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SUMMARY
The fractured-basement reservoir pose great challenges to
seismic exploration as they are associated with complex fault
and fracture networks, strong heterogeneity, and distinguished
seismic impedance contrasts between the basement rocks
and the surrounding sediments. A walkaway vertical seismic
profile (VSP) survey was acquired at a fractured-basement
play located in Bohai Bay Basin, northeast China, to provide
higher-resolution image and to better delineate the highly
faulted dipping basement. Two techniques applied to the data
are discussed in this study:
1. A dedicated preprocessing effort towards the P- and S-wave
field separation is proven beneficial to a satisfactory result.
2. Reverse time migration (RTM) with random space shift
(RSS) is tested to deliver a superior image compared with the
conventional RTM.

INTRODUCTION
VSP surveys employ surface sources and three-component (3C)
borehole receivers and record high quality multi-component
wavefields. They are used to obtain rock properties (for example, velocity, attenuation, impedance and anisotropy) and seismic images in the immediate vicinity of the borehole (Stewart,
1984, 2001; Blias, 2012; Campbell et al., 2013). A shortened
wave path compared to that of the surface seismic gives rise to
a higher-resolution seismic recording. The borehole receiver
arrangement allows a more straightforward and reliable down/up-going and P-/S- wavefield decomposition, which further
contributes to a less-disturbed P- or S-wave seismic volume
and serves as both a borehole calibration and a supplementary to the surface seismic image. In the areas with deep and
highly complex structures, e.g., near salt bodies or fractured
basement, VSP surveys have been successfully implemented
and proven their values in conjunction with logging and surface seismic surveys (O’Brien, 2005; Hornby et al., 2006; Li
et al., 2019; Takougang et al., 2019).
RTM has been increasingly used for VSP surveys and demonstrates the capability to deliver high-fidelity images while utilizing all seismic wavefield types and not imposing limitations
on velocity variations and reflector dip (Whitmore and Lines,
1986; Hokstad et al., 1998; Xiao and Leaney, 2010; Zhou et al.,
2018; Li et al., 2019). Migration of the multi-component seismic data using elastic propagators are computationally expensive, and the migration profile may be contaminated by migration artifacts due to the unphysical mode conversion during
back-propagation. Elastic migration using acoustic propagators are more efficient and free of unphysical mode conversion
artifacts (Li et al., 2018). However, accurate wavefield separation at receivers are required to get P- and S-wavefields from

the multi-component seismic data. We examine a field case
and demonstrate the value of a careful wavefield separation in
the final image quality.
As RTM is very sensitive to velocity errors, a direct implementation of RTM to field data may result in defocused migration
image due to the uncertainty in the velocity model. Moreover,
Blias (2015) pointed that VSP has a more strict requirement for
the migration velocity model than the surface seismic in order
to achieve a satisfied result. Yang et al. (2019) proposed a random space shift RTM (RSS-RTM) to provide a more focused
image than conventional RTM when the migration velocity
model is flawed. After verified it from a numerical test, we
applied both RSS-RTM and RTM to the field data and showed
that RSS-RTM works better in the study area where complex
structures and velocity uncertainties are present. Yang et al.
(2020) have given detailed discussions on the imaging perspective. In this paper, we provide more insights for image
improvements by a dedicated pre-processing, with an emphasis on the proper wavefield separation. Finally, we present an
enhanced 2D VSP image of the fractured basement to provide
more details for geologic interpretation and drilling decisions.
DATA PREPARATION
Data acquisition

Figure 1: The acquisition geometry and its 2D projection.
The study area is located in a depression where highly-productive
reservoirs were found around and beneath fractured basement.
In 2017, a walkaway VSP was acquired using a combination of
dynamite and Vibroseis sources at a total of 267 shot locations.
The shot interval is 25 m on average. The borehole penetrates
the basement top. Three-component geophone recorded 6 s
data at a total of 126 levels from 500 to 3000 m measure depth
in good quality. The surface offset reaches 3 and 4 km on either side of the well. During acquisition, the walkaway line has
some minor deviations and discontinuities in the areas with local infrastructures while the borehole is slightly deviated at the
bottom, as displayed in Figure 1. Since the acquisition sys-
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Field data preprocessing

tem largely remains as a 2D system, we simplified the issue by
projecting both shot and receiver arrays onto a 2D plane.

We pre-processed the the offset VSP (OVSP) data following
the flow in Figure 4. After the initial data preparation, including loading, auto-correlation (for Vibroseis data), trace editing
and stacking, and the geometry setup, the P-wave first arrivals
were picked at Z component mostly and transferred to other
channels for later hodogram analysis and wavefield alignment.
It is noted that, for far-offset shots (surface offset greater than
1500 m), the direct P-waves can be seen more clearly and consistently in the radial channel.

Figure 2: (a) A generalized numerical model featuring a dipping basement and (b) the smoothed model for numerical tests.

Figure 4: OVSP data preprocessing flow.
Figure 3: The comparison between field and simulated shot
gathers in Z and X channels.
Forward modeling
We modeled the elastic wavefield using a generalized 2D geologic model (Figure 2a) interpreted from the surface seismic
image and borehole velocity surveys. The downhole receiver
locations are marked in red. The source is a 10 Hz Ricker
wavelet. A simulated zero-offset shot is shown in Figure 3,
in comparison with the field shot gathers. Although the simplified model only projects the general geologic features, we
found a comparable match of the major events between the
field data and simulations in Z component. The X component
of the field data appears quite noisy. Still, we noticed a good
correspondence of the basement reflections. The red arrows
mark the converted S-wave at the top of high-impedance basement. In Z component, the amplitude of converted S-wave
event appears as strong as the P-wave reflection in both field
and simulated data even though it’s a near-offset shot. It is
likely related to the reflector dip and strong P-to-S conversion
at the basement top.

Figure 5: An example of the three component raw shot gather,
with a surface offset around 1100 m. Strong P- and converted
S-wave reflections are seen at the top of basement in both Z
and X components and indicated by yellow and white arrows,
respectively. DEPREV: depth of receiver, in meter.
Figure 5 shows an example shot, with a surface offset of around
1100 m. After the initial conditioning, strong reflections are
seen at the depth around 2750 m, along with the distinguished
change in the slope of the direct P-wave event, which marks the
basement top. According to the moveout differences and the
numerical simulation information, the two evident reflections
are likely to be reflected P-wave (blue arrow) and converted Swave (red arrow). We noticed that, in this displayed shot, the
reflected P-wave are slightly more evident in raw X component than that in Z component. While in raw Z component, the
strongest reflecting event is the converted S-wave, instead of
P-wave. Such observation repeated in a considerable amount
of middle-offset shots. It reminds us the importance of a basic

After checking the middle and far-offset shots, we confirmed
that the reflections from the modeled dipping structures remain
in the up-going field. As strong mode-conversions due to the
significant impedance increment around basement top are observed in both field and simulated cases, careful wavefield separations are needed in order to have proper image of the subsurface.
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understanding of the wavefields before processing.

we applied a F-K filter and to enhance the up-going wavefields
and a deconvolution to improve the resolution and to suppress
multiples.
RSS-RTM
Imaging condition
Yang et al. (2019) formulated the imaging condition for RSSRTM as:
!
mmig (x) = dxs dxr dtS (x − ht , xs ,t) R (x + ht , xr ,t) (1)

(a) after horizontal and vertical rotations

where S and denotes the source-side wavefield excited from the
source location xs while R represents the receiver-side wavefield propagated from the receiver location xr . ht is the random
spatial shift at each time step. When ht = 0, the above equation
is equivalent to the conventional RTM.
A numerical test
(b) after TVO and F-K filtering

(c) after a 13-point median filtering

Figure 6: Enhancements including (a) hodogram rotations, (b)
13-point median filtering, (c) TV rotations and F-K filtering.
The 3C geophone records signals in three orthogonal directions that are not necessarily along the particle motion directions of different wave-modes. We redistributed the primary
P- and S-wave energy using the two-step (horizontal and vertical) hodogram rotations and the time-variant rotation (TV-R).
As displayed in Figure 6a, after the first (horizontal) rotation
between X and Y components, the down-going P-wave energy
was maximized in Hmax channel and minimized in Hmin channel. The second (vertical) rotation, between Hmax and Z channels, further redistributed the maximum down-going P-wave
energy into a ‘Direct’ channel and the residuals into a ‘Radial’
channel. In the displayed shot, most down-going P-wave and
up-going S-wave are redistributed to ‘Direct’ channel after the
vertical rotation. The ‘Radial’ channel contains more up-going
P-wave energy. A 13-point median filter was then applied to
separate the down-going P-waves as shown in Figure 6b. As
discussed in the numerical modeling section, the reflections in
this study largely remain in the up-going field. Thus, we separated and enhanced P- and S-wave reflections from the upgoing wavefield. The ray-tracing based time-variant rotation
further redistributed the up-going P-wave into one channel and
the residuals into another (Figure 6c). The P- and S-wave reflections were gradually separated into two channels. Finally,

Figure 7: The image results of the numerical dataset: (a) RTM
and (b) RSS-RTM images of Z component; (c) RTM and (d)
RSS-RTM images of the scaler wavefield.
Before the field data implementation, we tested RSS-RTM in
the numerical model and compared with the conventional RTM.
As seen in Figure 2b, we smoothed the model with a 2D Gaussian function whose vertical and horizontal correlation lengths
are 400 m, and scaled by a factor of 0.95. A total of 79 sources
were excited on the surface at 50 m shot intervals, which spreads
similarly as the field data but sparser. The scalar wavefield was
imaged in comparison with Z component images.
The RTM results for both Z component and scalar wavefields
show obvious phase discontinuities in Figure 7a and 7c (see the
areas marked by red circles and arrows). After RSS-RTM, the
migration image appears more continuous, and the migration
smiles are effectively reduced (Figure 7b and 7d). Compared
with the images of Z component (Figure 7a and 7b), the scalar
field provided a clean P-wave input and contributed to less artifacts (blue arrows) and lower noise level in both RTM and
RSS-RTM images (Figure 7c and 7d).
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Figure 9: (a) Conventional RTM image and (b) RSS-RTM image from preprocessed data.

Figure 8: (a) A smoothed surface seismic velocity model and
(b) the RTM and (c) RSS-RTM images of raw Z component.

Field data application

Figure 10: (a) The VSP RSS-RTM image, bordered in red,
incorporated in a seismic PSDM image displayed in (b).

We next implemented RSS-RTM to the field data and compared to the conventional RTM result. To evaluate the value
of the preprocessing effort, both raw Z component and preprocessed P-wave were imaged. We used the surface seismic
velocity model to obtain the migrated images. The velocity
model is discretized into 393 x 1601 grids, with the grid interval of 25 m x 5 m. A zoomed-in portion around the target area
is displayed Figure 8a.

CONCLUSIONS
We have applied careful pre-processing and RSS-RTM to a
walkaway VSP survey acquired around a fractured-basement
reservoir in the northeast China and achieved promising results. It is verified that an proper wavefield separation utilizing 3C information lays a foundation to improve the image
quality. A more clear and complete P-wave field after separation gives rise to a better P-image with reduced noise level
and enriched details. For field applications where the accurate velocity models are unavailable, RSS-RTM demonstrates
the reliability in producing a more focused image with less artifacts compared with the conventional RTM. Set side by side
with the surface seismic PSDM image, the VSP RSS-RTM image provides higher resolution and more details in its illumination range, which encourages better characterization of the
fractured basement.

The the RTM and RSS-RTM images of raw Z component are
displayed in Figure 8b and 8c while the corresponding preprocessed images are shown in Figure 9a and 9b. A considerable amount of noise has been reduced and more complete and coherent structures have been revealed by careful
pre-processing in both RSS-RTM and RTM images. The downgoing wavefield and S-wave removal contribute to a lower noise
level in general. The redistributed P-wave energy from all
three component gives rise to a more detailed and completed
P-image (see areas indicated by blue arrows and red ellipses).
Similarly to the observations in the numerical test, the RSSRTM results (Figure 8c, 9b) are superior than that of the conventional RTM (Figure 8b, 9a) for both raw and pre-processed
data. The migration smiles (pointed out by red arrows) were
effectively attenuated and the three deep dipping reflectors are
more coherently revealed after applying RSS.
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Combing the effort of careful wavefield separation and the
strength of RSS-RTM, Figure 9b provides the best image quality and most reliable details among all. We incorporated it
with the PSDM surface seismic image and plotted in Figure 10.
The VSP image provides a higher-resolution and a pronounced
amount of details in its illumination range.
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