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Cross-well imaging by the CDP stacking and the

diffraction stacking with velocity analysis

Jun MATSUSHIMA*, Shuichi ROKUGAWA**
Toshiyuki YOKOTA*® and Teruki MIYAZAKI*?

ABSTRACT

This paper describes two types of data processing applied to primary reflections and diffractions ob-
served in a cross-well seismic survey. These are the CDP (Common Depth Point) stacking and the diffrac-
tion stacking with velocity analysis. The conventional processing of surface seismic reflection method is
modified and applied to cross-well reflection and diffraction data. One of the biggest advantages of these
methods is that data processing can be performed without information from velocity tomograms. So, imag-
ing can be achieved even in the lower part of a well beyond the coverage of cross-well travel time
tomography.

Firstly, the data processing methods are presented. Numerical simulation models are used for evalua-
tion of these data processing methods.Secondly,the effectiveness and robustness of these methods for noisy
or complicated data are shown.Thirdly, preliminary examples of the application of these methods to field
data in a geothermal area are presented. Adequate stacked records could not be obtained by application of
the CDP stacking and improved stacked records were produced by using the proposed diffraction stacking.
The reasons for this result are discussed.

An important characteristic of the proposed data processing methodology is insensitive to velocity field.
In this respect, it has potential application for rough imaging, as a first step before more precise imaging is
undertaken, especially in geothermal or other inhomogeneous areas.
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wells. Direct-arrival traveltime tomography is the
most popular method and it gives a velocity distri-
bution between wells. However, the observed

1. INTRODUCTION

Cross-well seismic methods have the poten-

tial to achieve a higher resolution imaging than
surface seismic methods for targets between

data in a cross-well geometry have enough infor-
mation to achieve higher resolution than that
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produced by direct-arrival traveltime tomogra-
phy. Some authors have demonstrated cross-well
reflector imaging as one technique which can
produce higher resolution subsurface imaging
(HARRIS et al., 1992, LAZARATOS ef al., 1993, SAM
etal., 1992, VAN SHAACK ef al., 1992). They have
produced depth-migrated images by combining
wavefield separation processing and migration
processing, using the velocity information ob-
tained from difect-arrival traveltime tomography.

In a volcanic or highly fractured area (gener-
ally in inhomogeneous media), cross-well records
with a signal to noise ratio high enough for the
use of seismic reflected or scattered wavefield are
rarely acquired, because of unsatisfactory obser-
vation system or the inhomogeneity. Generally,
for the use of seismic reflected or scattered
wavefield in a cross-well geometry, those
wavefield must be extracted from observed cross-
well seismic data. But it is not easy to detect and
extract reflections or diffractions clearly from ob-
served data only by using wavefield separation
techniques. Problems are caused by the source/
receiver geometrical arrangements,the contami-
nation of tubewaves, the inhomogeneity of the me-
dia and other factors. It is indispensable for this
method both to improve the signal to noise ratio
of data and to develop a robust data processing
methodology.

Velocity analysis (the main element of sur-
face seismic data processing) can be a useful tool
for detecting a pattern of reflected or scattered
wavefield. It may be regarded as a kind of match-
ing against characteristic patterns (e.g. the hyper-
bola pattern caused by reflection events in a CDP
ensemble). In this paper,velocity analysis is
modified and applied to a cross-well seismic geo-
metry and further for detecting a pattern caused
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by diffraction events. Stacked records can be ob-
tained based on results of velocity analysis. The
advantages of these methods are that data
processing can be performed without using the in-
formation from velocity tomograms and that im-
aging can be achieved even in the lower part of a
well beyond the coverage of cross-well travel
time tomography. The methods are also insensi-
tive to velocity field. The disadvantage of these
methods is that complicated structures cannot be
imaged precisely because of insensitivity to veloci-
ty field. They may be used to obtain rough imag-
ing as the first step, in order to take the next step
and perform more precise imaging, especially in
geothermal or other inhomogeneous areas.

2. DATA PROCESSING

2.1 VELOCITY ANALYSIS AND CDP
STACKING USING REFLECTIONS

This type of data processing was described
in detail in ROKUGAWA and MATSUSHIMA, 1995.
This section gives only an outline of the methodol-
ogy.

The following equation is the travel time equ-
ation of reflection for a cross-well geometry, as-
suming horizontal layering and straight raypaths;

t= /<2T(o) X’+X')2+ ( L )2
- v v
VA
T =—> 1

(ro)== 1)
where T(0) is one way normal travel time, V is
velocity and the other parameters are as shown in
Figure 1(a).

The typical procedure of this method is as fol-
lows;
step 1:Set a CDP location and the standard
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Fig. 1 Parameters for calculus of travel time in case of (a) the CDP stacking and (b) the diffraction stacking.
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depth (time=0) for the one way normal time
T(0).

step 2 : Assume a pair of values for V.and T (0) in
equation (1)

step 3 : Obtain the depth by the product of V and
T(0).

step 4 : Select pairs of source and receiver which
compose the common reflection point gather.
step 5 : Substitute Xs and Xr into equation (1)
and obtain the travel time of reflection for each
pair. Here, Xs and Xr are the positions of each
pair of source and receiver obtained from step 4.
step 6 : Add the amplitude corresponding to the
travel time obtained from step 5 and divide the ad-
ded amplitude by the stack number. This value
gives the concentration of the reflection energy.
step 7 : Repeat steps 2 to 6.

This procedure gives a velocity analysis
panel at the CDP location. This panel is a table of
numbers as a function of velocity versus one-way
normal time. Velocity-time pairs are selected
from this panel based on maximum coherency
peaks. A series of values along these velocity-
time pairs makes a CDP stacked trace.

2.2 VELOCITY ANALYSIS AND DIFFRAC-
TION STACKING USING DIFFRAC-
TIONS

Velocity analysis using diffractions is similar
to velocity analysis using reflections. Figure 2 il-
lustrates the comparison of stacked waves be-
tween common reflection point and common
diffraction point. In the case of velocity analysis
using reflections, only common reflected waves
are stacked at a point (Figure 2(a)). On the other
hand, in the case of velocity analysis using diffrac-
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Fig. 2 Comparison of stacked waves between (a)
common reflection point and (b) common
diffraction point.

tions, common diffracted waves are stacked at a
point (Figure 2(b)).

The following equation is the travel time equ-
ation of diffraction in a cross-well geometry, as-
suming straight raypaths;

ty=(J(VT(0)—S;)?+B?

+ Y (VT(0)—R)*+ (L—B)»*) |V
(2)

where i and j denotes the numbers of the source
and of receiver, respectively. T (0) is one way nor-
mal time, V is velocity and the other parameters
are as shown in Figure 1(b).

The typical procedure of this method is as fol-
lows;

step 1:Set a velocity analysis location and the
standard depth (time=0) for the one way normal
time T (0).

step 2 : Assume a pair of values for V and T (0) in
equation (2) and calculate the travel times for all
the pairs of i and j based on equation (2).

step 3 : Obtain the depth by the product of V and
T(0) and at this depth point add the amplitudes
corresponding to the travel time obtained from
step 2. This calculation can be performed by the
following equation;

N, N,
2 AR g, ty) 3)
=1j=1
where Ag, (4,7, %7 means the amplitude cor-
responding to the travel time #; and N; and N, are
the total number of source points and receiver
points, respectively.
This value gives the concentration of diffraction
energy.
step 4 : Repeat steps 1 to 3.
This procedure gives a velocity analysis panel at
the location. This panel is a table of numbers as a
function of velocity versus one-way normal time.
Velocity-time pairs are selected from this panel
based on maximum coherency peaks. A series of
values along these velocity-time pairs makes a
diffraction stacked trace.

3. NUMERICAL EXPERIMENTS

This section describes numerical simulation
examples used to demonstrate how the methods
work, especially for noisy or complicated data.
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Fig.3 Numerical simulation model and the
specifications of data acquisition. A CDP
ensemble with a common depth point at
the center of the interwell was produced
by using the convolution method.

3.1 CDP STACKING WITH VELOCITY
ANALYSIS
Figure 3 shows a numerical simulation

model and the specifications of data acquisition.
A CDP ensemble with a common depth point at
the center of the interwell was used for simplici-
ty. Reflections were generated for a cross-well ge-
ometry from the model shown in Figure 3, using
the convolution method. Figure 4(a) shows a
CDP ensemble. The data processing as described
in section 2.1 was performed for this data set.
Figure 5(a) shows the result of velocity analysis
for the data set shown in Figure 4(a). The con-
centration of the stacked reflections can be iden-
tified clearly.

Next, five Ricker wavelets which have the
same frequency and amplitude as those of the
reflection were added randomly to each trace of
the gather shown in Figure 4(a) (Figure 4(b)).
Finally, forty Ricker wavelets were added ran-
domly to each trace of the gather shown in
Figure 4(a) (Figure 4(c)). Here, it is assumed
that the situation is as after AGC and bandpass
filtering. Velocity analysis was performed for
each data set. The results are shown in Figure
5(b) and Figure 5(c), respectively. According to
the results of the velocity analysis, a CDP stacked
record was obtained for each data set (Figure
6(a)—(c)). Figure 6 shows the effectiveness and
robustness of the methods for noisy data.
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Fig. 4 A CDP ensemble (a) no random noise (b)
five random noises are added to each trace
(c) forty random noises are added to each
trace. Reflected wavefields and random
noise were generated by using the convolu-
tion method.

3.2 DIFFRACTION STACKING WITH

VELOCITY ANALYSIS

Figure 7 shows a numerical simulation
model and the specifications of data acquisition.
In order to represent scatterers, low velocity
points of 3200 m/s are set randomly in a diagonal
portion of the background model, which has a
uniform velocity 3600 m/s. Numerical simulation
data were generated for a cross-well geometry in
the model shown in Figure 7 using the finite
difference method. Three data sets having vari-
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Fig. 5 Results of velocity analysis for each data
set shown in Figure 4. The concentration
of the stacked reflections can be identified
clearly.

ous central frequencies (50 Hz, 100 Hz, 200 Hz
Ricker wavelet) were generated. Figure 8 shows
examples of common source gathers for each
type (after AGC and median filtering). Direct
waves were removed by application of median
filtering thirty common source gathers were
generated for each data set. Data processing as
described in section 2.2 was performed on each
data set after AGC and median filtering. The posi-
tions of velocity analysis are shown in Figure 7.
According to the results of the velocity analysis,
diffraction stacked records were obtained for
each data set (Figure 9). These results lead to
the following discussion.

If a shorter wavelength compared to the size
of inhomogeneity is used for imaging, high resolu-
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Fig. 6 Results of CDP stacked records for each
data set shown in Figure 4.
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Fig. 7 Numerical simulation model and the
specifications of the data acquisition. In
order to represent scatterers, low velocity
points of 3200 m/s are set randomly in a
diagonal portion of the background
model, which has a unifofm velocity 3600
m/s.

tion stacked records will be obtained but they are
noisy. Conversely, if a longer wavelength com-
pared to the inhomogeneity size is used for imag-
ing, low resolution stacked records will be ob-
tained but they are not noisy. The reason for this
is the existence of multi-scattering caused by in-
homogeneities. Accordingly, in performing data
processing in an inhomogeneous region, a suita-
ble wavelength for adequate imaging should be
selected.

4. APPLICATION TO FIELD DATA

The methods described in section 2 were ap-
plied to field data observed in a geothermal area.
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Fig.8 Examples of common source gather
(source depth is 360 m, after AGC and me-
dian filtering), central frequency of Rick-
er wavelet (a) 50 Hz, (b) 100 Hz, (c¢)
200 Hz. Numerical simulation data were
generated by using the finite difference
method.

A seismic tomography experiment was car-
ried out by NEDO (New Energy and Industrial
Technology Development Organization) in
Yutsubo, Oita Pref., Japan using two drillholes,
N2-YT-1 and N3-YT-2. Table1 shows the
specifications of the tomographic data acquisi-
tion. In this paper, only the vertical component of
the data was used for data processing. Figure 10

B50% B2 5

shows an example of unprocessed common
receiver gathers. In Figure 10, the direct P-wave
and direct S—wave indicated by the circle were
used for spectrum analysis. Figure 11 shows am-
plitude spectra for both the direct P-wave and
the direct S-wave. The frequency of the direct S—
wave is lower than that of the P-wave. The P-
wave was used for imaging, i.e., velocity analysis
was performed almost within the range of P-
wave velocity obtained from the P—wave travel-
time tomography.

4.1 CDP STACKING WITH VELOCITY
ANALYSIS

Figure 12(a) shows the flow chart for this
type of data processing. In this case, three ranges
of bandpass filtering (180-280 Hz, 80-180 Hz,
30-130 Hz) were applied. The data processing as
described in section 2.1 was performed only for
the upgoing wavefield. The velocity analysis was
performed from 55 m to 215 m at every 2 m inter-
val measuring the distance from the position of
N3-YT-2. The standard depth (time=0) for one
way normal time was 400 m. Figure 13 shows the
CDP stacked records for each frequency range.
The calculation CPU time for a sequence of data
processing for each frequency range, using the
CRAY C90 super computer, was about 3 hours.

4.2 DIFFRACTION STACKING WITH

VELOCITY ANALYSIS

Figure 12(b) shows the flow chart for this
type of data processing. The data processing as
described in section 2.2 was performed after band-
pass filtering and AGC. In this case, three ranges
of bandpass filtering (180-280 Hz, 80-180 Hz,
30-130 Hz) were applied. The positions of veloci-
ty analysis were from 7'm to 263 m at every 2 m
interval measuring the distance from N3-YT-2.
The standard depth (time=0) for the one way
normal time was 400 m. Figure 14 shows the
diffraction stacked records for each frequency
range. The calculation CPU time for a sequence
of data processing for each frequency range, us-
ing the CRAY C90, was about 30 hours.

4.3 ESTIMATION OF THE INFLUENCE
OF TRANSMITTED P-WAVES IN THE
CASE OF THE DIFFRACTION STACK-
ING

In this section, the influence of transmitted
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Fig. 9 Results of diffraction stacked record for three types of data set, central frequency of Ricker wavelet (a)

50 Hz, (b) 100 Hz, (c) 200 Hz.

Table 1 Specifications of data acquisition

SOURCE WELL
SOURCE: PRIMER AND AIRGUN
INTERVAL: 20m
SHOT DEPTH: 700-1660m
RECEIVER WELL
RECEIVER: DS-2 3-COMPONENT RECEIVER
INTERVAL: 20m
RECEPTION DEPTH: 660-1670m
RECORD
RECORD LENGTH: 1.5sec
SAMPLING PERIOD: 0.25msec
WELL
PRIMER SOURCE WELL: N2-YT-1
RECEIVER WELL: N3-YT-2
AIRGUN SOURCE WELL: N3-YT-2
RECEIVER WELL: N2-YT-1
DISTANCE BETWEEN WELLS: 271m

P-waves in the case of diffraction stacking is esti-
mated. As described in section 4.2, transmitted
P-waves were not removed in processing the
field data. So, it is necessary to estimate the
influence of transmitted P-waves.

4.3.1 MUTE OF TRANSMITTED P-WAVES

Firstly, as a simple method, fifty points were
muted from the first arrival picking. Figure 15
shows diffraction stacked records using the mut-
ed field data in the case of applying the 80-180
Hz bandpass filtering. There is very little differ-
ence between Figure 14(b) (before mute) and
Figure 15 (after mute).

4.3.2 RESTRICTION OF THE RANGE FOR
STACKED WAVES
As a second method, the range of stacked

direct P\-wave
N\ |

direct S-wave
e

i |
0.0 100.0 200.0
time (msec)

Fig. 10 An example of unprocessed field data.
Common receiver gather (receiver depth
is 1001.4m). The difect P-wave and
direct S-wave indicated by the circle
were used for spectrum analysis.

waves was restricted in the diffraction stacking.
Figure 16 shows the range of stacking. In Figure
16, considering one raypath from one source and
assuming a straight raypath, diffractions going
through the shadow zone were not stacked.
Figure 17 shows the results of the diffraction
stacking for various values of 6. Again, the field
data processed by application of bandpass filter-
ing (80-180 Hz) was used for imaging. Figure 17
indicates that diffraction stacked records do not
fade away with increasing 6.

In the same way, this type of data processing
was applied to numerical simulation data. Figure
18 shows a numerical simulation model and the
specifications of data acquisition, which were
similar to those of the field data acquisition. Nu-
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Fig. 12 Flow charts of the data processing for (a)
the CDP stacking and (b) the diffraction
stacking.

merical simulation data for both transmitted
waves and reflections was generated from the
model shown in Figure 18 using the convolution
method. Thirty common source gathers were
generated, and Figure 19 shows an example.
Velocity analysis with restriction of the stacked
waves was performed at the center of the inter-
well. Figure 20 shows results of the velocity anal-
ysis panel in the case of the difffaction stacking
for various values of 6. Figure 20 indicates that
the concentration of the transmitted wave does
not form a given wavelet (Ricker wavelet). Fur-
thermore, Figure 20 indicates that the concentra-
tion of transmitted waves fades away with increas-
ing 6. On the other hand, Figure 17 indicates that

diffraction stacked records do not fade away with
increasing 6. Therefore, it can be concluded that
diffraction stacked records as shown in Figure 14
are not greatly influenced by transmitted P-
waves.

5. DISCUSSION

The results of applying the two types of data
processing to the field data leads to the following
discussion.

By application of the CDP stacking, ade-
quate stacked records were not obtained. In con-
trast, the application of the diffraction stacking
produced improved stacked records. Some reflec-
tors were delineated. There may not be any
marked discontinuity which is intense enough to
be imaged. Certainly, geological information (NE-
DO, 1992) does not show any large scale frac-
tures or large scale faults in this area. In addition,
a result of the P-wave traveltime tomograPhy
(YOKOTA et al., 1995) suggests that geological
structure in this area consists of nearly horizontal
layering. There are two possible reasons for the
improved stacked records by the diffraction stack-
ing.

One is the roughness of reflectors. Figure 21
illustrates the influence of reflector roughness on
both reflection and diffraction. Of course, the
roughness should be compared to the wave-
length. If a reflector is rough, reflections are
weakened and diffractions are strengthened. In
this case, a reflector may be delineated more ap-
propriately by the diffraction stacking than the
CDP stacking.

The second explanation is that the diffraction
stacking has the potential also for imaging flat
reflectors. This hypothesis was tested using some
simple numerical experiments. Numerical simula-
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Fig. 15 Diffraction stacked records for the use of
the muted field data in the case of ap-

plying a bandpass filter (80-180 Hz).

tion model and data acquisition were the same as
shown in Figure 18. However, various central fre-
quencies of Ricker wavelet (10 Hz, 50 Hz, 100
Hz, 200 Hz, 400 Hz) were used for obtaining
both CDP stacked records and diffraction stacked
records. Numerical simulation data for reflections
was generated from the model shown in Figure
18 using the convolution method. Thirty common
source gathers were generated. Note that the
generated data does not have transmitted waves.
Both the CDP stacking and the diffraction stack-
ing with velocity analysis were performed for
each data set. Figure 22 shows both resulting
CDP stacked records and diffraction stacked
records at the center of the interwell. Figure 22 in-
dicates that the potential of the diffraction stack-
ing for imaging flat reflectors depends upon the
wavelength, while the CDP stacking is not so
wavelength dependent. The shorter wavelength
is used in the diffraction stacking, the smaller am-
plitude of the diffraction stacked record is ob-
tained. However, the stack number of the CDP
stacking is 30 at the most, while the stack number
of the diffraction stacking is invariably 900. Thus
S/N of the diffraction stacked record is higher
than that of the CDP stacked record. So, the
diffraction stacking is effective for obtaining im-

RECEIVER

SOURCE

Fig. 16 Diagram illustrating the range of restric-
tion in diffraction stacking. @ is the range
of the shadow zone. The diffractions
going through the shadow zone are not
stacked.

proved stacked records in the case of noisy data.
In this respect, more research needs to be done in
connection with the shape of reflectors and vari-
ous types of noise.

Figure 14 indicates that either frequency
range of diffraction stacked records is higher than
those of corresponding filtered data, because
diffraction stacked records were transformed into
one way normal time on the time axis. Note that
this does not mean that diffraction stacked
records transformed into one way normal time
have higher resolution than those into two way
normal time. This can be explained by Figure 23.
Equation (2), which represents the travel time
equation in the case of one way normal time, is
partially differentiated with respect to T(0).
Graphically, the partial differentiation coefficient
gives a curved surface, as shown in Figure 23(a).
Here, i and j are constant, S;=R;=200 m,
L=271.0 m and B=135.5 m. Figure 23(a) indi-
cates the relationship,

O _
aT(0)

except the part of a trough. This relationship
shows that the frequency of the diffraction stack-
ed record is two times as much as the frequency
of the data before the diffraction stacking. There
is a trough whose peak corresponds to the depth
200 m, the depth of the source and receiver. In
the part of a trough, the diffraction record is
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Fig. 18 Numerical simulation model and the Fig. 19 An example of numerical simulation dat{.:l.
specifications of the data acqusition. Common source gather (source depth is

0.0m). Reflections and transmitted
waves were generated by using the convo-
lution method.

concentration of the transmitted wave
(a) concentration of
the reflection
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Fig. 20 Resuits of velocity analysis in the case of diffraction stacking for various shadow angles 6, (a) 6=0.0
degree, (b) 6=41.5 degree, (c) §=85.2 degree.
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Fig. 21 Diagram illustrating the influence of
roughness of reflector on both phenome-
na of reflection and diffraction.

stretched. Successful imaging cannot be achieved
in this region. So it is necessary to eliminate wide
angle diffractions in the diffraction stacking.

On the other hand, the travel time equation
in the case of two way normal time is represented
as follows.

L= (V(VT(0)/2—S))*+B*
+/(VT(0)/2—R)*+ (L—-B)%) |V
4)

where i and j denotes the number of source and
receiver, respectively. T(0) is two way normal
time, V is velocity and the other parameters are
as shown in Figure 1. Equation (4) is partially
differentiated with respect to T (0). Graphically
the partial differentiation coefficient gives a
curved surface, as shown in Figure 23(b). Here, i
and j are constant, S;=R;=200m, L=271.0m
and B=135.5 m. Figure 23 (b) indicates the fol-
lowing relationship,

oy _
aT(0)

except the part of a trough. This indicates that
the frequency of the diffraction stacked record
corresponds to the frequency of the data before
the diffraction stacking. Again, there is the same
kind of trough whose peak corresponds to the
depth 200 m, the depth of the source and

BS0% H 25

receiver.

It follows from the above that the rate of
change of travel time for one way normal time is
two times as much as that of two way normal
time.

6. CONCLUDING REMARKS

In this paper, two types of data processing
are presented, together with numerical simula-
tion examples in order to evaluate these methods
for noisy or complicated data. Finally, a
preliminarily application of the methods to field
data observed in a geothermal area is described.
The proposed data processing methods, especial-
ly the diffraction stacking, has the potential for
rough imaging as a first step before more precise
imaging is performed, especially in geothermal or
other inhomogeneous areas.

Certainly, cross-well seismic methods have
the potential for higher resolution imaging than
surface seismic methods. However, especially in
the inhomogeneous area, the use of the high fre-
quency waves may cause problems in delineating
detailed geological structure of discontinuities
(fractures of faults). In this respect, further
research needs to be done to determine

1. the most suitable wavelength for ade-
quate imaging;

2. the relation between the roughness of
the reflector and the wavelength; and

3. how to select the most suitable traces in
the case of the diffraction stacking.
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