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Vector elastic deconvolution migration with dual wavefield decomposition

Benxin Chit, Kai Gao?!, and Lianjie Huang'

ABSTRACT deconvolution imaging condition based on dual wavefield de-

composition, including an explicit directional wavefield separf-

Elastic-wave imaging using multicomponent data can provide tion using the Hilbert transform and a P/S vector wavefiejd

more useful subsurface information than acoustic-wave imag-decomposition using the low-rank decomposition method. Us-
ing, but it is usually algorithmically challenging. We have de- ing three elastic models, we numerically determine that our npw
veloped a vector elastic deconvolution migration method for method produces notably higher resolution and more amplitufle-

high-resolution imaging of subsurface structures in isotropic balanced elastic images compared with a crosscorrelation-bgsed

and anisotropic elastic media. Our new method uses a vectolvector elastic reverse time migration method.

INTRODUCTION including an undesired 2 phase shift$un et al., 200} incorrect
amplitude Sun et al., 201)1 polarity reversalQu et al., 2012
Elastic-wave imaging is an effective approach for characterizing 2014), etc., which may prevent imaging algorithms from producing
complex subsurface structurézh@ng and McMechan, 1988an reliable elastic images. In addition, the S-wave computed using the
and Sava, 200&un et al., 201IWang and McMechan, 2016ao curl operator in 3D is a vector field, which requires appropriate sca-
and Huang, 200)9Different from acoustic imaging, which assumes |5rization before imagingS(n et al., 2006Du et al., 201% Duan
acoustic wavefield propagation, elastic imaging considers compresand Sava (2015jevelop a converted-wave imaging condition that
sional (P) and shear (S) waves in the imaging process; thus, it caryoids the polarity reversal issue by exploiting the geometric rela-
provide more information on subsurface structures and mediumtionships among the propagation directions of P and S wavefields.
property variations. Elastic imaging is usually a complicated pro- Their method does not require scalarization of the S-wave in the 3D
cedure. In physics, the converted waves, namely, PS- and SP-wavesase but requires prior estimation of normal vectors of subsurface
can significantly complicate imaging algorithms developed for reflectors, which may introduce inaccuracy in complex geologic
acoustic imaging. On computation, elastic-wave modeling gener-structures. In anisotropic media, Helmholtz divergence-curl-based
ally requires finer model discretization and solving more partial dif- scalarization is invalid and elastic-wave imaging usually requires
ferential equations than acoustic-wave modeling. Additional computationally expensive quasi-divergence-curl operations to ac-
computational cost also results from decomposition of the elasticcurately form elastic imageBé€llinger and Etgen, 199(an and
wavefield into different components to form elastic images. Sava, 2009
There are two major categories of elastic migration. The first cat- The second category of elastic migration is called vector elastic
egory decomposes a vector elastic wavefield into scalar P- and Smigration Zhang and McMechan, 201Wang and McMechan,
wave components using divergence and curl operafans €t al., 2015 Wang et al., 201,6Gao and Huang, 20)9These methods
2001, Aki and Richards, 2002 This scalarization strategy is a decompose the vector elastic wavefield into (or intrinsically mod-
straightforward extension of acoustic imaging to elastic imaging, eled as) vector P-wave and vector S-wave components to form elas-
producing elastic images using crosscorrelation of source-side scatic images. An important advantage of vector elastic reverse time
lar P/S wavefields and receiver-side scalar P/S wavefields. How-migration is its capability of naturally mitigating the polarity rever-
ever, such scalarization imaging suffers from several drawbackssal issue of converted waves and preserving the amplitudes of
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P/S-wave components, resulting in reliable elastic images. Mean-strategy. This dual wavefield decomposition includes two essential
while, vector elastic wavefield decomposition based on different components. The first decomposition is an explicit directional
techniques is usually computationally more expensive comparedwavefield separation using the Hilbert transfoBhdn and Alber-
with divergence-curl-based decompositicdhéng and Fomel, tin, 2019 that separates the total vector elastic wavefield into down-
2014 Zhu, 2017 Gao and Huang, 20)9adding another layer  going and upgoing wavefields. This explicit decomposition is
of computational complexity to vector elastic imaging, particularly different from the implicit directional wavefield separation used
in anisotropic elastic media. in crosscorrelation-based imaging conditioh& (et al., 2011

Some other imaging conditions, such as the energy-norm imag-Fei et al., 2015 The second decomposition is a vector P/S-wave-
ing condition Rocha et al., 20162017, can produce subsurface field decomposition based on the low-rank meth@iehg and Fo-
structural images free of the polarity reversal issue. However, themel, 2014 Gao and Huang, 20}9hat separates a vector elastic
energy-norm imaging condition produces a single-component im-wavefield into vector P/S components (or qP/qS components in
age containing P- and S-wave impedance variations instead of PPanisotropic media). This decomposition is different from the de-
SS and PS/SP images as conventional elastic imaging and thus magoupled elastic-wave equation approaXtag and Leaney, 2010
not be the optimal choice for reservoir characterizadrabelan- Wang and McMechan, 201 5hat is invalid in anisotropic media.
sky et al. (2017}§evelop a source-independent converted-wave de- Our VEDM is intrinsically different from the methodology that
convolution imaging condition, where the PS image is formed using uses the maximum-energy arrival time to achieve high resolution in
only receiver-side vector P/S wavefields. Because this imaging con-elastic mediaWang and McMechan, 20139nstead, the principle
dition intrinsically involves crosscorrelation of wavefields propa- of our VEDM is closer to that of acoustic deconvolution imaging
gating in the same direction, a high-pass filter (in their work, a (Guitton etal., 2007u et al., 201}, and the goal of this paper is to
Laplacian filter) is usually needed after imaging to suppress low- introduce deconvolution imaging into the framework of vector elas-
wavenumber artifacts. tic reverse time migration.

The image resolution of crosscorrelation-based acoustic or elastic On the computational cost, our VEDM method requires one more
imaging is limited by the frequency band of the data and local wavefield modeling compared with vector elastic migration with the
velocity structures, or equivalently, the dominant wavelength of crosscorrelation imaging conditioB#o and Huang, 20)9yet we
source and receiver wavefieldsuang and Schuster, 2014n ad- demonstrate in theNumerical exampléssection that this addi-
dition, without careful normalization, images generated using cross-tional computational cost is well compensated by the super resolu-
correlation imaging conditions generally cannot produce correcttion produced by our method. We refer to superresolution imaging
relative reflection coefficients of subsurface structures, which areas resolving reflectors beyond the image resolution limited by the
crucial for reliable image-based interpretation and anal@siat{ dominant wavelength.
topadhyay and McMechan, 200®ata-fitting-based least-squares ~ We organize the paper as follows: In tfEneory section, we
reverse time migration can improve the relative amplitude balancedescribe the VEDM method, particularly on dual wavefield decom-
at the expense of significantly increased computational cost and theposition. In the' Numerical exampléssection, we demonstrate the
requirement of a sophisticated optimization schédaggnd Schus- ~ super-resolution imaging capability of our VEDM method using

ter, 2013 Feng and Schuster, 2017 two isotropic elastic models and one anisotropic elastic model,
The deconvolution imaging condition was developed based on aall with complex structures. We summarize our findings in the
concept initially introduced b§laerbout (19710 improve the im- “Conclusions section.

age resolution and reflector amplitude balaMgdeficiano and Bi-

ondi, 2005 Guitton et al., 200;7Schleicher et al., 200®o00le et al.,

201Q Lu et al., 20152018a 2018h. The deconvolution imaging THEORY
condition is equivalent to seeking an optimal space-time Wiener

filter between the upgoing (reflection) and downgoing (incidenty ~We describe the formulation of our VEDM method in the 2D
complex wavefields. It is worth noting that the deconvolution im- CaSe. The extension of the method to the 3D case is straightforward.

aging condition is similar but not equivalent to the energy normali- 11 deconvolution imaging condition for acoustic media is given

zation in reverse time migration (i.e., illumination compensation Py (Guitton et al., 200y

using accumulated wavefield energghéttopadhyay and McMe- X X USc D 8¢ b

chan, 2008 Acoustic imaging studies showed that the deconvolu- | &P Y4 ! ! : (1)

tion imaging condition can produce images with higher resolution Xs D&; W &; Pp

and better reflector amplitude balance than the crosscorrelation im-

aging condition. A notable application of the deconvolution imag- wherex % &; zbis the spatial location, is the angular frequency,

ing condition is found in the context of full-wavefield migratituw ( U&; bis the upgoing receiver wavefield in the space-frequency

etal., 201520183, i.e., imaging with primary reflection and multi- (xS ) domain,D&; bis the downgoing source wavefield in

ples simultaneously, where the deconvolution imaging condition re-the xS domain,“ " represents the complex conjugate, and

sults in fewer primary-multiple crosstalk artifacts. In this work, we is a small number that is spatially varying or constant to avoid sin-

use only primary reflections to form elastic images. gularity in division. Previous studies on acoustic imaging indicate
We develop a new vector elastic deconvolution migration that applying a spatial smoothing to the fa@dk; H &; bcan

(VEDM) method with dual wavefield decomposition for superreso- also improve the stability of the divisioGgitton et al., 200}

lution imaging of subsurface structures in isotropic and anisotropic Some works (e.gValenciano and Biondi, 2005how that using

elastic media. Our VEDM relies on a vector elastic deconvolution a spatially varying stabilization factoks &; Pmay benefit de-

imaging condition achieved with a dual wavefield composition convolution imaging.
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Vector elastic deconvolution migration

We develop our VEDM to form elastic images using vector
P/S wavefields. By extending the acoustic deconvolution
imaging condition in equatiod, we produce elastic reflectivity
images using the following vector elastic deconvolution imaging
condition:

| apyl X U8 PDE P
‘. D& PD& Pp
X X U,& D ,& bPbU . & I & b

Yo

D & M 3 PpD . M 8 Pp '
(2)

whereD&; b Y42 0,;D,pandU&; b % 8,;U,Ppare the down-
going source and upgoing receiver wavefields ictBe domain,
respectively, and and can bep or s, representing the P- or S-
wave component. Therefore, equatidncan form PP, PS, SP,
and SS images. We choose a spatially constarior each
frequency and each source locatiors, i.e., Y4 & P ¥
1053 maxj D&; D &; bjg

The wavefieldD or U indicates a dual wavefield decomposi-
tion. The first decomposition is a directional wavefield decompo-

Xs

S273

Similarly, we obtain the upgoing vector elastic wavefield using
1 <
udx; tb 1/5%/6(; thS H, H,w; th;

1 -
1/45%/&; thS H %, &; th
1 . X
V4§1)(b/6<;tbs H,%2 g&;x,p HY¥b ; (6)

r

wherewd; this the reverse time propagating receiver wavefield and
wy&; this the reverse time propagating wavefield generated using
Hilbert-transformed seismic data in time. In additigp,is the
receiver locationr&pis the recorded seismic data, agd;x,P

is Greens function for receiver at,.

The dual wavefield decomposition requires two wavefield sim-
ulations for forward modeling and reverse time propagation: one
with the original source wavels#tbor datar &band the other with
Hilbert-transformed source wavetefiédb or dataH Y b. There-
fore, the computational cost of VEDM is twice of crosscorrelation-
based vector elastic reverse time migration (VERTM) that requires
two wavefield modelings ¢ 3times of the implicit wavefield sep-
aration-based VERTM that requires three wavefield modelings (see

sition to separate the total vector elastic wavefield into upgoing andGao and Huang, 20}9Nevertheless, the increased computational
downgoing components. The second decomposition is a P/S decost of VEDM is well justified by the superresolution imaging
composition to further separate the directional components into veccapability of VEDM as demonstrated in the following numerical

tor P- and S-wave components. For instarigg,represents the

downgoing (directional decomposition) P-wave (P/S decomposi-

tion) component of the total vector wavefield in 8 domain,

examples. We refer to superresolution imaging as resolving reflec-
tors beyond the image resolution limited by the seismic wavelength.
We then obtain the downgoing and upgoing vector elastic wave-

and U, denotes the upgoing (directional decomposition) S-wave fields in thex S domain using $irgue et al., 2008

(P/S decomposition) component of the total vector wavefield in the

xS domain.
The key problem is how to properly perform this dual wavefield
decomposition. In VEDM, we first form the downgoing source

wavefield and upgoing receiver wavefield using the Hilbert trans-

form. Following the approach &hen and Albertin (2015pr the
acoustic case, for forward modeling, we perform two wavefield
simulations with the original source waveétb and a Hilbert-
transformed waveldtl 243 b:

WK th ¥ 3rsdh ©)

W, 8¢ th Vs 8xHH 143 b; @)

whereW denotes the elastic-wave propagation operator and forms

the downgoing vector elastic wavefield using

dé; tb 1/4%1)@6(; tb p H, Hvax; tb;

1/4%1)@&;tb b H,%,3; tb

1/4%1)@(§><;tbez%g6<;xsb H.&ab ; (5)

wheregdx; XsPis Greens function associated with the sourcexat
and“ ” denotes convolution.

Z
T =
D&; P¥: datrS tdt @)
0
Z T
U, PY  ud;theS Udt; (8)

0

with angular frequency %2 f, wheref is the frequency. The
computation ofb&; Por Ud; Pbfrom time-domain modeling
wavefield ddx; tb or udx;tbis a cumulative point-wise operation
along with time-domain forward modeling; therefore, it can be trivi-
ally parallelized, resulting in only limited additional computational
cost increase on top of the computational cost associated with time-
domain elastic-wave modeling.

We finally perform the P/S vector decomposition after wavefield
propagation using the low-rank decompositiGhéng and Fomel,
20149 of the x- and z-components and of the real and imaginary
parts of these componentsgo and Huang, 20}9

D &; bvil W&, b %L RfD&; bg
b iL %fD&; bg; ©)

Ud; b¥L W b YL RfUX bg

b iL ®fUX; Pg; (10)
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Figure 1. Flowchart of the explicit dual wavefield decomposition in
our VEDM. Each space-time-domain wavefield is a vector wave-

Chi et al.

whereL denotes the low-rank vector decomposition operation act-
ing on the multicomponent elastic wavefield to extract the veetor
componentGao and Huang (201%emonstrate the effectiveness
and computational efficiency advantage of the low-rank decompo-
sition operated in th& S domain.

We useD &; PpandU &; Pand the deconvolution imaging
condition in equatior? to form elastic images &Pafter taking
the real part. We summarize the procedure of dual wavefield decom-
position in Figurel, which transforms the total vector elastic wave-
field in thex S t domain to the decomposed vector P- and S-wave
componentsintheS domain. The source and the receiver wave-
field decompositions follow the same procedure.

Our VEDM is also valid for structural imaging in anisotropic
elastic media. However, in anisotropic media, equat®rand
10 are generally more computationally expensive to compute com-
pared with those in the isotropic case for models with the same di-
mension because a rank larger than one is generally required to
perform a decent gP/qS decompositi@héng and Fomel, 2014
Gao and Huang, 20} @epending on the complexity of the aniso-
tropic model.

NUMERICAL EXAMPLES

We verify the efficacy and accuracy of our VEDM in two iso-
tropic elastic models and one anisotropic elastic model.

Layered model

We first verify the superresolution imaging capability of our
VEDM using a relatively simple layered model. We build this
model by modifying a selected region of the Marmousi-l1l model
(Martin et al., 2008 Figure2adisplays the P-wave velocity model.
We build an S-wave velocity model using a spatially varyipgVg
ratio shown in Figur@b, and we use a constant density model for
simplicity. This layered model has a dimension of 2.5 km in the
vertical direction and 3 km in the horizontal direction. We discretize
the model using 251 grid points in the depth direction and 301 grid

field containing two components (three components in the 3D case)Points in the horizontal direction, with a 10 m grid size in both di-
Each space-frequency-domain wavefield is a vector complex waveections. For migration, we smooth the P- and S-wave velocity mod-
field consisting of two components (three components in the 3D g|s ysing a Gaussian spatial filter with standard deviations

case), and each component contains a real and an imaginary part.
We obtain the upgoing receiver vector P/S wavefields using a sim-

ilar procedure.

« Y4 ,¥a1, with a unit of grid point. The model contains quasi-
horizontal reflectors and mildly curved reflectors. For reference, we

a) Horizontal position (km) b) Horizontal position (km) ¢) Horizontal position (km)
0 1 2 3
3000 0 7.
Q)
_ 2750 € _ _
2 g
£ g & 5 <
< 2500 < 175 o £
. = [o% E o3
[0 [ [0 i O
a z 0 =~ Q
2250 2 2
o
2000 18

Figure 2. (a) A layered model modified from a selected region of the Marmousi-ll model, (b) spatially Varyiagatio used to create the
Vs model, and (c) PP reflectivity model for the P-wave velocity model in (a).
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compute the true PP reflectivity model in Fig@reusing the theo- that although CC-VERTM mitigates the polarity reversal issue and
retical PP reflection coefficient equatidgkk{ and Richards, 2002 produces a clear image, the vertical resolution of reflectors is limited
We evenly place 50 point explosive sources and 150 multi- by the local wavelength at the reflectors. In contrast, our VEDM
component receivers at the surface of the model. The source andmproves the vertical image resolution, resulting in a superresolu-
receiver intervals are 60 and 20 m, respectively. The sources havéion image showing almost all reflectors.
a Ricker wavelet signature with a center frequency of 15 Hz. We VEDM is equivalent to seeking an optimal space-time Wiener
generate a total of 4 s of synthetic data with a sample interval offilter between the downgoing source and upgoing receiver vector
t %1 ms, and we mute direct arrivals for migration. We use a elastic wavefields. However, because of the band-limited nature
high-order standard staggered-grid finite-difference schemeof seismic data, there exist some reverberation artifacts in the result-
(Virieux, 1986, along with unsplit complex frequency-shifted ing PP and PS images as shown in Figdceand 3d. Although
perfectly matched layer&lfang and Shen, 201@or numerical these artifacts have a relatively smaller amplitude compared with
modeling. We use perfectly matched layers along all boundariesthe target reflectors, they may cause incorrect interpretation
of the model; therefore, the synthetic data contain no free-surfacan practice. The image quality can be further improved using
multiples. image denoising methods, such as total-variation (TV) denoising
We perform migrations using the crosscorrelation imaging con- (Goldstein and Osher, 200%r inverse Hessian processing
dition-based VERTM (CC-VERTM) Gao and Huang, 20}9 (Kaur et al., 202 Using least-squares reverse time migration
and our VEDM. For CC-VERTM and VEDM, we use a frequency can also possibly attenuate these artifacts, but it requires a signifi-
range from 2 to 37.5 Hz to form migration images, with a frequency cantly higher computational cost than reverse time migration. In
interval of 0.3 Hz. Figur8aand3c shows the PP images produced Figure3eand3f, we show the processed VEDM PP and PS images
using CC-VERTM and VEDM, respectively. The CC-VERTM PP using an efficient TV denoising metho&dldstein and Osher,
image gives the correct position of reflectors, yet the vertical res-2009, where these inter-reflector ringing artifacts are mostly sup-
olution of the reflectors is limited by the local wavelength. pressed.
In particular, at approximately 1.2 km in depth and 2.3 km  Figure 4 compares vertical profiles of the CC-VERTM and
in the horizontal direction, two close reflectors smear together VEDM PP images along the red dashed line in Figdme3c,
on the CC-VERTM PP image. By contrast, these two reflectors and3e We use blue curves to represent the theoretical reflectivity
are clearly separated and well resolved in the VEDM PP image,and red curves to represent the CC-VERTM PP reflectivity (Fig-
which are consistent with the true reflectors as shown in Fpure  ure4a), the VEDM PP reflectivity (Figuréb), or the TV-processed
Figure 3b and 3d displays the PS images produced using CC- VEDM PP reflectivity (Figuredc). Although CC-VERTM gives
VERTM and VEDM, respectively, with resolution characteristics correct reflector positions, the sidelobe images of the reflectors
similar to those of the PP images in Fig@eeand3c. We observe are large in size and amplitude. By contrast, VEDM greatly reduces

a) Horizontal position (km) c) Horizontal position (km) e) Horizontal position (km)

Depth (km)

=
]
=
=
S
=%
[
o

Figure 3. (a) PP image produced using CC-VERTM, (b) PS image produced using CC-VERTM, (c) PP image produced using our VEDM, an
(d) PS image produced using our VEDM. (e and f) The processed VEDM PP and PS images, respectively, using a total-variation-based ima

denoising method.
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the sizes and amplitudes of the sidelobe images of all reflectors. Thean evident improvement over the CC-VERTM PS image spectrum

VEDM PP image with TV denoising eliminates most background shown in Figuré&sb where the energy distribution reaches only ap-

image noises and the sidelobe images of the reflectors. Comparisoproximately 50% of the Nyquist wavenumber. Comparison of the

of these image profiles demonstrates that VEDM with TV denoising normalized average vertical wavenumber spectra of the PP and PS

can achieve a vertical image resolution comparable to that of theimages in FigureSe and5f further demonstrates significantly im-

reflectivity model in Figure2c. proved VEDM image resolution (the red curves) compared to that
Figure5 compares the resolution of PP/PS images generated byof CC-VERTM (the blue curves).

CC-VERTM and our VEDM using 2D wavenumber spectra and

normalized average vertical wavenumber spectra. Figaiand

5b shows the wavenumber amplitude spectra of CC-VERTM PP

SEG/EAGE overthrust model

and PS images, respectively. Figbeand 5d displays the wave-
number amplitude spectra of the VEDM PP and PS images, respec:
tively. In a wavenumber amplitude spectrum, a wider distribution
toward the Nyquist wavenumb@r& hpindicates higher spatial

resolution (i.e., closer to a delta function). The wider spectrum en-
ergy distributions indicate that our VEDM produces images with a
higher resolution compared to CC-VERTM. For instance, in the
VEDM PS image spectrum in Figubel, the vertical wavenumber

spectrum reaches approximately 80% of the Nyquist wavenumber

0.31
0.14
0.1
—0.3 1

Relative reflectivity &,

—0.51

—— Theoretical PP
—— CC-VERTM PP

05 1 15 2

Depth (km)

=2
~

Relative reflectivity

—0.5 1

—— Theoretical PP
— VEDM PP

0

05 1 15 2

Depth (km)

25

()
~

Relative reflectivity

—0.51

r

—— Theoretical PP
—— Processed VEDM PP

0

Figure 4. Comparison between the theoretical PP reflectivity of the
layered model in Figur@aand: (a) the CC-VERTM PP image in
Figure3a (b) the VEDM PP image shown in Figuse, and (c) the
TV-denoised VEDM PP image in FiguBe, respectively, along the

05 1 15 2

Depth (km)

red dashed vertical profile in FiguBa 3c, and3e

25

In the second example, we use a 2D slice of the SEG/EAGE over-
thrust model shown in Figur@ato verify our VEDM. We add a
homogeneous layer on top of the original model to facilitate our
imaging test. For simplicity, we udés % Vp 1.5and a constant
density model. Figuré&b shows the slightly smoothed P-wave
velocity model for migration. The challenge is to image the com-
plex overthrust structure in the left portion of the model and a high-
velocity layer with a velocity of approximately 5500 m/s at a depth
of 2.5 km. The high-velocity layer reduces the amount of elastic-
wave energy penetrating to the deeper layers, and it thus deteriorates
the image of the deep reflectors.

We resize the model to be 3 km in depth and 9.75 km in the hori-
zontal direction, and we discretize the model with 201 grid points
in the depth direction and 651 grid points in the horizontal direction.
The grid size is 15 m in both directions. We evenly place 65 vertical-
force point sources with a Ricker wavelet and 325 multicomponent
receivers at the top surface of the model. The source and receiver
intervals are 150 and 30 m, respectively. The center frequency
of the source wavelet is 15 Hz. As is in the first numerical example,
we use a high-order standard staggered-grid finite-difference
scheme for full-wavefield forward and reverse time modelings,
with perfectly matched layers at all four boundaries to absorb out-
going wavefields. We generate 4 s of synthetic multicomponent data
with a sample interval of t %21 ms. For the CC-VERTM and
VEDM methods, we choose a frequency band-@725 Hz to com-
pute thexS  wavefields, with a regular frequency interval
of 0.3 Hz.

Figure7 displays the PP, PS, SP, and SS images produced using
CC-VERTM. The reflectors below the depth of 2.5 km are barely
visible because the wavefield energy is mostly blocked by the high-
velocity layer. CC-VERTM resolves the overthrust structure and the
flat reflectors in the shallower region with a mediocre vertical res-
olution limited by the dominant wavelength. For instance, the two
reflectors at approximately 1.6 km in depth smear together because
they are very close to each other. The tiny channel structure at ap-
proximately 8 km in the horizontal direction and 2.2 km in depth is
barely visible in the CC-VERTM images, particularly in the PP, PS,
and SP images.

In contrast, our VEDM PP, PS, SP, and SS images in Figure
clearly resolve the shallow and deep reflectors. For instance, the two
reflectors at the depth of approximately 1.6 km are well separated in
all four VEDM images, one with a positive reflectivity and the other
with a negative reflectivity, which are consistent with the true re-
flectivities. In addition, VEDM clearly images the tiny channel
structure as shown in all four images, a notable improvement over
CC-VERTM. Furthermore, the amplitudes of reflectors in the
VEDM images are better balanced compared with the CC-VERTM
images, even in the deep region. Along with the results of the first
example, the images in FiguBedemonstrate that, using either an
explosive source (the P-wave dominant scenario) or a vertical force-
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vector source (the S-wave dominant scenario), our VEDM outper-Marmousi-Il S-wave velocity model to a value range of

forms crosscorrelation-based VERTM for high-resolution and am- 200Q 2700 m/s. We also build a density modetlisplayed in Fig-

plitude-balanced subsurface imaging. ure 10cby linearly scaling the original Marmousi-Il density model
In Figure 9, as in the first numerical example of the layered to a range 0§200Q 3000 kg/nT. We then create a Thomsen param-

model, we compare the wavenumber spectra of the PP and PS im-

ages produced using CC-VERTM and VEDM. The comparison re-

sembles that of the layered model. The overthrust model contains @) Horizontal position (km)

tilted layers and a complex overthrust structure; therefore, there ex- 12 3 4 5 6 7 8 9

ists distribution of wavenumber energy along the horizontal wave- 5500 o

number direction in addition to the distribution of the vertical £
wavenumber energy. The wavenumber spectra of the VEDM PP g %
and PS images have wider distributions along horizontal and ;’ 2
vertical wavenumber directions compared with those of the & °
CC-VERTM images. The same conclusion is also true for the e §
wavenumber spectra of the VEDM SP/SS images as expected by o
comparing Figure with Figure8.
Anisotropic Marmousi-1l model b) 0o 1 2 H%HZOTaI pgs"'%” (knyl) 8 9
0 6000
In the third example, we verify the anisotropic elastic imaging 5500 @
capability of our VEDM using a modified anisotropic Marmousi- N 5000 <
Il model. We extract a region with fault-overthrust structures from g 1 4500 2
the Marmousi-Il model to create a tilted transversely isotropic = S
. . ) LT £ 4000 2
(TTI) model with spatially varying symmetry axis inclinations. o) 5 ®
The model size is 2.5 km in the depth direction and 6 km in the ~ © 2222 g
o

horizontal direction, defined by a grid of 281601 in the depth and
horizontal directions. The grid size is 10 m in both directions. Fig- 3
ure 10adepicts the P-wave veloci¥p modified from the original
Marmousi-Il P-wave velocity model. We build an S-wave velocity
modelVg as shown in Figurd0b by linearly scaling the original

2500

Figure 6. (a) Modified 2D slice of the SEG/EAGE overthrust
model, and (b) its slightly smoothed version used for migration.
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Figure 5. (a) Wavenumber amplitude spectrum of the CC-VERTM PP image in Bigb¢ wavenumber amplitude spectrum of the CC-
VERTM PS image in Figur8b, (c) wavenumber amplitude spectrum of the VEDM PP image in FRpii@nd (d) wavenumber amplitude
spectrum of the VEDM PS image in Figusd. (e) compares the normalized average vertical wavenumber amplitude spectra of the CC-
VERTM (the blue curve) and VEDM (the red curve) PP images, whereas (f) compares the normalized average vertical wavenumber amplitu
spectra of the CC-VERTM (the blue curve) and VEDM (the red curve) PS images.
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eter model as depicted in Figut®dby inverse linearly scaling the
productVp x Vg%  to a value range df.1;0.3, and we build a
Thomsen parametemmodel in FigurelOeby inverse linearly scal-
ing V3 to a value range df.1;0.2. We also build a model of the
TTI symmetry axis inclination anglein Figure10f by estimating
the local dip angle from the reflectivity image of ¥Mg model in
Figure 10a

a) Horizontal position (km)
0 1 2 3 4 5 6 7 8 9

b) Horizontal position (km)
0 1 2 3 4 5 6 7 8 9

Depth (km)

c) Horizontal position (km)
0 1 2 3 4 5 6 7 8 9

Depth (km)

0 1 2 3 4 5 6 7 8 9

Depth (km)

For migration, we smooth the created anisotropic modgls (
Vs, , ,and ) using a mild Gaussian spatial filter with standard
deviations of , ¥4 , ¥ 2 with a unit of grid point. Figurélaand
11bdisplay the smoothed, and models, respectively. We use a
high-order fully staggered-grid finite-difference schenigtéa and
Vishnevskiy, 201 along with multiaxis perfectly matched layers
with optimal damping profile ratio$5@o and Huang, 201 &t four
boundaries of the model, to generate synthetic elastic reflection
data.

a) Horizontal position (km)
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b) Horizontal position (km)
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Figure 7. (a-d) The CC-VERTM PP, PS, SP, and SS images, respecFigure 8. (a-d) The VEDM PP, PS, SP, and SS images, respectively,
tively, obtained using synthetic surface reflection data for the SEG/obtained using synthetic surface reflection data for the SEG/EAGE

EAGE overthrust model in Figuiga

overthrust model in Figuréa
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We evenly place 150 point explosive sources and 300 multi- Figurel2aand12bshows the CC-VERTM PP and PS images,
component receivers at the surface of the model. The source andespectively. Though CC-VERTM images most structures, it produ-

receiver intervals are 40 and 20 m, respectively. The Ricker sourceces images of some reflectors with insufficient vertical resolution.

wavelet has a center frequency of 15 Hz. We generate 4 s of multi-For instance, many adjacent shallow reflectors in the left part of the
component data with a sample interval df¥420.75ms. For the

image smear together. In addition, reflectors in the deeper region
low-rank decompositions involved in CC-VERTM and VEDM,

of the images have a fairly poor vertical resolution and unbalanced
we use a rank number of 15 to ensure a clean qP/gS decompositioramplitude compared with the reflectors in the shallower region.

Figure 9. Comparison of wavenumber spectra of PP (a, ¢, and e) or PS (b, d, and f) images produced using CC-VERTM (a, b, and the bl
curves) and our VEDM (c, d, and the red curves) shown in Figueesd 8. The physical meanings of these plots are similar to those in
Figure5.

Figure 10. Anisotropic Marmousi-lIl model. (a-f) The teris Vs, , , , and models, respectively.
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By contrast, Figurel2c and 12d displays the VEDM PP
and PS images, respectively. The VEDM images have significantly
higher image resolution than the CC-VERTM images in the inside
and outside of the complex fault-overthrust structure in the central
region of the TTI model. In the shallower part of the VEDM PP and
PS images, the imaged reflectors resemble almost a delta function, a
resolution that may only be achieved using least-squares iterative
imaging methods. In the deeper part of the images, our VEDM pro-
vides a better-balanced image compared to the CC-VERTM image,
although with some minor artifacts.

TheVp andVgs models of the Marmousi-Il TTI model contain a
different structure at the horizontal position of approximately
3.8 km and the depth of approximately 0.6 km. The structure
is well imaged in the CC-VERTM and VEDM PP images,
and it does not appear in both PS images, as shown in the velocity
models. These imaging results demonstrate the advantage of
VERTM over such as migration based on the energy-norm
imaging condition that cannot distinguish between P- and S-wave
velocity-related variations. In addition, VEDM resolves this struc-
ture better than CC-VERTM, demonstrating the improved capabil-
ity of our VEDM in imaging fine structures in complex
anisotropic media.

Figurel3displays the 2D (Figur&3a-13d) and normalized (Fig-
ure 13e-13f) wavenumber spectra of the CC-VERTM and VEDM
images in Figurel2. The resolution improvement of our VEDM
suggested by these spectra is not as significant as those in the first
two numerical examples, yet we still observe that the VEDM im-
ages display a wider energy distribution in the wavenumber ampli-
tude spectra compared with the CC-VERTM images. For instance,
in Figure13d the vertical wavenumber spectrum has a wider dis-
tribution up to 70% of the Nyquist wavenumber, whereas that of the
CC-VERTM PS image shown in Figuleb only reaches approx-
imately 50% of the Nyquist wavenumber. The distribution of the
horizontal wavenumber energy in Figdi2dis also wider than that
in Figure13h indicating better resolved steeply dipping structures
in the VEDM PS image.

Although our VEDM produces high-resolution PP and PS im-
ages for this anisotropic elastic model, there exist some image ar-
tifacts, particularly in the central deep region of the images. These
artifacts are perhaps caused by the complex fault-overthrust struc-
ture on top of this region that generates complex scattering wave-
fields. Further image refinement based on least-squares data

matching may improve the image quality in such complex Figure 12. (a and b) CC-VERTM PP and PS images, respectively,
structures. and (c and d) VEDM PP and PS images, respectively, obtained using
synthetic data for the anisotropic Marmousi-ll model in Fiduire

Figure 11. Gaussian-smoothed {&) and (b)
models for migration. The other models, including
Vs, , and , are smoothed using the same Gaus-
sian spatial filter.
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Figure 13. Comparison of wavenumber spectra of PP (a, ¢, and e) or PS (b, d, and f) images produced using CC-VERTM (a, b, and the bl
curves) and our VEDM (c, d, and the red curves) shown in Fitir€he physical meanings of these plots are similar to those described in the
caption of Figures.
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