receiver wavefield obtained by reverse continuation simulation at the same time
under the same velocity model, and t is the total propagation time.

It can be seen from Equation (1) that the final result of reverse time migration is affected
by the accuracy of the source wave field S(x, z, t) and the receiver wave field R(x, z, t).
Therefore, in order to obtain accurate imaging of the target area, it is necessary to make
good use of high-quality SH shear wave data and apply them to reverse time migration.

2.3. Depth Domain Velocity Model Building for SH Shear Wave Data

The depth domain velocity model building is very important for the effect of depth
domain imaging, and P-wave and SH shear wave data are simultaneously acquired in
this study area [33]. In depth-domain imaging, the reflector of the subsurface structure,
the P-wave and SH shear wave, should be matched [34]. Generally, in the case of the
combination of shear wave or converted wave and P-wave imaging, a priority will be given
to determine the P-wave velocity (VP) during the model establishment, and then a P-to-S
wave velocity ratio will be estimated and used together with the VP (P-wave velocity)
to establish the model of SH shear wave velocity (VS). In this study area, due to the gas
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clouds and the difficulty of obtaining effective signals of P-waves, it is difficult to establish
a velocity model of VP. While the pure SH shear wave can propagate through the rock
frame without being affected by gas and fluid, the pure SH shear wave data can be directly
used to establish a model of the SH shear wave velocity vs. (SH shear wave velocity).

First of all, we separately used the SH shear wave and P-wave velocity models. The
establishment of P-wave velocity model refers to the establishment of SH shear wave
velocity model since SH shear wave data in the region has a better signal-to-noise ratio in
the survey and is more credible in the absorption area. Then, the velocity ratios of the P- and
SH shear waves in this region are estimated, and the obtained ratios are taken as constraints.
In order to better match the imaging of the P-wave and SH shear wave in the depth domain,
we also need to estimate the change in the velocity ratio of the P-wave and SH shear wave
by using the pre-stack time migration image. There are many methods of depth domain
velocity model building, and we mainly use layer- and grid-based tomography. After the
establishment of the two models, the spatial P-wave-to-SH shear wave ratio mentioned
above is used to obtain the interlayer travel time in the depth domain model, calculate the
proportion of model correction, and apply it to the correction of the P-wave model. In the
actual constraint process, the velocity correction is about 1–3%, which can be attributed to
weak anisotropic media.

2.4. Principle of Combined Compact Difference Scheme

The combined compact difference (CCD) to suppress the numerical dispersion caused
by the spatial step size are enclosed in this paper to solve the problem of low SH shear
wave velocity; the formula is as follows [35,36]:

a1
(

f ′i+1 + f ′i−1
)
+ f ′i + hb1

(
f ′′i+1 − f ′′i−1

)
= 1

h

n
∑

m=1
cm( fi+m − fi−m)

1
h a2
(

f ′i+1 − f ′i−1
)
+ f ′′i + b2

(
f ′′i+1 + f ′′i−1

)
= 1

h2

n
∑

m=1
dm( fi+m − 2 fi + fi−m)

(2)

In Equation (2), h is the grid spacing, a, b, c, d are the difference coefficient matrices;
f is the function value of node i; f ′i and f ′′i represent the first- and second-order derivatives
of node i, respectively; fi+m, fi−m represent the function values of node i successively m
nodes forward and m nodes backward; f ′ i+1, f ′ i−1 represent the first-order derivatives of
node i successively one node forward and one node backward, respectively; f ′′ i+1, f ′′ i−1
represent the second derivative of i node one node forward and one node backward. The
wave field of the SH shear wave can be simulated with the above method applied to
the numerical simulation of SH shear wave propagation under the condition of a two-
dimensional medium.

In this paper, we use the three-point sixth order format of Equation (2) for the SH
shear wave reverse time migration, that is, Formula (3).

7
16
(

f ′i+1 + f ′i−1
)
+ f ′i −

h
16

(
f ′′i+1 − f ′′i−1

)
= 15

16h ( fi+1 − fi−1)

9
8h
(

f ′i+1 − f ′i−1
)
+ f ′′i −

1
8

(
f ′′i+1 + f ′′i−1

)
= 3

h2 ( fi+1 − 2 fi + fi−1)
(3)

3. Analysis of Combined Compact Difference Scheme

In numerical simulations, if the size of the spatial grid is too large, it will cause large
solution errors and produce numerical dispersion [37,38]. The simple harmonic wave
solution is introduced to have the velocity ratio curve at different θ values in the isotropic
case; θ is the angle between the wave’s propagation direction and the x-axis. It is used
to compare the spatial dispersion suppression effects of CCD with the traditional finite
difference scheme. It is shown as follows:

In Figure 2, the ratio of numerical wave velocity to true velocity is defined as:

λ =
vnum

v
(4)
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where vnum is the numerical wave velocity, and v is the true wave velocity. It is shown in
Figure 2 that with the velocity ratio curves of the CCD, the other two different formats at
different θ values. The Courant numbers (α = v∆t/h) are 0.25, the horizontal axis ϕ ∈ [0, π]
is the product of the wavenumber and the spatial step, and the y-coordinate is the velocity
ratio λ, with 1 meaning that the numerical wave speed is consistent with the theoretical
wave speed and indicating that the numerical dispersion is low. It also indicates that CCD
has the best suppression effects.
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Figure 3. Relative errors of numerical simulation for different schemes and gird size: (a) Δx = 10 m, 

Δt = 0.001 s; (b) Δx = 15 m, Δt = 0.001 s. 

Figure 2. Velocity ratio curves for different numerical simulation methods. The blue curve is the
traditional central difference scheme, the green curve is the traditional implicit difference scheme,
the red curve is the CCD difference scheme and the black line is the velocity ratio constant of 1:
(a) θ = 0, α = 0.25; (b) θ = π/6, α = 0.25; (c) θ = π/3, α = 0.25.

Additionally, the simulation error is calculated by simulating the two-dimensional
plane harmonic initial value problem to analyze and compare the numerical simulation
accuracy of the CCD and CFD (centered finite difference scheme).

In Figure 3, the simulation results show that the accuracy is relatively high for the SH
shear wave simulation results with the adoption of the CCD format, and the numerical
simulation of the seismic wave field with a large sampling time can be performed [39].
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Figure 3. Relative errors of numerical simulation for different schemes and gird size: (a) ∆x = 10 m,
∆t = 0.001 s; (b) ∆x = 15 m, ∆t = 0.001 s.

4. Real Data Application
4.1. Data Characteristics

Figure 4 shows a single-shot record of the P-wave source in the study area; theoretically,
the seismic records generated by P wave sources do not have shear wave fields. As shown in
Figure 4a, with the X-component wave field seismic record of the P-wave source, the wave
field is relatively complex, the converted wave signal is relatively weak and submerged in a
large amount of scattering noise, and there is obvious leaked pure shear wave information
in the near trace. The Y-component wave field seismic record is shown in Figure 4b; there is
basically no converted wave information in this component, and the near trace is dominated
by noise with weak pure shear wave information. The Z-component wave field seismic
record is shown in Figure 4c; the P-wave reflection hyperbola characteristics of the shallow
part are relatively obvious in this wave field, the near-trace is dominated by noise without
pure shear wave information, and the deep information is submerged in a large amount of
scattered noise. The reason why the converted wave signal of the P-wave field is relatively
weak and the effective information of the wave field is submerged in a large amount of
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scattered noise is likely due to the fact that the area is a biogas enrichment area in relatively
deep strata based on the geological characteristics of the area, which is also the reason why
the use of P-wave data for reverse time migration imaging in this area is not ideal.
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Figure 4. (a) The X-component wave field seismic record of the P-wave source. (b) The Y-component
wave field seismic record of the P-wave source. (c) The Z-component wave field seismic record of the
P-wave source.

Figure 5 shows the corresponding single-shot record obtained from the SH shear wave
source (i.e., the y-direction concentrated force source) in this area. As shown in Figure 5a,
the X-component data, there should be no SH shear wave information in isotropic media,
but there is relatively weak SH shear wave signal leakage in actual data. The most likely
cause of SH shear wave signal leakage is due to shear-wave splitting, which is not the focus
of this article. The seismic record of the Z-component wave field in Figure 5c is dominated
by noise without SH shear wave information, which is consistent with the theory of the SH
shear wave propagation. In theory, the wave field obtained by concentrating force sources
in the y-direction only has wave field information in the Y-component in isotropic media.
Figure 5b is the seismic record of the y-component wave field, with a high signal-to-noise
ratio and obvious SH shear wave information. Overall, the resolution of SH shear wave
seismic records is higher than that of P-wave seismic record, comparing Figure 5b with
Figure 4c. SH shear wave source data can also have a high signal-to-noise ratio in the deep
gas cloud region due to its insensitivity to gas, and it has great advantages in geological
structure characterization and reverse time migration imaging research in this area.
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Y-component wave field seismic record of the SH shear wave source. (c) The Z-component wave field
seismic record of the SH shear wave source.
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It can be seen through the analysis of shot records that the data quality of the SH-
Y component is relatively good. This research focuses on imaging research on SH-Y
component data. This component is perpendicular to the survey line direction.

4.2. Depth Domain Imaging Matching and Velocity Model Building

The depth domain velocity model of the P-wave and SH shear wave have been
established, respectively, with a velocity model building workflow including layer- and
grid-based tomography. It is shown in Figure 6 with the depth domain velocity models
of the P-wave and SH shear wave, respectively, that they have a certain similarity in the
spatial variation of the velocity field; the velocity of the P-wave is relatively low at the
position of CMP (common middle point) 1200–2500, and it is relevant to the gas enrichment
in this area, which can also be seen in the pre-stack depth migration results shown later.
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Figure 6. (a) The depth domain velocity model of the P-wave with a velocity model building workflow
including layer- and grid-based tomography. (b) The corresponding depth domain velocity model of
the SH shear wave.

The imaging of the reflector of the P-wave and the strong reflector of the SH shear
wave should be located at the same depth because the pre-stack depth migration images
show the wave impedance interface of subsurface media. It is very difficult to match the
depth domain imaging positions of the P-wave and SH shear wave in practical applications
due to the low signal-to-noise ratio of P-wave data, the possibility of anisotropy, and
various uncertainties in the area. A relatively easy-to-implement process has been designed
to attempt to match the imaging depth of the P-wave and SH shear wave. Our idea is to
constrain VP and vs. because the most significant factor affecting the imaging depth is the
velocity field. The specific method is that a set of strong reflectors in the survey are selected;
they are picked up in the migration images of the P-wave and SH shear wave, respectively;
and their average velocities are calculated from the surface to the reflectors. The specific
formula is V = ∆Z

∑ ti
, in which, for ∑ ti = ∑

i

2∆zi
Vi

, ∆Z = ∑ ∆zi, similar calculations for both

the P-wave and SH shear wave have been made, the imaging position of the strong reflector
in the depth domain is determined by this average velocity, and the average velocity ratio
obtained should also be consistent with the P-wave and SH shear wave velocity in the
survey [40]. The existing depth domain velocity can be corrected if the velocity ratio of
SH shear wave and SH shear wave in the space of the survey is obtained. The pre-stack
time migration images have been used and the corresponding reflectors have been picked
up to solve this problem, the pre-stack time images of the P-wave and SH shear wave
approximately represent the vertical two-way travel time of the P-wave and SH shear wave
with zero offset, and the travel time ratio is obtained to further constrain the VS/VP ratio.
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Back to the first step, a corresponding proportional constraint has been made on the
P-wave velocity field with a correction of about 1–3%, and the weak anisotropy parameter
is utilized to solve the residual moveout of imaging caused by this correction. In fact, the
numerical model verifies that isotropic and anisotropic imaging profiles are close to each
other under weak anisotropy (<5%); therefore, anisotropy is ignored in this study [41]. In
Figure 7, the horizon selected for the P-wave and SH shear wave in the time domain is
used to calculate the P-wave and SH shear wave velocity ratio. Figure 8 shows the P-wave
and SH shear wave velocity ratio.
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For ease of understanding, we built a flow chart of velocity modeling, as shown in
Figure 9. Figure 9 is about the P wave and SH shear wave velocity modeling process
in this paper. In this figure, for the convenience of display, the S wave means SH shear
wave. We can see that, after the preliminary modeling, we need to go through layer-based
tomography and grid-based tomography, and the velocity ratio is obtained simultaneously
with the velocity modeling. After the velocity ratio is obtained, it is used to constrain the
velocity model of P wave to get the accurate velocity model.
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4.3. RTM Results of P and SH Shear Wave

The reverse time migration of P-wave and SH shear wave data were carried out,
respectively; there are 1519 shots and 8472 detection points in this survey, and the same ac-
quisition geometry was adopted for both the P- and SH shear wave. The eighth-order finite
difference scheme with a variable grid was adopted for P-wave reverse time migration for
seismic wave simulation, the imaging condition is the cross-correlation imaging condition,
and we use Laplace filtering to remove the low-frequency noise of the imaging. The SH
shear wave reverse time migration was realized on a regular grid with the sixth-order CCD
(Formula (3)) wave field simulation method adopted, an interval of 2 m for the grid size in
the z-direction and an interval of 5 m for the grid size in the x-direction were adopted, and
Laplace filtering was adopted to remove the low-frequency noise of the imaging to ensure
stability and suppress alias frequencies in the wave field continuation process. Figure 10
shows the pre-stack depth migration images of the P-wave and SH shear wave. It can
be seen in the image that there is no clear reflector for the P-wave in the area of CMP
(common middle point) 1200–2500, which is due to the gas cloud in the area; the P-wave
is significantly absorbed and has difficulty in passing through the area and reflecting to
the surface when the compression wave goes through the area, but the SH shear wave can
propagate normally in the area because it propagates through the rock frame and is not
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affected by the gas. Therefore, SH shear wave reverse time migration can clearly image
through this area and has obvious imaging advantages in this area over P-wave.
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Figure 10. Pre-stack depth migration sections using RTM: (a) the P-wave, ∆x = 5 m, ∆z = 2 m; (b) the
SH shear wave, ∆x = 5 m, ∆z = 2 m.

5. Conclusions

The depth domain pre-stack migration practice was performed for P-wave and SH
shear wave seismic data in the Sanhu area of the Qaidam Basin in Qinghai Province,
including depth domain velocity model building, P-wave to SH shear wave velocity ratio
estimation, and reverse time migration (RTM). The layer- and grid-based tomography
methods were used to build the depth velocity model. Additionally, the pre-stack time
migration results of the P-wave and SH shear wave were utilized to approximately calculate
the distribution of the P-wave and SH shear wave velocity ratio in the study area, and
the ratio was used to constrain the P-wave and SH shear wave velocity model building
so that the reflectors of the P-wave and SH shear wave pre-stack depth migration results
were matched in the depth domain. An eighth-order finite difference scheme was used for
P-wave RTM on a variable grid, and a sixth-order CCD was used for SH shear wave RTM
on a regular grid. The results showed that the SH shear wave results have obvious imaging
advantages compared with the P-wave results in the gas-cloud region, which verified the
accuracy of the SH shear wave RTM algorithm and demonstrated great potential in seismic
imaging application.
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