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On the relationship between stacking process and resolution of stacked section
in crosswell seismic survey '

Jun MATSUSHIMA*, Shuichi RoKuGAWA**, Toshiyuki YokoTA*?
Teruki MivazAkr*, Yoshibumi KaTo**

ABSTRACT

This paper describes both vertical and horizontal resolution resulting from stacking process (CDP stack-
ing and diffraction stacking) in cross-well seismic survey. Basically, the resolving power of seismic data
depends on the dominant frequency of the recorded wavelet and average velocity of media. It is proposed
that both vertical and horizontal resolving power is controlled by two main aspects: (1) NMO (Normal Move
Out) stretching, (2) source/receiver geometrical arrangements. In respect of the first point, basic equations
were derived in order to estimate the influence resulting from NMO (Normal Move Out) stretching. In
respect of the second point, formation process of resolution due to the arrangement of sources and receivers
was studied based on interference of equi-travel planes. From these points, suitable source/receiver
geometrical arrangements in homogeneous media are discussed. These studies are illustrated on numerical
simulation model, in which the zero phase Ricker wavelet is used and homogeneous and isotropic media is
assumed.
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Fig. 1 (a) Single-interface numerical model and the

specifications of data aquisition. The top layer
is 600 m thick with a velocity of V; m/s and
the velocity of bottom layer is ¥, m/s. The
separation of boreholes is 600 m. 30 sources
and receivers are spaced 20 m apart. A CDP
ensemble with a common depth point at the
center of the interwell was produced by finite
difference method. Central frequency of
Ricker wavelet is 10 Hz.
(b) Only reflections were extracted by subtrac-
ting calculated incident wavefields from
calculated total wavefields and aligned horizon-
tally in the case of V;=3000m/s and V,
=4000m/s. Zone of total reflection is in-
dicated by the arrow. The starting time point
for two way normal time corresponds to the
depth of 0 m.
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Fig. 2 Only reflections were extracted by subtracting
calculated incident wavefields from calculated
total wavefields and aligned horizontally in the
case of ¥;=3000 m/s and V;=2500 m/s. The
starting time for two way normal time cor-
responds to the depth of 0 m.
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Fig.3 (a) Threelayer numerical model and the

specifications of data aquisition. The top layer
is 600 m thick with a velocity of 3000 m/s and
the second layer is 180 m thick with a velocity
of 3500 m/s and the velocity of bottom layer is
4000 m/s. The separation of boreholes is 600
m. 30 sources and receivers are spaced 20 m
apart. A CDP ensemble with a common depth
point at the center of the interwell was produc-
ed by finite difference method. Central fre-
quency of Ricker wavelet is 10 Hz.
(b) Only reflections were extracted by subtrac-
ting - calculated incident wavefields from
calculated total wavefields and aligned horizon-
tally. The starting time point for two way nor-
mal time corresponds to the depth of 0 m. Ver-
tical resolution declines with increasing inci-
dent angle.
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Fig. 4 Parameters for calculus of travel time in the case of (a) CDP stacking and (b) diffraction stacking in crosswell

seismic survey.

Fig. 5 3-D plots of the partial differentiation coeficient |d¢;;/d7(0) | (a) in the case of one way normal time, (b) divid-

ed by 2.
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Fig. 6 Single-interface numerical model and the
specifications of data aquisition. Reflector is
placed at a depth of 600 m in a medium with
constant velocity of 3000 m/s. The separation
of boreholes is N m. 30 sources and receivers
are spaced 20 m apart. Central frequency of
Ricker wavelet is 10 Hz. A CDP ensemble
with a common depth point at the center of the
interwell was produced by using the convolu-
tion method.
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Fig. 7 Application of NMO correction to each data set
calculated for various values of N, (a) N=600,
(b) N=1200, (c) N=1800.
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Fig. 8 CDP stacked records at the center of the interwell for various values of N, (a) N=600, (b) N=1200, (c)
N=1800. Right figures show the amplitude spectra for each trace.
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Fig. 9 One point scatterer numerical model and the
specifications of data aquisition. One point scat-
terer is spaced at the center of interwell and
placed at a depth of D m in a medium with con-
stant velocity of Vm/s. The separation of
boreholes is Nm. The number of shot and
reception points is X5 and X respectively.
Sources and receivers are spaced ds and d7 m
apart respectively. Diffracted waves generated
by a scatterer were produced by using the con-
volution method.
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Fig. 10 Diffraction stacked records at constant well in-
terval (N=600), for various values of veloci-
ty, (a) V=3000, (b) V=2000, (c) V=1000.
Lateral resolution is improved with decreas-
ing velocity at fixed central frequency of
Ricker wavelet (100 Hz).
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Fig. 11 Diffraction stacked records at constant veloci-
ty (v=2000) of the model, for various values
of well interval, (a) N=600, (b) N=1200,
(c) N=1800. Lateral resolution declines with
increasing well interval.
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Fig. 12 (a) Diffraction stacked records for each type of spatial sampling.
(a-1) 3 sources and receivers are spaced 200 m apart. (b-1) 6 sources and receivers are spaced 100 m apart.
(c-1) 60 sources and receivers are spaced 10 m apart. (a-2) ~ (c-2) Equi:travel time planes corresponding to
the diffraction stacked records.

L @) dx ©
A e b |
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Fig. 14 Interference of two Ricker wavelets for

s

St

L, _ ] differernt time intervals dr. The response of
: \ R Ricker wavelet convolved with two spikes of
SCATTERER wikpow equ'al amplitude and equal polarity is a com-
posite wavelet that varies as a function of
Fig. 13 Three equi-travel time planes for one scat- spike separation. Central frequency of
terer. Rectangular window is moving from Ricker wavelet is 100 Hz. (a) dr=2.1 msec,
left to right of the scatterer. We pay attention (b) dx=3.9msec, (c) dxr=4.8msec, (d)

to the interference of Ricker wavelets within dx=17.4 msec.

rectangular window.
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Fig. 15 Interference of twenty Ricker wavelets for
various regular time intervals dx. Twenty
spikes of equal amplitude and equal polarity
set at a constant time interval are convolved
with Ricker wavelet. The responses in case
of increasing a constant time interval are
shown. Central frequency of Ricker wavelet
is 100 Hz. (a) dx=1.2msec, (b) dx=3.0
msec, (¢) dr=4.8 msec, (d) dx=8.4 msec.
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Fig. 16 Interference of twenty Ricker wavelets for
various central frequencies in a fixed range.
Twenty spikes of equal amplitude and equal
polarity set at a constant time interval are con-
volved with Ricker wavelet. The value of
amplitude of each spike is 100. The
responses in case of decreasing central fre-
quency at a fixed constant time interval (3.0
msec) in a fixed range are shown. Central fre-
quency of Ricker wavelet is (a) 200 Hz, (b)
100Hz, (c) 50 Hz.
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£
-100) Fig. 18 Interference of various numbers of Ricker
2001 wavelets at a fixed interval with increasing a
0 150 range of spikes. Various spikes ((a) 20, (b)
i 75 40, (c) 60) of equal amplitude and equal
ime(msec) polarity set at a constant time interval (3.0

Fig. 17 Interference of various numbers of Ricker
wavelets in a fixed range. Various spikes
((@) 20, (b) 40, (c) 100) of equal amplitude
and equal polarity set at a constant time inter-
val ((a) 3.0msec, (b) 1.5msec, (c) 0.6
msec) are convolved with Ricker wavelet.
‘The value of amplitude of each spike is 100.
The responses in case of increasing number
of Ricker wavelets in a fixed range are
shown. Central frequency of Ricker wavelet
is 100 Hz.
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msec) are convolved with Ricker wavelet.
The value of amplitude of each spike is 100.
The responses in. case of increasing number
of Ricker wavelets with increasing a range of
spikes are shown. Central frequency of
Ricker wavelet is 100 Hz.
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Fig. 19 Interference of twenty Ricker wavelets for
various irregular intervals. Twenty spikes of
equal amplitude and equal polarity set at
gradually increasing time interval are con-
volved with Ricker wavelet. The value of
amplitude of each spike is 100. The
responses in case of increasing a range of
spikes are shown. Central frequency of
Ricker wavelet is 100 Hz.
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Fig. 20 Diffraction stacked records for various inter-
vals of shots and receptions, (a) interval=20
m, (b) 60 m, (c) 100 m.
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Fig. 21 Comparison of source/receiver arrangements between (a) a constant interval and (b) a constant angle against
a scatterer. The lower figures represent source/receiver positions from the viewpoint of the scatterer.

1 shot 600 m

/1 1120m

Y 3000 nvs
600m| |

300 m 1 300 m
scatterer

(a)

5 receptions

1 shot 600 m 5 receptions

3000mis

60om| |
Y\ 126° /

- 300m ) ~300m
scatterer

(b)

Fig. 22 One point scatterer numerical simulation models and two types of the specifications of data aquisition. One
point scatterer is spaced at the center of interwell and placed at a depth of 600 m in a medium with constant
velocity of 3000 m/s. The separation of boreholes is 600 m. Diffracted waves generated by a scatterer were pro-
duced by using the convolution method. Central frequency of Ricker wavelet is 250 Hz. (a) 5 receivers are ar-
ranged at constant intervals of 120 m. (b) 5 receivers are arranged at a constant angle of 12.6 degrees against

the scatterer.
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Fig. 23 Diffraction stacked records for each model shown in Fig. 22. The lower figures are enlargement of the parts

enclosed in rectangles.
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XS ; XR
shots Nm receptions
, T, 1*

‘____»’3 -——
Nmnn1 N/2 m

scatterer

One point scatterer numerical simulation
model and the specifications of data aquisi-
tion. One point scatterer is spaced at the
center of interwell and placed at a depth of D
m in a medium with constant velocity of V
m/s. The separation of boreholes is N m.
The number of shot and reception points is
Xs and Xz respectively. Sources and
receivers are arranged at a constant angle of
6 degrees against the scatterer. Diffracted
waves generated by a scatterer were produc-
ed by using the convolution method. Central
frequency of Ricker wavelet is 100 Hz.
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Fig. 25 Diffraction stacked record for the model

shown in Fig. 24. D=3000m, V=3000m/s,
N=600 m, Xs=Xr=30, 0=2.8 degrees.
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Fig. 26 Diffraction stacked records for various values
of 6 shown in Fig. 24, D=800m, V=3000
m/s, N=600 m, Xs=X;=30, (a) 6=1°, (b)
6=0.3".
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Fig. 27 Equi-travel time planes corresponding to the
diffraction stacked records shown in Fig. 26.
Some sources and receivers are thined out for
easy visualization.
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Fig. 28 (a) One point scatterer numerical simulation models and three types of the specifications of data aquisition.
One point scatterer is spaced at the center of interwell and placed at a depth of 600 m in a medium with cons-
tant velocity of 3000 m/s. The separation of boreholes is 600 m. Diffracted waves generated by a scatterer
were produced by using the convolution method. Central frequency of Ricker wavelet is 100 Hz.

(a—1) One source is spaced at a depth of 0 m in one side borehole and 30 receivers are spaced 20 m apart in the
other side borehole. (a—2) 15 sources are spaced 20 m apart in one side borehole and 30 receivers are spaced
20 m apart in the other side borehole. (a-3) 30 sources are spaced 20 m apart in one side borehole and 30
receivers are spaced 20 m apart in the other side borehole.

(b) Diffraction stacked records for each model shown in (a—1) ~(a-3). False images are indicated by the ar-

rows.

(c) Equi-travel time planes corresponding to the diffraction stacked records shown in (b-1)~ (b-3). Some
sources and receivers are thined out for easy visualization.
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Fig. 29 Diffraction stacked record for the model
shown in Fig. 28(a-3) at a central frequency (b) distance (m)
of 50 Hz. One source is spaced at a depth of 600 300 0 1
0 m in one side borehole and 30 receivers are 80 ]
spaced 20 m apart in the other side borehole. g
o
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T 180 ,3, Fig. 31 (a) Diffraction stacked records for the model
o shown in Fig. 28 (a-3) at a central frequency
% of 500 Hz. (b) Same as (a) but displayed
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Fig. 30 Diffraction stacked record for the model
shown in Fig. 28(a—3). One source is spaced
at a depth of O0m in one side borehole and
300 receivers are spaced 2m apart in the
other side borehole.
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Fig. 32 Numerical simulation model and the specifica-
tions of data aquisition. Eight point scatterers-
are spaced at the center of interwell and plac-
ed 100 m apart in a medium with constant
velocity of 3000m/s. 40sources and
receivers are spaced 10 m apart. The separa-
tion of boreholes is 300 m. Diffracted waves
generated by eight scatterers were produced
by using the convolution method. Central fre-
quency of Ricker wavelet is 100 Hz.
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Fig. 33 Diffraction stacked record for the model
shown in Fig. 32.
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Fig. 34 Diffraction stacked records for the cross-well seismic field data, bandpass filters (a) 180-280 Hz, (b) 80-180

Hz, (c¢) 30-130 Hz (MATSUSHIMA et al., 1997).
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Fig. 35 Numerical simulation model and the specifica-
tions of data aquisition. Eight point scatterers
are spaced as shown in figure in a medium
with constant velocity of 4000 m/s. 30
sources and receivers are spaced 20 m apart.
The separation of boreholes is 270 m.
Diffracted waves generated by nine scatterers
were produced by using the convolution
method.

5.4 FEFHEUOHE
AR CIEIhE T, WEEESCRT 2 0 HBRECBIL
THRE LT E, &2 CREETNHEEOFECTOWT

230 Hz 130 Hz 80 Hz
distance (m) distance (m) distance (m)
70 135 0 135 135 (4]

60

120

time (msec)
time (msec)

180

240
(a)

270
0 .

60

120

time (msec)

(b) A | "(6)

Fig. 36 Diffraction stacked record for the model shown in Fig. 35, for various central frequencies, (a) 230 Hz, (b) 130

Hz, (c) 80 Hz.
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Fig. 37 Two-layer numerical simulation model and
the specifications of data aquisition. The top
layer is 410 m thick with a velocity of V; m/s
and the velocity of bottom layer is V,m/s.
One point scatterer is spaced at the center of
interwell and placed at a depth of 600 m in a
bottom layer. The separation of boreholes is
600 m. Diffracted waves generated by one
scatterer were produced by using the convolu-
tion method.
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Fig. 38 Diffraction stacked records for the model shown in Fig. 37 at the center of the interwell, for various central fre-
quencies, (a) 10 Hz, (b) 30 Hz, (c) 100 Hz (V,=3000m/s, V,=3500 m/s). The lower figures represent
diffraction stacked records in the case of homogeneous media.
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