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ABSTRACT

Seismic imaging of hydrocarbon accumulations below salt
is a formidable challenge because complexly shaped salt
bodies severely distort wavefronts or scatter seismic energy.
We have highlighted some recent advances in building a ve-
locity model for subsalt imaging. There are three main stages:
suprasalt velocity determination, salt-model definition, and
subsalt velocity update. Volumetric high-resolution tomogra-
phy that incorporates high-velocity contrast boundaries is
used to derive a good sediment velocity model before build-
ing a salt model. To facilitate integration of interpretation and
depth processing, beam-based interactive imaging is used to
refine the salt geometry. For subsalt velocity update, either
subsalt tomography or subsalt scan-based techniques can be
used, depending on the quality of subsalt reflections. There
are concepts and techniques for attaining subsalt images suit-
able for hydrocarbon exploration beneath complexly shaped
salt bodies.

INTRODUCTION

Prestack depth migration has been used routinely for subsalt im-
ging in the Gulf of Mexico. To produce a good subsalt image, an ac-
urate velocity model is needed. Generation and refinement of a ve-
ocity model in a routine production project are often a complex pro-
ess �Singer, 2005�. The model typically has multiple embedded salt
odies of complex geometries. Building the velocity model often oc-
urs in three stages: suprasalt velocity estimation using grid tomog-
aphy, salt-geometry definition, and subsalt velocity model building.
ach stage often includes many internal iterations.
An accurate suprasalt sediment velocity model is critical to the

ubsequent definition of salt geometry. The standard method to de-
ive such a model is tomography based on residual moveouts in
restack depth-migration �PSDM� gathers �Stork, 1992; Wang et al.,
995; Zhou et al., 2001; Guillaume et al., 2003�. Field data examples
n the literature �e.g., Dirks et al., 2005� show that high-resolution,
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rid-based tomography using automatic, dense, and volumetric re-
idual-moveout picking is an effective method, especially for areas
n the Gulf of Mexico where sediment velocities are driven primarily
y compaction. More recently, hybrid grid tomography �Campbell
t al., 2006� was proposed to incorporate boundaries with high ve-
ocity contrasts �e.g., carbonate layers�. This methodology allows us
o better define velocity models for data with increasingly complex
eology.

In the recent special issue of THE LEADING EDGE focusing on sub-
alt exploration �November 2007�, the need for accurate interpreta-
ion of salt and salt-model building was emphasized �Sayers and
erron, 2007; Mosher et al., 2007�. Identification and definition of

alt geometry are critical and time-consuming steps necessary for
uccessful subsalt imaging. Reasnor �2007� pointed out that salt in-
erpretation can account for about 70% of a typical depth-imaging
roject.

The process of salt-model building and prestack depth migration
s iterative, and it requires integration of salt interpretation and depth
rocessing. Salt interpretation is not straightforward for a complex
alt geometry. It requires testing different scenarios, especially for
he base of salt �BOS�, where the quality of images often is poor. Be-
ause of the iterative nature of depth imaging and velocity model
uilding, it often is desirable to develop fast depth-migration algo-
ithms for velocity model building �Wang and Pann, 1996; Sun et al.,
000; Hua and McMechan, 2001, 2003; Sun and Schuster, 2003; Fei
nd McMechan, 2006�.

Beam-based migration �Hill, 1990; Gray, 2005� can be used for
omplex salt-model building because of its steep-dip imaging and
ultipathing capabilities and its speed, which is much faster than
ave-equation migration. Gao et al. �2006� attempted to integrate

alt interpretation and velocity model building with fast beam mi-
ration. They demonstrated that fast beam migration could serve as
n interactive imaging tool for subsalt velocity model building. Be-
ause subsalt velocity model building depends heavily on an accu-
ate definition of salt geometry, it is imperative for interpreters to
ave tools for testing different salt geometries. We show the use of
ast beam migration as an interactive imaging tool for refining BOS
nterpretation.

d 18 March 2008; published online 1 October 2008.
om; cmason@tgsnopec.com; xzeng@tgsnopec.com.
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VE174 Wang et al.
After defining the salt geometry, we face the challenging task of
pdating subsalt velocities. Subsalt reflections often are very weak
nd severely intermingled as a result of complexly shaped salt bod-
es. Recently, wavefield redatuming approaches �Schuster and Zhou,
006; Wang et al., 2006a; Liu et al., 2007; Lu et al., 2007� have been
roposed to ease the task of subsalt velocity model building. It is ad-
antageous to redatum the wavefield below complex salt bodies �or
hrough the salt bodies, if the BOS is not finalized yet�. Because the
avefield will be simplified greatly �Wang et al., 2006� by redatum-

ng, more efficient migration algorithms can be used for subsalt ve-
ocity analysis. In addition, the wavefield is closer to subsalt targets
o that a smaller migration aperture is sufficient, which reduces the
ost of migration.

Subsalt velocity update �Wang et al., 2004; Wang et al., 2006a�
an be categorized into two approaches: �1� data-driven subsalt to-
ography based on residual moveouts, and �2� interpretation-driven

ubsalt wave-equation migration �WEM� scans �Wang et al.,
006b�. When subsalt reflections are defined well and their reflec-
ion angle range is broad, subsalt tomography works just as well as

igure 1. Simplified processing flow for a typical subsalt imaging
roject. The first three steps of the flow might be iterated a few times
efore final migration.
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igure 2. Comparison of prestack depth migration images �a� before
nd �b� after sediment tomography. After tomography, the focusing
nd continuity of events are improved at the middle of the section.
uprasalt tomography. However, if subsalt reflections are not defined
ell or if the range of reflection angle is limited, we might have to

ely on a brute-force approach such as subsalt WEM scan.
Although subsalt WEM scan is effective, the cost of generating
igration scans is still comparatively high. To address the cost issue,

wo efficient alternatives for subsalt scan have been proposed: demi-
ration followed by poststack migration scan �Wang et al., 2005b�
nd focusing analysis based on a delayed-imaging-time �DIT� scan
Wang et al., 2005a; Wang et al., 2006�. In this paper, we will show
eld data examples of these alternative subsalt scanning techniques.

SUPRASALT TOMOGRAPHY

Figure 1 shows a simplified flow for subsalt imaging. For supras-
lt velocity modeling, we use 3D grid tomography �e.g., Epili et al.,
007� to estimate velocities above the salt. Figure 2 shows the
restack depth-migration images before and after our 3D grid-based
omography. Figure 3 shows the common-image-point �CIP� gath-
rs before and after 3D sediment tomography.After tomography, it is
lear that events are more continuous on the stack sections and gath-
rs are flattened better across the offset range. These results indicate
more accurate image, assuming an isotropic velocity field.
Although grid tomography is an efficient way to determine veloc-

ties in areas where velocity gradients are mild, it is not very effec-
ive when dealing with sharp velocity contrasts. A hybrid velocity-

odel representation that incorporates layer constraints in the model
s more effective when dealing with layers such as chalk or carbon-
te, which have high velocity contrasts �Campbell, 2006�. Figures 4
nd 5 show an example of hybrid tomography applied to data from
he Santos Basin offshore Brazil.

The velocity model shown in Figure 4a was derived by regular
rid tomography. Because of regularization in grid tomography, it
ailed to preserve the sharp velocity discontinuity caused by a car-
onate layer �indicated by a red curve in Figure 5a�. Figure 5a shows
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igure 3. Common-image-point gathers �a� before and �b� after sedi-
ent tomography. Events in the gathers are flatter after tomography,

ndicating a more accurate velocity model, assuming an isotropic ve-
ocity field.
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Subsalt imaging VE175
PSDM image using the model displayed in Figure 4a.Although the
eflectors are focused fairly well, the base of salt �the brightest re-
ector in the middle of the image� is distorted badly and mimics the

op of carbonate. We introduced a layer constraint into the model to
reserve the top of the carbonate layer, and we allowed grid tomog-
aphy to detect lateral velocity changes within the carbonate layer.

Avelocity model using hybrid tomography is shown in Figure 4b,
hich preserved the sharp velocity change across the top of the car-
onate layer and solved lateral variations within the layer. A salt lay-
r underneath the carbonate layer is not discernible because of the
mall velocity contrast between them. Figure 5b shows the PSDM
mage using the velocity model derived by hybrid tomography. Be-
ause of the preserved velocity contrast at the top of the carbonate
ayer, the base of the salt does not mimic the top of the carbonate lay-
r, which is consistent with the regional geology. In addition, the re-
ectors within the carbonate layer are enhanced further because lat-
ral velocity variations within the layer are resolved better.

SALT-MODEL BUILDING

Once the velocities above the salt are determined, it is relatively
traightforward to pick the top of the salt. However, it often is diffi-
ult to define the base of salt because of lack of reflections or interfer-
nce with noise, such as residual multiples.Although the base of salt
ight not be visible in an image, there are many cases in which sub-

alt reflections are discernible �for example, see Figure 6a�. In such
ases, one can test many scenarios for the base of salt and define the
alt geometry based on the continuity or geologic consistency of
ubsalt reflectors. Because the data must be migrated many times us-
ng different salt geometries, it is desirable to have a fast migration
ool which allows the testing of many scenarios. In this section, we
escribe an approach that combines demigration and fast beam mi-
ration.

Fast beam migration has been reported as a tool for fast migration
Gao et al., 2006; Fei and McMechan, 2006�. In addition, Fei et al.
2006� demonstrate that residual moveouts �RMOs� of fast beam mi-
ration can match those of Kirchhoff migration so that RMOs of fast
eam migration can be used for tomography. However, the quality of
ast beam migration depends greatly on the validity of dips deter-
ined by dip scan. It is particularly difficult to determine dips in the

rossline direction in prestack data because of sparse and irregular
ampling and poor signal-to-noise ratio �S/N� of subsalt reflections.
o enhance the quality of the dips that can be used for fast beam mi-
ration, we combined demigration and poststack fast beam migra-
ion, which allowed us to test many salt geometries. The use of demi-
ration followed by migrations for velocity modeling has been re-
orted by many authors �for example, Kim et al., 1996; Wang et al.,
005c; Mosher et al., 2007�.

Our procedure is as follows: First a PSDM image is demigrated
ith the same velocity model used for PSDM, placing the reflections

t their unmigrated locations. Demigration to a subsurface datum
for example, below a rugose top of salt� is advantageous because
ubsalt reflections will be closer to their correct migrated locations.
herefore, the amount of conflicting dips will be far less than those

n a demigrated wavefield to the surface. In addition, estimating the
ips of reflections in the demigrated data enables us to determine
ips reliably because the wavefield is specified in a regular and fine
rid. Figure 6 shows a PSDM image, the velocity model used for
SDM, and the demigrated wavefield to a datum surface at a depth of
200 m.

15000CDP
a)

De
pt
h
(k
m
)

b)

De
pt
h
(k
m
)

3.0

4.0

5.0

6.0

3.0

4.0

5.0

6.0

16000 17000 18000 19000
5 km

igure 4. Comparison of sediment velocity models derived by �a�
egular grid tomography and �b� hybrid tomography. Hybrid tomog-
aphy captures sharp velocity contrast boundaries better for the ve-
ocity model. In addition, it allows horizontal velocity variation in-
ide the carbonate layer. The vertical exaggeration used is about 10.

15000CDP
a)

De
pt
h
(k
m
)

b)

De
pt
h
(k
m
)

3.0

4.0

5.0

6.0

3.0

4.0

5.0

6.0

16000

Carbonate

BOS

17000 18000 19000
5 km

igure 5. Prestack depth-migration images using �a� regular grid to-
ography and �b� hybrid tomography. The undulation of the bottom

f salt �BOS� in �a� mimics the top of carbonate horizontal depth
ariation.After hybrid tomography, the subsalt image is focused bet-
er, and the BOS shows a more realistic geologic representation.
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VE176 Wang et al.
Next, the dips of reflections in the demigrated data are picked and
sed for fast beam migration to test salt geometries. Figure 7 shows
hree salt geometries: the initial salt model, one of the intermediate
alt models, and the final salt model. Figure 8 shows beam-migrated
mages corresponding to the models shown in Figure 7. Note that
ubsalt reflections in the red circle in Figure 8a display a major dis-
ontinuity because of a wrong salt geometry. More salt was added, as
hown in Figure 7b, but the discontinuity was not completely miti-
ated, as shown in Figure 8b.

After testing many geometries, we arrived finally at the model
hown in Figure 7c, with the corresponding image shown in Figure
c. Note that although the reflectors still are broken, possibly be-
ause of poor illumination caused by the steep salt flank, their depths
re continuous, in agreement with the local geology. The importance
f making this process interactive must be emphasized. The main
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igure 6. Example showing salt-model geometry refining. �a� The
restack WEM image and �b� the velocity model were used to pro-
uce �c� the poststack wave-equation-based demigration result,
hich was used as input to beam migration. The bottom of salt

BOS� indicated by the curved line in �a� was not well imaged or de-
ned. Demigration regularizes the data and facilitates the picking of
OS.
oal of this step is to define salt-body geometry. All subsequent sub-
alt work is dependent on it.

In areas where interpretation is difficult, a given salt model is test-
d, and subsequent modifications of that model are based on visual-
zation of its effect. It is critical to maintain continuity of the thought
rocess while testing geometry scenarios. This can be done only
ith interactive updating of the image. By combining demigration
f a PSDM image with a subsurface datum and fast beam migration,
e tested many scenarios in an interactive manner, shortening the

ime needed to define the salt geometry.
After the salt geometry was finalized, we ran a 3D wave-equation-

ased prestack depth migration using the final velocity model. Fig-
re 9 shows a comparison of the PSDM images using the initial and
nal models. With the improved salt model, reflectors below the salt
re enhanced further, and their continuity is improved. The reflectors
till are broken directly below the steep salt flank, possibly because
f lack of illumination.
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igure 7. When the bottom of salt �BOS� is not defined well in the
igrated image �Figure 6a�, different interpretations of the BOS are

ested using fast beam migration interactively. Three velocity mod-
ls used are shown here.
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Subsalt imaging VE177
SUBSALT VELOCITY UPDATE

After finalizing the geometry of salt bodies, we still face a chal-
enge in updating velocities below the salt. In this section, we de-
cribe two approaches for subsalt velocity update: data-driven sub-
alt tomography and interpretation-driven migration scan �Wang et
l., 2006b�. When there are well-focused reflections with a high S/N
nd a wide range of reflection angle, subsalt tomography often is ef-
ective. However, a scan-based method is more effective when the
/N of subsalt reflections is low, making it hard to determine RMOs,
r when the range of reflection angle is limited.

ubsalt tomography

Subsalt tomography is fundamentally the same as regular tomog-
aphy except that as with hybrid tomography, a constraint is intro-
uced so that velocities are not updated above the base of salt. Figure
0 shows an example of subsalt tomography. The top section dis-
lays a PSDM image before subsalt tomography, and the bottom
ection is a PSDM image after tomography. The images are overlaid
ith corresponding velocity models. Note that reflectors below the
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igure 8. Three migration images correspond to the three velocity
odels shown in Figure 7 obtained by fast beam migration. The in-

eractive nature of fast beam migration allows the bottom of salt to
e defined progressively and quickly.
alt were focused far better, and their continuity was improved. Ve-
ocities just below salt were reduced by 10% by subsalt tomography,
nd velocities farther below salt were increased as a result of carbon-
te layers in the surrounding area.
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igure 9. Prestack WEM images using �a� initial velocity model in
igure 7a and �b� final velocity model in Figure 7c. The subsalt im-
ge is improved greatly in �b�.
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igure 10. Prestack WEM images with velocity overlay �a� before
nd �b� after subsalt tomography. In the poor S/N subsalt area on the
eft, tomography was unable to improve the image significantly.
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VE178 Wang et al.
Figure 11 shows the comparison of CIP gathers before and after
ubsalt tomography. Before tomography, events in the image gathers
re undercorrected, indicating that velocities were too high.After to-
ography, events in CIP gathers are flatter and appear shallower be-

ause of the decrease in subsalt velocity.

EM-scan-based subsalt velocity update

When subsalt reflections are imaged poorly or the range of reflec-
ion angle is limited, tomography-based methods are not effective
or updating subsalt velocities. In such cases, we might have to rely
n a more direct approach such as WEM scan. Before employing
EM-scan-based velocity update, one must define correctly the salt

eometry, which has a stronger impact than subsalt sediment veloci-
ies because of severe velocity contrasts. Otherwise, subsalt velocity
pdate might try to compensate for errors in the salt model.

Both subsalt tomography and WEM scan are applied indepen-
ently for this area. In this example, WEM-based subsurface angle
athers are used for subsalt tomography. Because of a limited reflec-
ion angle range and the low-frequency content of wave-equation

igration images, the picked subsalt RMOs were not reliable. After
wo iterations of subsalt tomography, we obtained only marginal im-
rovement of the subsalt image. This necessitated a more expensive
EM-scan-based update, with its advantages of stack power and

bility to view the migrated images. Because of the questionable va-
idity of the RMO picks and subsequent results of subsalt tomogra-
hy, the tomography update was not used for the WEM-scan flow.
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igure 11. CIPgathers �a� before and �b� after subsalt tomography. In
reas of poor S/N, very little improvement is gained by tomography.
rrors introduced by tomography can hinder the ability to converge
n the correct velocity model.

To reduce the cost of generating prestack subsalt WEM scans, we
sed common-P �or delayed-shot� wave-equation migration instead
f common-shot migration. Because the goal of subsalt scan is to
apture image quality differences for different velocity models, we
ould reduce the computational cost by using a smaller number of Ps
or migration, particularly when subsalt reflectors have gentle dips.
he number of Ps can be reduced by limiting the range of Ps or by
aking the increment larger.
Once a set of WEM-scanned images is made for a range of veloci-

y percentages, a percent velocity can be picked based on the focused
mplitude and the geologic consistency of the reflectors. This step
equires knowledge of the regional geology. To make it easier to
ompare images of different velocity percentages, each scan image
s redepthed using the reference velocities.

Figure 12a shows the reference velocity model �100% velocity
odel� that was used for the subsalt WEM scan. Velocities were

caled in the range of 80% to 115% with an increment of 5%, yield-
ng a total of eight WEM volumes. Figure 13 shows three images af-
er redepthing, corresponding to 80%, 100%, and 115% of the refer-
nce velocity model. Picking can be done directly on these scanned
mages or on the scan gathers at each imaging point. The three scan
athers at three imaging points in the lower left side of Figure 12
how that lower velocities generated higher amplitudes. In the lower
ight side of Figure 12 are three semblancelike pictures �pseudosem-
lance panels� corresponding to the same imaging points to make
icking easier. In addition, updated interval velocities are displayed

a)

b)

igure 12. �a� Reference velocity model where velocity below salt is
caled by a percentage from 80% to 115% with a 5% increment; �b�
art of the subsalt picking tool which gives real-time feedback for in-
erval velocity update.
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Subsalt imaging VE179
nstantaneously in comparison with reference velocities to prevent
icking an event �such as a residual multiple event� that makes the
nterval velocity unrealistic. Picking in the scanned images is linked
ith picking in the scan gathers or pseudosemblance panels to facili-

ate checking the validity of the picks in terms of interval velocities.
Figure 14 shows the reference velocity model used for the WEM

can and the updated velocity model based on the WEM scan. Veloc-
ties just below the left side of the salt body were reduced by about
0% from reference velocities. Velocities below the right side of the
alt body were increased somewhat. The faster velocities in this area
an be attributed to influence from high-velocity carbonate rocks.
igure 15 shows the PSDM image migrated with the reference mod-
l and the image migrated with the updated model. By updating the
ubsalt velocity model using WEM scan, we enhanced the subsalt
mage greatly. Not only was continuity of the reflectors improved
ignificantly, but also the dip of the reflectors was lowered, which
ater was confirmed to be consistent with well data from the area.

lternative scanning techniques

Although the wave-equation-based subsalt scan technique is ef-
ective, the cost of generating multiple volumes of WEM images is
till high. To reduce cost, focusing analysis-based DIT scan, an effi-
ient alternative for subsalt scan, was proposed �Wang et al., 2005a;
ang et al., 2006�. In DIT scan, we downward continue the wave-
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igure 13. Examples of subsalt WEM scan corresponding to �a�
0%, �b� 100%, and �c� 115% of the reference velocity model in Fig-
re 12a.
eld and generate multiple images at each depth by using a nonzero-
ime �or time-shift� imaging condition �Sava and Fomel, 2006�. DIT
enotes delayed imaging time or a time shift for imaging.

6000CDP
a)

b)

De
pt
h
(k
m
)

4.0

6.0

8.0

1415
1574
1732
1890
2048
2204
2364
2523
2681
2839
2997
3155
3313
3471
3630
3700
3946
4104
4262
4420
4579

1415
1574
1732
1890
2048
2204
2364
2523
2681
2839
2997
3155
3313
3471
3630
3700
3946
4104
4262
4420
4579

De
pt
h
(k
m
)

4.0

6.0

8.0

6400

Before

After

6800 1 km

igure 14. Velocity models �a� before and �b� after subsalt WEM
can. The velocity above the base of salt is the same, but subsalt sedi-
ent velocity is quite different.
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VE180 Wang et al.
Because applying a time-shift imaging condition does not add
uch computation, we can generate very dense DIT scans with

lightly more than the cost of running a single prestack WEM. The
ost of generating a standard WEM scan is linearly proportional to
he number of scans to be generated. In a typical subsalt scan project,
e can generate 21 scans using a DIT scan technique at less than half

he cost of generating seven to nine WEM scans. Figure 16 shows
hree images corresponding to DIT equal to �300 ms, 0 ms, and
00 ms, respectively. Migration was carried out with the reference
elocity model shown in Figure 12. Note that reflectors below salt
ere focused better with a 300-ms time shift.
DIT scan gathers can be converted to pseudosemblance panels for

icking optimal DIT values that can be used to generate an optimally
ocused depth image. This procedure is very similar to that with

EM scan gathers. One difference is that we pick a DIT value in-
tead of a velocity percentage. Figure 17 shows a WEM image corre-
ponding to DIT � 0 ms and a composite WEM image using picked
ITs from the subsalt DIT scan. Note that subsalt reflectors are more

ontinuous in the composite image. Because it is almost impossible
o build a “perfect” velocity model for field data, DIT scan is an ex-
ellent tool to improve the final image without adding much compu-
ation.
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igure 16. Examples of subsalt DIT scan corresponding to DIT equal
o �a� �300 ms, �b� 0 ms, and �c� �300 ms, using the reference ve-
ocity model.
CONCLUSION

There are three critical steps in subsalt imaging: estimation of ve-
ocities above the salt, definition of salt geometry, and subsalt veloc-
ty update. Routinely, velocities above salt are determined by using
rid tomography. However, when there is a high-velocity layer, hy-
rid tomography works better by introducing a layer constraint to to-
ographic inversion.
Once the velocities above salt are determined accurately, inter-

reting the top of salt is relatively straightforward. However, inter-
reting the base of salt is often difficult and tedious because residual
ultiples obscure the base or it is missing in the image because of

ack of illumination. When subsalt reflections are discernible, how-
ver, one can combine demigration and fast beam migration to test
cenarios for the base of salt and determine the base by using reflec-
or continuity or geologic consistency. In addition, reverse time mi-
ration can be used to improve salt boundaries further when there are
urning or prism waves from steep or overturned salt flanks �Jones et
l., 2007�. We illustrated the use of demigration to a subsurface da-
um, which makes picking of dips much easier for fast beam migra-
ion to determine the base of salt. Obtaining a correct salt shape is
ritical to subsalt velocity update because the techniques for subsalt
elocity update can compensate for errors in salt geometry.

To update subsalt velocities, conventional tomography should
ork well with a slight modification such as freezing velocities

bove the base of salt or ray tracing performed from the base of salt
nstead of from the surface. Of course, there should be coherent sub-
alt reflections and a sufficient range of reflection angles for subsalt
omography. In areas of poor illumination, data-driven tomography
ometimes can fall off the trend and create problems converging to
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igure 17. Examples of subsalt wave-equation-based DIT scans. �a�
EM image corresponding to DIT � 0 and �b� composite image

sing picked DIT on subsalt DIT scans.
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Subsalt imaging VE181
he correct velocity model. When subsalt reflections are not defined
ell or the range of reflection angle is limited, one might have to rely
n a brute-force approach based on parameter scan. We illustrated
he use of subsalt WEM scan to update subsalt velocities to improve
he WEM image and the use of DIT scan to enhance the final image.

hen scan-based techniques fail to generate useable subsalt images,
ne might have to consider new data acquisition with wide azimuth
o ensure illumination of subsalt targets.
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