
PATENT SPECIFICATION                                    DRAWINGS ATTACHED
1,175,7OO                                     Inventors: WILLIAM  HAROLD
RUEHLE and JOHN DAVID                                    HODGE
Date of Application (No. 57740/66) and filing Complete
Complete Specification Published: 23 Dec., 1969.          Index at
acceptance:-H4 D (G1G1, G1G2, G2, G3B, G3C, G3P, G4A5, G7P)
International Classification: - G 01 v 1/32
COMPLETE SPECIFICATION              Digital Reflection Searching and
Section Plotting          We, MOBIL OIL CORPORATION, a corporation  section
directly representing the earth's layer-        organized under the laws of
the State of  ing of subsurface formations.        New York, United States
of America, of 150    It is a subsidiary object of the present in-
East 42nd Street, New  York, New  York  vention to determine the presence
of multiple    5   10017, United States of America, do hereby  reflections
and to reject these multiple reflec-  50        declare the invention, for
which we pray that  tions before they are plotted.        a patent may be
granted to us, and the method  In accordance with one embodiment of the
by which it is to be performed, to be par-  invention, the amplitudes of
the traces are        ticularly described in and by the following  adjusted
so that the rms energy is equal for   10  statement:-
all traces. This insures that the amplitude of  55          This invention
relates to a method of and  reflections will not vary from  trace-to-trace
apparatus for determining the presence and  because of the differences in
sensitivity of the       location of reflections on seismograms.
instruments or distance from the shot point.          In seismic
prospecting, seismic energy is  Next, a particular trace is searched for
all   15  generated at a shot point, for example, by a  reflections having
an amplitude greater than  60       shot of dynamite or by thumping. This
seismic  a threshold level. The time occurrences of all       energy is
reflected from  subsurface interfaces  reflections having an amplitude
greater than       and detected at a spread of geophones. The  the
threshold level are stored  as possible       geophone signals provide an
array of seismic  primary reflections.  20  traces which are commonly
digitized and re-    Next, all traces adjacent to a particular  65
corded on magnetic tape. These traces con-  trace are searched to find the
same primary       tain information which can be used to repre-  reflection
on adjacent traces. This search is       sent the characteristics of the
subsurface for-  performed   by   selecting  the  amplitude  of
mations.                                      adjacent traces along search
lines which have  25    Primary reflections of seismic energy on a
differing moveouts from   trace-to-trace; that  70      trace indicate the
presence of a subsurface  is, the search lines ooccur at various attitudes
reflecting interface, and the time of occurrence  to determine the presence
of dipping reflec-      of a primary reflection  on the trace repre-
tions. The amplitudes of selected portions of      sents the  depth  of the
reflecting  interface  adjacent traces are summed along each search 30
from  the surface. Furthermore, the time-shift,  line. The  sum   having
the  maximum   value  75      or attitude, of a primary reflection from
trace-  indicates the  search  line  having  an  attitude      to-trace
indicates the dip, or slope of the sub-  indicating the dip of the
subsurface formation      face interface. Skilled seismic interpreters can
producing that particular primary reflection.      sometimes determine the
location  and  dip  of    The  maximum  sum  is divided by  the num- 35
subsurface interfaces directly from  the seismo-  ber of traces  in the
array  to  determine  the  80      gram. However, this requires a  large
amount  mean  amplitude  of  the  primary  reflections      of judgment, it
is time-consuming, and  some-  along  this search  line. This mean
amplitude      times inconsistent results are obtained.     is compared
with  a  threshold  to  determine        It is an important object of the
present in-  if the  energy  along  this search  line  is high 40  vention
to  select  the  time  occurrence   of  enough  to indicate the  presence
of a  primary  85     primary  reflections  on   seismic  traces  and
reflection. If the  mean  amplitude  exceeds  the     determine  the  dip
of  the  reflecting  interface  threshold, the  reflections are selected
as being     producing  the primary reflections.           primary
reflections  but otherwise they  are re-       It is another object of the
present inven-  jected. The  occurrence  time  on  the  particular 45  tion
to produce  a  migrated  seismic cross-  trace, the attitude  of the
search  line  and  the  90     [Price 4s 6d.]      



2                                        1,175,700     magnitude of the
mean sum  are stored as  value of time occurrence and dip to deter-
parameters of the reflection which has been  mine whether reflections from
energy from     selected.                                     two adjacent
shot points are from the same       From the stored values of the
occurrence  reflecting interface. If there is corresponded 5  time of the
reflection, from the seismic velo-  between the predicted values and the
actual 70     city of the earth formations, and from  the  values, an
indication of continuity is obtained     attitude of the reflecting
interface, the actual  and the reflections are plotted as a continuous
vertical depth of the reflecting interface can  line on the final depth
section. In this manner     be computed. Simultaneously, the horizontal
there is obtained a plot wherein continuous 10  step-out of the reflecting
point from  the  lines represent continuous reflecting interfaces  75
point at which the trace was obtained can  in the earth.     be determined.
This is done by obtaining a    A modification is provided for searching
running computation of computed time by  the seismograms for reflections.
In accordance     incrementally increasing depth. When this  with this
modification, the summations along 15  computed time corresponds with the
stored  various search lines are performed at each  80     occurrence time,
the corresponding value of  sampling interval rather than only where there
depth is equal to the actual depth of the  is an indicated reflection on a
key trace. This     reflecting point. Simultaneously, a running
modification ensures that all reflections will     computation of
horizontal step-out is obtained.  be picked and plotted even if the
reflection 20  The actual horizontal step-out is selected as  is of a poor
quality on the key trace. An  85     being equal to the step-out obtained
from the  improvement in the number of reflections     computation made
with the simultaneously  plotted and in the signal-to-noise ratio is
determined actual value of depth.             obtained in this manner.
The reflecting interface is plotted by the    The invention will now be
further described 25  plot of a line at the actual depth and actual  with
reference to the accompanying drawings  90     horizontal step-out of the
reflecting interface.  in which:     The line is inclined at the attitude
determined    Fig. 1 is a flow sheet of the process carried     for the
primary reflection. This process is re-  out in accordance with the present
invention;     peated for all reflections on the seismic traces    Fig. 2a
depicts a geophone spread and 30  so that there is ultimately plotted a
migrated  seismic energy traveling through the subsur-  95     seismic
cross-section which can be easily inter-  face formation to the geophone
spread;     preted and which is directly indicative of the    Fig. 2b
depicts an array of seismic traces     earth's layering at the subsurface
formations.  having primary reflections thereon;       Multiple reflections
may be determined and    Fig. 2c shows the actual depth and hori- 35
removed by summing the stored times of  zontal displacement and dip of a
subsurface  100     reflections to obtain all possible combinations of
reflecting point;     the sums of these times. Also, the stored    Fig. 2d
shows two reflecting points for a     values of attitude are summed to
obtain all  migrated seismic section plotted in accordance     possible
combinations of the sums of these  with this invention; 40  attitudes. The
sums of time and attitude are    Fig. 2e shows a complete migrated depth
105     taken in pairs and compared with pairs of  section plotted in
accordance with the present     the stored values of time and attitude.
When  invention;     there is a correspondence between a pair of    Fig. 2f
shows three types of multiple re-     sums and a pair of stored values of
time  flections; 45  and attitude, there is an indication that the    Fig.
2g shows a time series for a reflection  110     stored values of time and
attitude represent  across an array of traces;     a multiple reflection.
Accordingly, this pair   Fig. 3 shows a block diagram of a com-     is
rejected.                                  puter system suitable for
carrying out the in-       The arrival times of a given reflection across
vention; 50  an array of traces are considered as a time    Fig. 4 shows a
block diagram of a modi- 115     series. The static and weathering errors
in  fication of the invention;     this series are represented by the high
fre-    Fig. 4a shows a seismic time section;     quency components. By
applying the series    Fig. 4b is an idealized representation of the     to
a smoothing operator, the high frequency  lines of continuity drawn on a
seismic time 55  components are removed, leaving the low fre-  section;
120     quency components which are indicative of    Fig. 5 shows the wave
front of seismic     geological structure and lithology. To obtain  energy
reflected from a dipping interface;     the corrections to be applied to
the original   Fig. 6 shows a block diagram of another     seismic traces,
the difference between the  modification of the invention; 60  smoothed
series and original series is obtained  Fig. 6a depicts the prediction step
of Fig. 125     for each trace. The difference is used to shift  6;     the
trace in the proper direction to eliminate    Fig. 6b shows a depth section
produced in     the error.                                    accordance
with the modification of Fig. 6;       Each of the values indicative of
time occur-    Fig. 7 shows another modification of the 65  rence and dip
are compared to a predicted  invention;
130  



1,175,700                                         3         Fig. 7a shows
reflections on seismic traces;  reflections produced by the reflection of
seismic        Fig. 8 shows the response of an array pro-  energy from
subsurface interfaces 7 and 9. viding a better understanding of the
improved  Static corrections have been applied to each results of the Fig.
7 modifications; and     of the traces; that is, they have been cor- 5
Fig. 9 shows a block diagram of computing  rected for normal moveout and
weathering  70      apparatus which can be used in carrying out  in
accordance with well-known techniques.      the invention.
The first step in the process of this inven-        Before proceeding with
a detailed descrip-  tion entails a determination of the rms energy
tion of the process, the invention will be de-  in each of the traces. The
amplitudes of the 10  scribed with reference to the figures showing
respective traces are each adjusted so that  75      ray paths of seismic
energy producing the  the rms energy is equal in each trace. This
traces of the seismogram, and with reference  ensures that the amplitudes
of all reflections      to the traces themselves.                      in
the traces will be functions solely of the        There is shown in Fig. 2a
a field layout  reflection coefficient of the reflecting inter- 15
including the shot of dynamite 1 and a geo-  faces producing them. That is,
variations due  80      phone array including geophones 2, 3, 4 and  to
differences in the sensitivity of the instru-      5. It will, of course,
be understood that many  ments producing the traces or variations due
more geophones will usually be employed in  to the differences in the
distances from  the      a spread. In one common arrangement twelve  shot
point will be obviated. 20  geophones are disposed on each side of the
Next, a particular trace is selected as a  85      shot. Further, the usual
procedure for seismic  reference trace, also referred to as the key
prospecting is to shoot in one location with  trace. Most commonly, this
will be the trace      a spread, then to shoot in another location   12
produced by geophone 2 in close proximity      in proximity to a second
spread, and to con-  to the shot point since the weathering and 25  tinue
shooting in proximity to spreads located  elevation with respect to the
shot are most  go      at different points on the surface. In this
accurately known for this trace. The reference      manner, there are
obtained seismograms which  trace 12 is compared to a threshold level
represent the subsurface characteristics.    to pick all amplitudes which
exceed the thres-        As shown in Fig. 2a, the seismic energy  hold
level. As shown in Fig. 2b, the thres- 30  travels through ray path 6, is
reflected from  hold level 16 is exceeded by the two primary  95      the
subsurface reflecting interface 7 and de-  reflections 17  and 18. The
times for these      tected by geophone 2. The seismic energy also
amplitudes are stored as being indicative of      travels by ray path 8, is
reflected from  the  possible primary reflections. That is, the time
subsurface reflecting interface 9 and forms a  T[err] of reflection 17 is
stored, and the occur- 35  secondary primary reflection in the trace pro-
rence time T[err] of reflection 18 is stored. These  100      duced by
geophone 2.                           occurrence times T[err] and T[err],
are, of course,        Each of the other geophones will produce  indicative
of the depth of the reflecting inter-      a trace having primary
reflections from  the  faces producing them  and will later be used
interfaces 7 and 9. The seismic energy from   to produce a plot indicating
the actual depths 40  the shot travels over ray paths 10 and 11 to  of
these interfaces.                           105      produce primary
reflections from  interfaces    Next, the adjacent traces are searched
along      7 and 9 on the trace produced by geophone  search lines having
different attitudes in order      3. Note that the ray paths 10 and 11 are
to determine the presence of dipping reflec-      longer than the ray paths
6 and 8. Hence,  tions. At each of the stored occurrence times, 45  the
primary reflections on the trace from geo-  the adjacent traces are sampled
at different 110      phone 3 will occur at later occurrence times  time
shifts with respect to the occurrence time.      than the corresponding
primary reflections on  For example, starting at occurrence time T[err],
the trace produced by geophone 2. One cause  the adjacent traces are first
sampled along      for this later occurrence time is, of course,  search
line 19. The trace 13 is sampled at 50  normal moveout. That is, the
geophone 3 is  20; the trace 14 is sampled at 21; the trace 115
further from  the shot than the geophone 2.  15 is sampled at 22. The
amplitudes of all      A normal moveout correction can be applied  of these
samples are summed. Next, the traces      to the traces to compensate for
this. The occur-  are searched along search line 23 and the      rence
times of primary reflections on the trace  amplitudes at 24, 25, and 26 are
summed. 55  from geophone 3 are later for another reason.  Next, the
adjacent traces are sampled along  120      This is that the interfaces 7
and 9 are dipping  search line 27 and the amplitudes obtained
formations. It is very important to the geo-  are summed. These sums are
compared to      physicist to determine the dip of these for-  determine
which sum has the largest magni-      mations. The later occurrence times
of the  tude. Of course, the sum obtained along the 60  primary reflections
from  trace-to-trace in-  search line 23 will have the largest magnitude
125      dicate this dip to the geophysicist.           in this instance.
The search line 23 has an 



There is shown in Fig. 2b a seismogram   attitude which is indicative of
the dip of the      including traces 12, 13, 14 and 15 produced,
subsurface reflecting interface producing the      respectively, by the
geophones 2, 3, 4 and 5.  first primary reflections on the traces. 65
There is indicated on each trace two primary    The maximum  sum  obtained
along the 130             4
1,175,700       search line 23 is divided by the number of    Having
obtained a stored T-array and a      traces in order to determine the mean
ampli-  stored D-array, there has been provided a  35      tude along this
search line. This mean ampli-  method of determining the presence and loca-
tude is compared with a second threshold.  tion of reflections on
seismograms and a 5  If it is greater than the second threshold,  method of
indicating the dip of the interface     there is an indication that energy
exists across producing the reflections.     the seismogram at the
occurrence time T[err] on    The method may be extended to the plot-  40
trace 12 and at the attitude of the search  ting of a migrated seismic
cross-section directly     line.
representative of the earth's layering of the 10    Occurrence time T[err]
and the attitude of  subsurface formations. In order to do this,     search
line 23 are stored as a pair of values  the stored T- and D-arrays are used
as input     indicative, respectively, of the actual depth  parameters in a
determination of horizontal  45     and dip of the reflecting interface
producing  displacement and vertical depth of the sections     the primary
reflections. The mean amplitude  of the reflecting interfaces. 15  of the
sum is also stored as a parameter in-   Referring to Fig. 2c, there is
shown in     dicative of the reflection coefficient of the  more detail the
ray path 8 which is reflected     interface producing these primary
reflections.  from  reflecting interface 9 and detected by  50       The
search for dipping reflections is re-  geophone 2. This ray path is
reflected from     peated at each of the stored occurrence times.  the
segment 28 of the reflecting interface 9. 20  For example, the search is
made along search  The segment 28 is at an actual vertical depth     lines
with different attitudes at the occur-  Z from the point at which the
seismic energy     rence time T[err]. Again, the attitude of the search
was generated. The segment 28 has a hori-  55     line producing a maximum
is stored together  zontal displacement H  with respect to the     with the
occurrence time T[err]. The occurrence  point at which the seismic energy
was gener- 25  time T[err] and the attitude of the maximum   ated. The
attitude of the dipping reflecting     search line are stored as a pair of
values in-  interface 9 with respect to horizontal is [err].     dicative,
respectively, of the depth and dip of    In order to plot the reflecting
segment 28  60     the  reflecting  interface  9  producing  the  on a
migrated seismic cross-section, it is     primary reflections across the
array of traces.  necessary to determine Z, H and [err]. 30  Hereinafter,
the stored values of occurrence    The accurrence time of a primary
reflection     times will be referred to as the T-array and  on a
seismogram is related to the depth of     the stored values of attitude
will be referred  the reflecting interface by the following for-  65     to
as the D-array.                           mula:    [err]           where: T
is the occurrence time of the reflection on the trace,                Z
is the actual depth of the reflecting interface,                dZ      is
incremental depth,                v       is seismic velocity of the earth,
and                                      sin [err]               p       is
equal to                                       V[err]
where:  [err]  is the attitude of a reflecting bed at any particular
depth, and  



v[err] is the seismic velocity at this particular depth.        The above
is obtained from  well-known       In order to determine actual depth Z, a
principles of reflection seismology. The deriva-  running computation of
time is made by incre- 70  tion of this formula is shown, for example, in
mentally increasing z in accordance with the  75     Exploration
Geophysics, J. J. Jakosky, pages  above equation. As this running
computation     679, 688.                                    is made, the
value of T, in the above formula,
1,175,700                                       5      is compared with the
stored occurrence time,  segment 28. As has been indicated in Fig. 2b,
for example, the time T[err]. When the value of  the attitude of the search
line 29 is equal to T from the running computation equals the  a constant K
multiplied by [err].      stored value T[err], the incremental value of z
is    Another technique for obtaining horizontal  5  the desired actual
depth Z of the reflecting  displacement H and vertical depth Z, that is, 35
interface.                                   for performing the migration
step, is by a        Having determined Z from the above com-  geometrical
optics approximation  of these      putation, the horizontal displacement H
can  parameters. This approximation makes use of      be computed from the
following:              Snells law:                  pvdz
sin [err]  sin [err]         sin [err]  10      H
40               v2             V[err]       where: H  is the horizontal
displacement, and  By interpolation an approximation can be
the other parameters are as pre-  made of the interval velocity over
equidepth                 viously defined.                  sections of the
earth. By use of Snell's law,
the acoustic ray path angle in each of these        Usually it is desirable
to make a running  depth intervals can be computed and, hence, 40  15
computation of H with increasing incremental  the horizontal displacement
of the ray between      values of z simultaneously with the first-men-  the
top of the interval and the bottom of the      tioned running computation
of time T. There-  interval can be computed. The travel time      fore,
when the actual vertical depth Z is deter-  over each depth interval can be
determined      mined in the first running computation, the  from the
assumed interval velocity. The in- 45  20  horizontal displacement can be
determined  terval travel times over successive depth inter-      from the
second running computation as the  vals are summed until there is a
correspon-      value of H at that time.                     dence with the
occurrence time of the reflec-        There has now been determined the
actual  tion on the trace, that is, T. When this corre-      vertical depth
Z and horizontal displacement  spondence is achieved, the sum of the hori-
50  25  H of the segment 28 in Fig. 2c. Furthermore,  zontal displacement
over each of the succes-      the value of [err] can be directly determined
sive intervals is the horizontal displacement      from the attitude of
search line 29 in Fig.  H. The summation of the depth intervals is      2b.
The attitude of the search line which  the actual depth Z.      produces
the maximum sum is directly pro-    This technique can be summarized as
fol- 55  30  portional to the attitude of [err] of the reflecting  lows:
Velocity Data Input                 or              or
Resample Velocity                             A T                 compute
times for              T(j)   T[err] +  [err] Z[err]                 equal
depth intervals                       [err] Z
ZQ), fixed                  Interpolate Velocity              [err] Z[err]
Array Compute Isovelocity     V[err] =                 Surfaces
[err] T[err]                                                  [err]
=-ATAN[err] + [err]
AX
V[err] 



Migrate Reflections t[err], D[err]    RAY(1) = sin [err](l)
V[err]                                                DEPTH(1) = Y(1) +
[err]y                                                HORZ(1)  = X(1) + AX
HORZ(k, l)
DEPTH(k, 1)
ALPHA(k, 1)                 (where ALPHA (k, l) is the attitude ofthe
reflecting segment as previously discussed)            6
1,175,700       Having obtained horizontal displacement  the occurrence
time of multiple 35 will be     H and actual depth Z, the reflecting
segment  denoted T[err]; and the occurrence time of mul-     28 can now be
plotted directly on a migrated  tiple 36 will be denoted T[err]. These
times are     seismic section. A portion of such a section  related to the
occurrence times of the primary 5   is shown in Fig. 2d. In order to
represent  reflections following the ray paths 6 and 8  70     the
reflecting segment 28, a line 30 is plotted  in Fig. 2a. For the purpose of
this explan-     on Fig. 2d. This line is plotted at a distance  ation, the
occurrence times of these two     from  the horizontal line 31 proportional
to  primaries will be denoted T[err] and T[err], respec-     actual
vertical distance Z. The line is plotted  tively. The values of T[err] and
T[err], which are 10  at a distance from the vertical line 32 pro-  stored
values of occurrence times as previously  75     portional to the
horizontal displacement H.  discussed, are added together to obtain all
Furthermore, the line 30 is plotted with an  combinations of the sums of
these times. For     inclination corresponding with the attitude [err].
simplicity, we will assume that the following     [err] can be directly
determined from the attitude  are all possible combinations of sums of the
15  of the search line 29 in Fig. 2b.              occurrence times:
80       In a similar manner, the segment of reflect-     ing interface 7
can be plotted on Fig. 2d after              [err]     determination of its
actual depth, horizontal     displacement and attitude. This segment is 20
shown plotted in Fig. 2d as the line 33. The    These sums are compared
with all of the     plotting of these lines is performed automatic- stored
values of occurrence times. Note that     ally by a plotter and, of course,
the deter-  in this comparison, there will be a corre-     mination of the
depth, horizontal displacement     and attitude of the reflecting segment
is car-  spondence between T[err] and the sum T[err]+T[err]
Accordingly, T[err] is identified as a multiple 25  ried out automatically.
The process is repeated  reflection. Similarly, there will be a corre-
for a number of seismograms obtained from a  spondence between T[err] and
the sum T[err]+T[err]     plurality of spreads. When this has been done,
spondence between T[err] and the sum T[err]+T[err]
plurality of spreds.When this has been done, T[err] is thus identified as a
multiple reflection.     there is produced a migrated seismic cross-   is
thus identified   as a multiple  reflection     section, such as that shown
in Fig.2e.      Similarly, there is a correspondence between  9o
line   segments on Fig. 2e  is  T[err] and the sum T[err]+T[err]. This
identifies T[err] 30    Each of the line segments on Fig  2e is  as a
multiple reflection.     identified by a number representing the spread
In order to positively identify multiple re-     from which it was
obtained. As is shown in     Fig. 2e, the spread locations are indicated
flections, the comparison step is also per-
formed between the stored values of attitude  95     across the top
horizontal line with the reflect- and all possible combinations of the sums
of 35  ing segments shown drawn in at the proper  the attitudes.     depth,
horizontal displacement and attitude    The attitude of multiple reflection
34 across     with respect to the spread from  which is  the array  of
traces will appear to have a dip     originated. Such a migrated seismic
cross-  which is equal to the attitude  of reflecting  100     section is
directly indicative of the earth's  interface 7 plus the attitude of
reflecting 40  layering. Furthermore, it directly shows the  interface 9.
The multpile reflections 35 will     depth and dip of subsurface beds and
inter-     faces. Such a presentation produced auto-     appear to have a
dip equal to twice the dip     matically by means of this invention is an
in-  of interface 7; and the multiple reflections 36     valuale aid to the
seismologist.              will appear to have a dip equal to twice the
105     valuable aid to the  seismologist.             attitude of
interface 9. 45    Provision is made for removing multiple,   Assume that
the attitude of reflecting inter-     reflections from the seismograms so
that these face 7 is denoted D, and the attitude of re- 



multiple reflections are not plotted as reflect-  flecting interface 9 is
denoted D[err]. These are     ing segments on the migrated seismic cross-
flecting interface 9   is denoted D[err].These are
values which have been stored in the D-array  110      section. As will be
understood, there are  as has previously been discussed. All possible 50
numerous multiple reflections in a seismogram.  sums of the values stored
in the D-array are      Three types of possible multiple reflections
The  types  of possible muliple reflections  taken thereby producing the
following sums:      are shown in Fig. 2f. These are the first order
surface multiples (FOSM) for the surface and                    [err]
two subsurface reflecting interfaces. The mul- 55  tiple 34 is reflected
from  interface 7, it is      reflected from the surface, and it is
reflected      from interface 9 before being detected at the  When these
sums are compared with the 115      geophone. The multiple 35 is reflected
from   stored values in the D-array, correspondence      interface 7 twice
before being detected at the  will be produced between D[err] and
D[err]+D[err]. 60  geophone, and the mulitple 36 is reflected   Similarly,
there will be correspondence be-      twice from interface 9 before being
detected  tween D[err] and D7+D7; and there will be      at the geophone.
correspondence between  D[err] and D[err]+D[err]. 120        For the
purpose of this explanation, the  Accordingly, the reflections producing
the      occurrence time of the multiple 34 on the  stored values D[err],
D[err] and D[err], are identified 65  seismogram  will be denoted T[err].
Similarly,  as multiple reflections and are rejected.
4                           1,175,700
7        The comparison and rejection operation is  These instructions
control the selection of the      carried out in pairs of stored values of
time  key trace, or particular trace, which will and attitude. That is, the
sums of T[err] +T[err]  usually  be the trace  from  the geophone      and
D[err]+D[err] are compared with all pairs of  adjacent the shot. This group
of instructions  5  values in the T- and D-arrays. In this com-  also
adjusts all inputs traces to the same  70      parison, correspondence will
be produced be-  rms energy level. The group of instructions      tween
this pair of sums and the values T[err]  indicated at 38 supplies the group
of instruc-      and D[err]. Accordingly, this pair, identifying a  tions
indicated at 39 with the key trace. The      particular reflection, has
been positively identi-  group  of  instructions  at  39  compares  10
fied as a multiple reflection and it will be  the amplitude on the key
trace to a threshold  75      rejected. By making the comparison with pairs
level which is set equal to a times the value      from T- and D-arrays,
there has been pro-  of the rms amplitude on the key trace. The      vided
a technique for positively identifying  occurrence times T having an
amplitude |A|      and rejecting multiple reflections.           exceeding
a multiplied by the rms level are  15    The  invention  provides  for
correcting  stored.                                         80      seismic
data for topography and weathering.    In accordance with the instructions
indicated      The weathering layer at the surface of the  at 40, the
lateral search is performed on      earth has seismic velocity
characteristics which  adjacent traces. The occurrence time T  on      are
quite different from the rest of the sub-  the key trace is used to locate
the search line  20  surface formations. Also, this weathering layer
producing a maximum sum across the traces.  85      varies in thickness.
Both of these factors lead  The maximum sum is divided by the number
to errors in occurrence times of reflections on  of traces to compute the
maximum mean sum      the traces. Therefore, the traces must be time-
denoted  |A|. In order to ensure that the      corrected for weathering.
Also, there are vari-  maximum sum is truly indicative of a set of  25
ations in the elevation of the geophones above  primary reflections across
the traces, two tests  90      a datum plane which are usually not
precisely  are applied to the maximum mean sum and      known. It is
necessary to make these static  it is accepted as being indicative of a
primary      corrections for elevation, or topography.    reflection only
if it meets both of these tests.         In accordance with this aspect of
the inven-   The first criterion is that the maximum  30  tion, there is
provided a technique for obtain-  mean sum  amplitude must be greater than
95      ing the corrections to be applied to the traces  the original
threshold that was set for re-      of the seismogram. The occurrence time
of  flections on the center trace. As indicated at      each primary
reflection on each trace is deter-  40, this means that |A| must be greater
than      mined in accordance with the techniques pre-  [err] rms. (In Fig.
1, * denotes multiplication  35  viously described. These reflection times
form  in accordance with standard Fortran notation.) 100      a time series
with respect to trace number.  Furthermore, another criterion  is applied.
Such a time series is shown in Fig. 2g. The  This is that the mean
amplitude must be      high frequency components of this time series  above
some fraction of the amplitude on the      represent the static and
weathering errors. This  key trace. That is, the mean amplitude is  40
time series, is applied to a low-pass digital  compared with the threshold
[err] * Acntr and  105 



filter, which is often referred to as a smooth-  the mean amplitude must be
equal to or      ing operator. After the time series has been  greater than
this threshold or it is rejected.      smoothed, it takes the form of a
dashed line  The reason for applying this test is to ensure      shown in
Fig. 2g. The difference between the  that the search line has selected
amplitudes  45  unsmoothed reflection (the solid line) and the  which are
fairly constant across all traces. 110      smoothed series (the dashed
line) at each  All traces have been set to the same rms      particular
trace number is the static correc-  amplitude level so that reflections
should have      tion which is to be applied to that trace to
approximately the same amplitude across the      correct for weathering and
topography vari-  traces. However, if in selecting a reflection  50
ations. This difference is used to shift: the  on the key trace, a noise
pulse of large ampli- 115      trace with respect to time in the proper
direc-  tude is selected, it may still be possible to      tion to
eliminate the error. For example, the  obtain a mean amplitude across all
traces      correction [err]T  is applied to trace 3 as a  which has a
level exceeding the threshold      correction.
[err] * rms. However, if this mean amplitude is  55    The flow diagram for
the digital computer  not some fraction of the amplitude of the  120
program for carrying out the method of this  pulse on the key trace, then
the criterion       invention is shown in Fig. 1. As indicated  determines
that it is not a reflection and it       at 37 the input parameters to the
program  is rejected.       are fed into the computer. These parameters
The lateral search instructions 40 provide  60  are spread length, number
of samples in each  an output for three arrays; these are the time 125
trace and other parameters which will later  array Tb the dip array D[err]
and the amplitude       be described in detail.
array A[err] as indicated at 41. The amplitude         The section input
instructions, indicated at  array A[err] is related to the maximum  mean
38, control the input of the traces into the  amplitude and can later be
used to grade the  65  computer and loading them  into an array.
reflections.                                      130            8
1,175,700;       The T[err] array and the D[err] array are used  California
Computer Products Plotter, Model     to obtain the output migrated seismic
cross-  No. 563. The results may also be printed out     section. The
migrate instructions, indicated at  on the printer 55 which is a standard
digital     42, combine the velocity information, indi-  printer suitable
for use with the computer 5  cated at 43, with the T[err] and D[err]
arrays. The  53. Velocity data is supplied to the computer  70
migration step 42 determines actual vertical  53 by means of recorded
velocity data in-     depth Z and horizontal displacement H  in  dicated at
56. This velocity data may, for ex-     accordance with the equations for H
and Z.  ample, be obtained from acoustic velocity logs.     The values of H
and Z are used to print out    A programme for use in carrying out the 10
the migrated seismic cross-section as indicated  method of this invention
on almost any large  75     at 44.
general purpose digital computer may be writ-       In order to make a
comparison between  ten in Fortran language by any of those skilled
migrated  seismic cross-sections which  will  in the art. An explanation of
Fortran language     show the presence of multiples, two other  may be
found in FORTRAN Autotester, by 15  migrated seismic cross-sections are
produced.  Robert E. Smith, Ph.D., and Dora E. John-  80     In order to do
this, the group of instructions  son, John Wiley & Sons, Inc., New York,
New     indicated at 45 performs the multiple deter-  York, October, 1964,
and Introduction to     mination referred to previously. That is, all
FORTRAN, by S. C. Plumb, McGraw-Hil     pairs in the T[err] and D[err]
array are compared  Book Company, New York, New York. 20  with pairs of all
possible sums of the values   As a variation of the technique previously
85     in the T[err] and D[err] arrays. Correspondence be-  described, it
is possible to convert manually     tween a pair of values in the T[err]
and D[err] arrays  interpreted seismic time sections into inter-     and a
pair of sums indicate a mulitple re-  preted seismic depth sections by the
technique     flection which is rejected. The values which  shown in block
form  in Fig. 4. The steps 25  remain in the T[err] and D[err] array are
migrated  shown in block form in Fig. 4 may be per-  90     with the set of
instructions indicated at 46  formed instead of the steps 37-40 in the
and printed out in a migrated seismic cross-  method of Fig. 1.     section
without multiples as indicated at 47.  In carrying out this embodiment of
the in-       In order to produce an output cross-section  vention, seismic
time sections, such as the 30  showing only multiple reflections, the
multiples  one shown in Fig. 4a, are marked to form  95     are determined
at 48. Only these multiple re-  lines of continuity which represent
reflections     flections are migrated at 49 to produce an out-  from
subsurface interfaces. Fig. 4a is an ex-     put seismic cross-section
showing only mul-  ample of a seismic time section produced from     tiple
reflections as at 50. With the three out-  actual field data. (Processed to
remove noise.) 35  put migrated seismic cross-sections produced  The
cross-section is produced from  traces 100 



at 44, 47 and 50, it is possible to make a  from  a large number of
geophones spaced     comparison which shows whether or not the  along a
line of exploration. In this type of     field procedure which produced the
seismo-  cross-section the time increases linearly from     grams was
effective in suppressing multiples.  top to bottom. Extending horizontally
across 40    A block diagram of a computer system for  the seismic
cross-section are 210 traces. Each 105     carrying out the method of this
invention is  trace is from a separate geophone. Each of     shown in Fig.
3. The seismic traces are re-  the traces is of the variable area type.
That     corded on magnetic tape in analog form.  is, each trace has marks
having an area pro-     These magnetic tapes are played back in tape
portional to the magnitude of the reflection 45  transport 51. An example
of a tape transport  being plotted. As shown in Fig. 4a, reflecting  110
suitable for this purpose is the 56-channel  interfaces sloping downwardly
toward the left     SIE  magnetic tape recorder. The played-  can be
detected. One such reflecting interfaces     back seismic traces are
digitized and corrected  is marked and indicated at 99 in Fig. 4a. It
for normal moveout and static errors in the  is the practice of seismic
interpreters to mark 50  digital computer 52. For example, a Control  all
of the discernible subsurface interfaces on 115     Data Corporation 160
Computer is suitable  a seismic cross-section with lines of continuity
for this purpose. The combination of tape  such as the line 99.
transport 51 and digital computer 52 forms a    For simplicity in
description, an idealized     hybrid analogdigital computing system  such
marked seismic cross-section has been shown 55  as that more fully
described in U.K. patent  in Fig. 4b. Fig. 4b shows the line of con- 120
application  No.  13,858/65  (Serial  No.  tinuity 100 which has been drawn
across     1,097,963).                                   the seismic time
section at reflection points.       The output of computer 52 is applied to
Similarly, the lines of continuity 101, 102,     the digital computer 53
which may, for ex-  103 and 104 have been drawn to adjacent 60  ample, be a
Control data Corporation 1604  reflections on the seismic time section. It
is 125     Computer. Computer 53. performs the steps  necessary to
distinguish these lines of con-     which are necessary to develop the
T[err] and D[err]  tinuity one from the other. This distinction     arrays.
These arrays are migrated and plot-  may be made by using different colors
for     ted in a migrated seismic cross-section on the  the different lines
of continuity. 65  plotter 54. This plotter may, for example, be the    A
curve follower is used to convert these 130                      1,175,700
9     lines of continuity into distance-time data. A  characteristic of the
earth. From the triangle  60  curve follower of the photoelectric type will
shown in Fig. 5, it is seen that [err] is given by:  Automatically follow
the line of continuity 100,     for example, and will periodically produce
[err]TV[err] 5  outputs of values of T  for corresponding
Sin [err]=[err]     values of X. For example, a curve follower
AX     such as the commercially available "Calcomp"     417 may be used to
convert each of the lines    Therefore, [err] can be determined from values
of continuity 100-104 into distance, time                [err]T 10  (XT)
information. " Calcomp" is a Regis-  of V[err] and -     in accordance with
the fore-     tered Trade Mark.                                        AX
The step of converting the interpreted  going. This step is performed as
indicated  65     seismic time section into distance-time data,  at 107 in
Fig. 4.     by means of the curve follower is indicated    The outputs from
step 107 are values of 15  at 105 in Fig. 4. The distance-time data are
dip [err], which values are denoted D[err], for corre-
[err]T           sponding values of time T, which values are     used to
compute values of -     for various  denoted T[err]. These values of D[err]
and T[err] are  70                                 AX
migrated to find actual depth and horizontal     values of T and X as
indicated at 106 in  displacement. This migration is indicated at     Fig.
4. The conversion step indicated at 106  113 in Fig. 4 and is the same step
as is     is a straight-forward step. Since the curve  performed at 42 in
Fig. 1. Briefly, migration 20  follower search 105 periodically provides a
consists of determining actual depth Z by  75     value of T and a value of
X, the increments  generating computed time in accordance with     AT and
[err]X between the periodic values can  the equation previously given and
increment-     be determined by  subtracting  consecutive  ing this value
of computed time until corre-     values one from the other. Having
determined  spondence is reached between computed time
AT   and the occurrence time from the seismogram. 80 25  AT and AX for each
time T, the ratio -     The horizontal displacement is similarly deter-
AX   mined from  the equation for H  previously     for each time T can be
obtained.             given. The values of dip, D[err], actual depth Z 



AT                         and horizontal displacement H are used to
The values of -     for each value of T,  plot a migrated cross-section as
indicated at 85                       AX                          114 in
Fig. 4 and as has been previously de-     together with the average
velocity in the  scribed in conjunction with the step 44 in     earth at
the surface, are used to calculate  Fig. 1. There is thus produced a
migrated 30  the dip [err] of the subsurface reflecting inter-
cross-section of the type shown in Fig. 2e     faces as indicated at 107 in
Fig. 4. The  which has been previously described.        90     average
velocity characteristic of the earth at    As an alternative to the curve
follower     the surface, hereinafter denoted V[err], can be  search
performed as indicated at 105 in Fig.     determined from numerous
well-known tech-  4, it is possible to generate the distance and 35
niques. The manner in which the step 107  time functions by means of a
light pen or     is performed can best be understood with  similar device.
In accordance with this tech-  95     reference to Fig. 5. As shown in Fig.
5, the  nique, the seismic time section map is dis-     geophones 108 and
109 detect seismic energy  played on an oscilloscopic type scope. The
which travels from a shot at the surface to  reflecting interfaces are
traced with a light 40  the dipping reflecting interface 110 and thence
pen of the commercially available type which     to geophones 108 and 109.
For the purpose  automatically converts the tracings into re- 100     of
this explanation, consider the wave front  flection times as a function of
distance across     of the seismic energy reflected from the inter-  the
time section. These functions are stored.     face 110. The wave front
immediately ad-                                     AT 45  jacent the
reflecting interface 110 is depicted  The values are converted to  as in-
at 111. A portion of the wave front as it
[err]X      approaches the earth's surface is depicted at  dicated at 106
and the remainder of the pro-      112. Note that the wave front will
arrive at  cess is the same as that described in con- 105      geophone 109
at a time later than its arrival  junction with Fig. 4. 50  at geophone
108. The dip of the reflecting    Certain other of the steps of the present
interface 110, the dip being designated [err]  invention can be implemented
by these tech-      determines the amount of the time delay.    niques
which are commonly referred to as        The time delay AT between the
arrival  computer graphics. These techniques utilize a 110      of the
seismic energy at geophones 108 and  cathode ray oscilloscope for
displaying the 55  109 can be used to determine this dip [err],.  data or
plot under consideration and an input      Note that when the wave front
112 is at  device, such as a light pencil, for use by the      the position
shown, the normal distance be-  operator in  directly  inserting
information      tween the wave front 112 and the geophone  within  his
knowledge  directly  into  the 115      109 is ATV[err], where V[err] is
the surface velocity  machine. For example, a skilled geophysicist
10                                    1,175,700     can readily indentify
continuous reflections on  the comparison indicates that there is con-
a displayed migrated depth section and can  tinuity the reflections are
sorted into a con     insert into the computer information indicat-
tinuity array as indicated at 154.     ing this continuity. As another
example, a     After the complete input section has been  5  skilled
geophysicist may identify a pinchout  searched and the continuity array has
been  70      and, by using the light pencil, identify this  filled, each
continuous reflection is read out      on  the plot. Two  commercially
available  of the continuity array, migrated, and plotted      systems
suitable for such use are the Con-  as a continuous line, this step being
indicated      trol Data Corporation digigraphic system 270  at 155. The
migration and plotting are in 10  and the IBM  2250 system.
accordance with principles already described  75        A feature of the
output presentation of Fig.  except that in this case the reflections are
2e that is sometimes undesirable is that the  plotted as continuous lines
rather than discon-      reflections are depicted by a series of line
nected line segments.      segments which lack continuity. The interpreter
The reflections which are not predictable 15  must visually integrate the
segments laterally  and thus not sorted into the continuity array, 80
to provide the continuity of reflections which  may carry desirable
information concerning      outline the earth's layering. A  modification
the earth's layering such as faulting, pinchouts,      of the process which
will automatically pro-  or lensing. The reflections which are not pre-
vide  continuity  between  plotted  segments  dictable are migrated and
plotted as indicated 20  which are indicative of the same reflecting   at
156 and as carried out in accordance with  85      interface is shown in
Fig. 6. In Fig. 6 the  the techniques previously described for migra-
inputs  from  storage  are  time, dip  and  tion and plotting.
amplitude of a reflecting interface as indicated  From the plot of the
continuous reflections      at 150. These values of time, dip and ampli-
produced from 155 and from the plot of the 25  tude have been previously
denoted [err], D[err] and  non-continuous reflections produced from 156, 90



A[err] and may be obtained by the process de-  there is plotted a final
seismic cross-section      picted in Fig. 1 which produces these three  at
157.      outputs at 41. In accordance with this modi-    Velocity
information may be introduced at      fication these reflections,
identified by values  any point on the section. This is indicated at 30  of
[err], D[err] and A[err], are located at each shot  158 wherein velocity
information is intro-  95     point as in the process previously described.
duced into the migrations carried out at 155     Then, reflections are
predicted from  shot  and 156. The velocity at intermediate shot     point
to shot point. Those reflections which  points may then be interpolated
between the     are predictable are sorted into a continuity  shot points
for which the velocity is intro- 35  array.
duced. In this case migration occurs with a  100        Referring back to
Fig. 6, the process may  continuous lateral change in velocity.     be
initiated in one of two ways. The process    The manner in which a
prediction is made     may be started automatically by locating the  of the
time and dip of the reflection pro-     largest reflections on the various
traces pro-  duced by energy from the next succeeding shot 40  duced by
seismic energy from a particular shot  point can be better understood with
reference  105     point. The process of locating the largest re-  to Fig.
6a which shows the step 153, Fig. 6,     flections at a particular point is
indicated at  in more detail. The values of time, dip and     151.
Alternatively, the interpreter may assign  amplitude are obtained from
storage as in-     the initial values of the reflections of the first
dicated at 150. The values of time, dip and 45  shot point to the
continuity array so that the  amplitude are denoted [err], D[err] and
A[err].      110     process will follow desired reflections, pro-    In
the foregoing the first subscript denotes     vided the reflections satisfy
the criteria set by  the index of the reflection and the second     the
searching process. The alternative of hav-  subscript denotes the index of
the shot point.     ing the interpreter assign the initial reflections  For
example, the value P[err] might represent the 50  to the continuity array
is indicated at 152. By  ninth reflection obtained from the tenth shot 115
following this procedure there will be plotted  point Stated another way,
[err] represents the     a reflection that the interpreter has selected
i[err] reflection time of energy from  the shot     as representative of a
particular geological  point at the j[err] location. The indices for am-
horizon.                                       plitude are the same. 55
From the values of time, dip and amplitude    A prediction can be made of
the reflection  120     for a reflection from a particular shot point  time
at the next succeeding shot point by     a prediction can be made as to the
time  adding the indicated dip between the two shot     and dip of a
reflection from the same interface  point to the value of occurrence time.
For     produced by seismic energy from  the next  example, one predicted
occurrence time is 60  succeeding shot point. The predicted value is
indicated to be (P[err]+D[err]). This indicates that 125     compared with
the reflections from the next  the dip, D[err], for the i[err] reflection
time ob-     suceeding shot point to determine whether  tained from the
shot point location k is added     there is correspondence. This step is
indicated  to the occurrence time [err] for the i[err] reflec-     at 153
and will subsequently be described in  tion time obtained from the shot
point loca- 65  more detail in conjunction with Fig. 6a. If  tion k. The
sum is a prediction of the occurr- 130
1,175,700                                  11               ence time for
the same reflection obtained from   values is less than or equal to the
threshold       the next succeeding shot point, i.e., from shot  level
denoted [err] there is again an indication       point location k+ 1. This
sum is applied to a  that the reflections are from the same sub-  25
comparator as indicated at 159. Another input  surface interface, i.e.,
there is continuity. 5  to the comparison step is the stored value  Only if
both of these tests are met will there              of occurrence time pi,
k+1 from  the next  be produced an output at 160 indicating con-
succeeding shot point location k+1. The  tinuity.              stored value
of occurrence time is compared   The reflections having indicated
continuity  30              with the predicted value by taking the differ-
produced at the output 160 (Fig. 6a) are          10  ence between them. If
the difference is less  placed into the continuity array as indicated
than or equal to a threshold level denoted  at 154 in Fig. 6. Of course,
the reflections              r, there is a determination that the two re-
for which the comparison step indicates a dif-              flecting times
are in fact from the same sub-  ference greater than the thresholds r or
[err]  35              surface interface, i.e., there is continuity,  are
rejected from the continuity array as in-          15    Similarly a
comparison is made between  dicated at 161, (Fig. 6a). These reflections
the stored values of dip obtained for the same  may, however, be migrated
and plotted as in-              reflection from two adjacent shot points.
The  dicated at 156 in Fig. 6.              value of dip for the i[err]
reflection obtained    The stored values indicating continuous  40
from  shot    point k+1   is  subtracted  reflecting interfaces in an array
can be better         20  from  the  stored   value  of  dip  for
understood with reference to the array given 



the  same  reflection  from   shot  point  below by way of illustration.
k. If the  difference  between  these  two
REFLECTIONS                  Shot                  Points      1         2
3        4         5        ...       m  [err]            12
1,175,700       Each column in the array indicates a parti-  of a well top
at a depth corresponding with     cular reflection. That is, the first
column,  a time of 240 milliseconds under the location     which includes
four x's, indicates that the  of shot point 4. The interpreter will insert
into     same reflecting interface has been indicated  the continuity array
an entry indicating the 5  by reflections on the seismograms obtained
presence of the well top at this point. This is  70     from the first four
shot points. That is, for  indicated in the above array by a W  in the
example, a reflection occurring  100 milli-  column for the second
reflection time and in     seconds after shot time has been detected  the
horizontal row for the fourth shot point.     on the seismogram from the
first shot point;  When the information contained in the con- 10  a
reflection occurring at 105 milliseconds after  tinuity array is plotted
out, an indication of  75     shot time has been detected on the seismo-  a
known well top may easily be printed on     gram obtained from shot point
2; a reflection  the plot at the appropriate place. This is an
occurring at 110 milliseconds after shot time  invaluable aid to the
interpreter in assuring     has been detected on the seismogram obtained
him that the plotted continuous reflection re- 15  from shot point 3 and a
reflection occurring  presents a particular known reflecting inter-  80
at 112 milliseconds after shot time has been  face. Similarly, correlation
points and other     detected on the seismogram  obtained from   known
geologic features may be indicated     shot point 4. These occurrence times
are each  on the final plot by converting them to occur-     compared with
the predicted value of occur-  rence times and inserting them into the
proper 20  rence time as described with regard to the  location in the
continuity array.               85     step 153 in Fig. 6. Assume that
each: of the    Referring to Fig. 6b there is shown a     occurrence times
differs from  the predicted  migrated depth section produced in accord-
occurrence times by a value less than a thres-  ance with the modification
of Fig. 6. In Fig.     hold level. Then continuity is indicated by   6b all
reflections for which no continuity has 25  placing an information bit at
the apropriate  been indicated have been plotted only below  90     place
in the stored array. Continuity is in-  1.5 seconds, which corresponds with
7000 feet     dicated in the above table by x's. Further,  on the depth
section. Note particularly the     assume that the first reflection
detected on  continuous reflecting interfaces which have     the seismogram
from the fifth shot point occurs  been plotted in the area around 8000
feet. 30  at 235 milliseconds after shot time. A com-    In Fig. 6b there
are few plotted reflections  95     parison of the predicted value with
this re-  below 10,000 feet but this is due to the dif-     flection time
will produce a difference greater  ference in energy levels of reflections
received     than the threshold level [err]. Therefore, an entry  after
about 2.0 seconds after shot time. It is     representing a lack of
continuity is inserted  possible  to  apply  programmed  gain  and 35  into
the continuity array at this point, lack of  spreading  connections to  the
deeper re- 100     continuity being indicated by a "0" in the  flections
and   if  this  is  done  the     above table.
number  of  reflections  plotted  at  the       Now consider the second
reflection detected  deeper depths would be materially increased.     on
the seismogram from the first shot point.    Another modification of the
method within 40  The second reflection is detected at 238 milli-  this
invention is depicted in Fig. 7 and can  105     seconds after shot time.
On the seismogram   be best understood with reference to this     from  the
second shot point a reflection is  Figure together with Figs. 7a and 8. In
the     detected at 240 milliseconds. On succeeding  process of Fig. 1 a
key trace was searched     shot points there have been reflections de-  for
all reflections 'having an amplitude which 45  tected at 250, 240, 235,
230, 230, 225, 220  exceeded a threshold level. This step is in- 110
and 220 milliseconds. Each of these reflections  dicated at 39 in Fig. 1.
After the occurrence     meets the test of continuity and therefore an
times T of all reflections having an amplitude     entry representing
continuity is stored in this  greater than the threshold level on the key
entire column of the continuity array.        trace have been determined, a
lateral search 50    The information as to continuous reflecting  is
performed through adjacent traces to deter- 115     points stored in the
continuity array can be  mine the attitude of the search line which 



combined with known geologic data about the  produces the greatest sum.
This is as in-     area under investigation. For example, the  dicated at
40 in Fig. 1. This technique has     interpreter may know  of the existence
of  the disadvantage that if a particular reflect- 55  a well top at a
particular location. A well top  ing interface does not produce a good
reflec- 120     is the depth to a given, known, reflecting inter-  tion on
the key trace, it will not be picked and     face. The interpreter may know
of the exist-  followed. That is, if a particular reflection has     ence
of such a reflecting interface at a parti-  a low amplitude on the key
trace such that the     cular depth because of velocity logging data or
threshold level [err] is not exceeded, the reflec- 60  information obtained
from  other geophysical  tion will not be picked and followed even  125
surveys. The depth to the known well top  though particularly good
reflections are pro-     may be converted to seismic energy travel  duced
on adjacent traces.     time and an indication inserted at the array   One
technique of obviating this disadvan-     at the appropriate place. For
example, the  tage is depicted in Fig. 7. In accordance with 65
interpreter may know  of the the existence  this technique, at each
sampling interval on  130                        1,175,700
13       the key trace the adjacent traces are searched  maximum sum,
denoted Max[err], is compared      for a maximum amplitude along search
lines  to a threshold value a' as indicated at 177. having various
attitudes. This can be better  If the maximum exceeds the threshold level
understood with reference to Fig. 7a where-  a' a reflection at this
occurrence time on the 5  in the top trace has been provided with a  key
trace is indicated. The occurrence time  65      scale representing the
sampling times 162, 163,  on the key trace, p[err], is stored as indicative
of      164 and so on. Commonly, the interval be-  time. The time shift
from end trace to end      tween these sampling times will be the inter-
trace of the search line producing the maxi-      val between digital
sample values. In accord-  mum sum [err], is stored as indicative of dip,
10  ance with this aspect of the invention the  and the maximum sum
Max[err], is stored as in-  70      amplitudes of all adjacent traces are
summed  dicating the amplitude of the reflection.      at the sampling time
162. Then, a summation   The use of the modified technique of Fig.      is
formed of the  amplitudes of all adjacent  7 has two advantages over the
technique de-      traces along a search line having a different  scribed
in conjunction with Fig. 1. Firstly 15  attitude. (In Fig. 7a the top trace
is the key  more reflections are plotted; secondly the pro-  75      trace.
The key trace is normally a center or  cess does not miss events on the key
trace      end trace from the exploration spread. The  which might
otherwise be missed because the      number of adjacent traces will
normally be  reflection is not strong on the key trace.      six to twelve,
but only five adjacent traces   Another advantage is that a better signal-
20  are shown in Fig. 7a.) The summation is re-  to-noise ratio is obtained
and hence a better  80      peated for search lines of different attitudes.
representation of subsurface layering as deter-      There is produced a
plurality of sums which  mined by the seismogram  is obtained. This
are compared in amplitude and the maximum   may be better understood by
considering the      is selected.                                 summation
along various search lines as pro- 25    Referring to sampling time 165,
two of  cessing the output of an array of detectors. For  85   these search
lines at two different attitudes are  an example, consider the summation of
am-      shown. The search line 166 has a vertical  plitudes of the six
traces of Fig. 7a to be the      attitude and the search line 173 has a
sloping  generation of the output of a six-element      attitude. The sum
of the reflection amplitudes  array as the array is directed or pointed in
30  along this line is formed. That is, the ampli-  different directions. A
reflection is detected  90      tudes at 167, 168, 169, 170, 171 and 172
for a particular occurrence time and attitude,      are summed. Similarly,
the sums of all am-  i.e. direction of the array, if the array output
plitudes are obtained along other search lines  exceeds a certain threshold
level. In Fig. 8      including the search line 173. The sum of the  there
is shown the response of an array as 35  amplitudes along the search line
173 will  ordinate versus the  spacing  between  the  95      produce the
largest sum. The value [err], which  elements of an array as abscissa. In
this case      is the time shift from one end trace to another,      is
stored as a value indicative of attitude.  the spacing between the elements
is [err]        Referring back to Fig. 7, the technique just 40  described
of selecting the amplitudes of ad-  where [err], is the time shift from
one end      jacent traces along various search lines is  trace to another
at a particular attitude and      indicated at 174. In Fig. 7 the various
traces  T is the period of a reflection. In Fig. 7a 100      which are
searched are denoted S[err]', S2', S[err]'  [err] is shown for the search
line 173 and T           Sm'. The sample times are denoted [err]  is shown
as the period of the reflection on 45  where i denotes an incrementally
increasing  the top seismogram. A  reflection having a      index. The
amplitude of the first trace at the   [err] 



occurrence time [err] is denoted S[err]'([err]). Simi-   [err]  falling
between 0 and 1 or between 5      larly, the amplitude of the adjacent
trace along    T      a particular search line is denoted          and 6
will contribute to the sum produced. 105
[err]                           A reflection having a     which is between
50      [err]                                                            T
N                    1 and 5 will not contribute to the sum. How-
ever, the process depicted in Fig. 7 effectively      where N is the number
of integrals between                                            [err]
traces and [err] is the total time shift of the  steers the array through
all values of      search line from  one end trace to another.
T      In order to search along various search lines  Therefore, all
reflections on all seismograms 110 55  the value [err] is incremented to
increasing  contribute to the sum. For this reason a better      values.
The summation of all of the amplitudes  signal-to-noise ratio is produced.
along various search lines is performed as in-    Considering the
reflection searching tech-      dicated at 175. The various sums,
[err],[err]   . . .  nique as the sweeping of a multi-element array,
[err]  are all compared one to another as in-  it will be apparent that
areal arrays could  115 60  dicated at 176 to find the maximum sum. The  be
used as well as linear ones. That is, the              search could be
performed with three di-  face at the attitude of and at a position repre-
65     mensional tilting as well as two dimensional  sentative of the
actual depth and horizontal     tilting.
displacement of said  particular subsurface        As previously discussed,
the processes of the  interface. 5   present invention can be performed in
con-    3. The method of claim 1 or 2, said traces     junction with the
operation of various types  being. represented by digital values, wherein
70     of digital computers. These computers can be  said converting step
(A) is performed in digi-     characterized by the block diagram  shown
tal computing apparatus and said plotting is     in Fig. 9.
performed by an automatic plotter. 10    In Fig. 9 there is shown an
input-output    4. The method according to claim 3, where-     unit 185 for
accepting input data 186 and for  in the amplitude of each trace is
adjusted so  75     producing as an output signals which can be  that the r
m s level of each trace is equal for     utilized by external output
equipment indi-  all traces.     cated at 187. The digital data processing
5. The method according to any preceding 15  system operates under control
of instructions  claim, wherein the generating step (b) includes      188
which are fed into the computer through  adding the amplitudes of said
values of said  80      input-output unit 185. External data 186 and
adjacent traces.      the instructions 188 are stored in the com-    6. The
method according to claims 3, 4 or      puter internal storage unit 189.
These data  5, wherein said digital computing apparatus 20  and
instructions are processed by arithmetic  includes an input unit for
transforming said     unit 190 under control of the control unit 191   data
to electric signals in a form which can  85     which operates in
accordance with the in-  be utilized by said computer, a storage unit
structions 188.                               for storing said electric
signals, an arithmetic
unit for operating upon said electric signals,        WHAT WE CLAIM  IS: -
and an output unit for transforming said elec- 25     1. The method of
producing a migrated  tric signals into a form which can be utilized  90
seismic section, from  seismic data including  by said automatic plotter;
said method com-     a plurality of traces represented by values at
prising, (a) transferring to said storage unit     periodic sampling times
on each trace and   digital samples representing the traces of a
representing the reflection occurrence times of plurality of digitized
seismograms, (b) sum- 30  seismic energy from  a plurality of spaced  ming
in said arithmetic unit the amplitudes of  95      sources and reflected
from  subsurface inter-  digital samples of adjacent related traces
faces, comprising (A) converting said seismic  occurring along search lines
of various atti-      data to a first physical representation of the
tudes, (c) for each of said plurality of sampling      occurrence time of
energy reflected from  a  times storing in said storage unit the maxi- 35
particular subsurface interface and a second  mum sum obtained from said
summing opera- 100     physical representation of the attitude of said
tion as indicative of the amplitude of a re-     particular subsurface
interface, said convert-  flection on said seismograms, (d) storing in
ing including: (a) searching along a plurality  said storage unit the
attitude of the search     of search lines across adjacent related traces
line producing the maximum sum as indicative 40  at each of a plurality of
sampling times on  of the dip of the particular reflecting interface 105
one of said traces, said search lines occurring  producing said reflection,
(e) storing in said 



at different attitudes corresponding with the  storage unit the occurrence
time of the search     possible dip of said subsurface interfaces; (b)
line producing the maximum sum as indica-     generating a function of said
values of said  tive of the depth of said particular reflecting 45
adjacent traces along each of said search  interface, (f) transferring the
stored values in- 110     lines; (c) for each of said plurality of sampling
dicative of depth and dip to said arithmetic     times selecting the
maximum of said function  unit to migrate them to values representing
obtained from  said generating operation, the  actual depth, and horizontal
displacement with     attitude of said search line producing said  respect
to said sources, (g) applying said 50  maximum  being said second physical
repre-  values of dip, actual depth and actual hori- 115     sentation
indicating the dip of said particular  zontal displacement to said output
unit for     subsurface interface; (B) plotting said parti-  conversion to
electric signals representing said     cular subsurface interface at the
attitude re-  dip, actual depth and actual horizontal dis-     presented by
said second physical representa-  placement, and (h) applying said
last-named 55  tion and the occurrence time represented by. electric
signals to said automatic plotter for 120     said first physical
representation.           plotting said particular reflecting interface at
2. The method according to claim  1 for  a position corresponding to the
values of     producing a migrated seismic section, which   actual depth
and actual horizontal displace-     comprises migrating said first physical
repre-  ment and with an attitude corresponding with 60  sentation of
occurrence time and said second  the value of said dip.
125     physical representation of attitude to values    7. The method
according to claim 6 further     representing actual depth and horizontal
dis-  comprising: (i) applying said maximum sum     placement with respect
to one of said sources,  to said arithmetic unit to divide said maxi-
and plotting said particular subsurface inter-  mum sum by the number of
traces included                14
1,175,700         search could be performed with three di-  face at the
attitude of and at a position repre-  65        mensional tilting as well
as two dimensional  sentative of the actual depth and horizontal
tilting.                                       displacement of said
particular subsurface          As previously discussed, the processes of
the  interface.   5   present invention can be performed in con-        3.
The method of claim 1 or 2, said traces        junction with the operation
of various types  being represented by digital values, wherein  70
of digital computers. These computers can be   said converting step (A) is
performed in digi-        characterized  by the block diagram  shown   tal
computing apparatus and said plotting is        in Fig. 9.
performed by an automatic plotter.   10    In Fig. 9 there is shown an
input-output    4. The method according to claim 3, where-       unit 185
for accepting input data 186 and for  in the amplitude of each trace is
adjusted so  75       producing as an output signals which can be  that
the. r m s level of each trace is equal for       utilized by external
output equipment indi-  all traces.       cated at 187. The digital data
processing        5. The method according to any preceding   15  system
operates under control of instructions  claim, wherein the generating step
(b) includes       188 which are fed into the computer through   adding the
amplitudes of said values of said  80       input-output unit 185. External
data 186 and   adjacent traces.       the instructions 188 are stored in
the com-      6. The method according to claims 3, 4 or       puter
internal storage unit 189. These data  5, wherein said digital computing
apparatus  20  and instructions are processed by arithmetic  includes an
input unit for transforming said       unit 190 under control of the
control unit 191   data to electric signals in a form  which can  85
which operates in accordance with the in-  be utilized by said computer, a
storage unit       structions 188.                                for
storing said electric signals, an arithmetic
unit for operating upon said electric signals,         WHAT WE CLAIM  IS: -
and an output unit for transforming said elec-  25     1. The method of
producing a migrated  tric signals into a form which can be utilized  90
seismic section, from  seismic data including  by said automatic plotter;
said method com-       a plurality of traces represented by values at
prising, (a) transferring to said storage unit       periodic sampling
times on each trace and   digital samples representing the traces of a
representing the reflection occurrence times of  plurality of digitized
seismograms, (b) sum-  30  seismic energy from  a plurality of spaced
ming in said arithmetic unit the amplitudes of  95       sources and
reflected from subsurface inter- digital samples of adjacent related traces
faces, comprising (A) converting said seismic  occurring along search lines
of various atti-       data to a first physical representation of the
tudes, (c) for each of said plurality of sampling 



occurrence time of energy reflected from  a  times storing in said storage
unit the maxi-  35  particular subsurface interface and a second   mum sum
obtained from said summing opera- 100      physical representation of the
attitude of said  tion as indicative of the amplitude of a re-
particular subsurface interface, said convert-  flection on said
seismograms, (d) storing in      ing including: (a) searching along a
plurality  said storage unit the attitude of the search      of search
lines across adjacent related traces  line producing the maximum sum as
indicative 40  at each of a plurality of sampling times on   of the dip of
the particular reflecting interface  105      one of said traces, said
search lines occurring   producing said reflection, (e) storing in said
at different attitudes corresponding with the  storage unit the occurrence
time of the search      possible dip of said subsurface interfaces; (b)
line producing the maximum  sum as indica-      generating a function of
said values of said  tive of the depth of said particular reflecting 45
adjacent traces along each  of said  search  interface, (f) transferring
the stored values in- 110      lines; (c) for each of said plurality of
sampling   dicative of depth and dip to said arithmetic      times
selecting the maximum of said function   unit to migrate them  to values
representing      obtained from  said generating operation, the  actual
depth and horizontal displacement with      attitude of said search line
producing said  respect to said sources, (g) applying  said 50  maximum
being said second physical repre-  values of dip, actual depth and actual
hori- 115      sentation indicating the dip of said particular  zontal
displacement to said output unit for      subsurface interface; (B)
plotting said parti-  conversion to electric signals representing said
cular subsurface interface at the attitude re-  dip, actual depth and
actual horizontal dis-      presented by said second physical representa-
placement, and (h) applying said last-named 55  tion and the occurrence
time represented by   electric signals to said automatic plotter for 120
said first physical representation.            plotting said particular
reflecting interface at        2. The method according to claim   1 for  a
position  corresponding  to the values of     producing a migrated seismic
section, which   actual depth and actual horizontal displace-     comprises
migrating said first physical repre-  ment and with an attitude
corresponding with 60  sentation of occurrence time and said second  the
value of said dip.                           125     physical
representation of attitude to. values   7. The method according to claim  6
further  representing actual depth and horizontal.dis-  comprising: (i)
applying said maximum   sum     placement with respect to one of said
sources,  to said. arithmetic unit to divide said maxi-     and plotting
said particular subsurface inter-  mum  sum  by the number of traces
included                         1,175,700
15      therein to determine maximum mean ampli-  nals representative of
the occurrence times of     tude, and (j) storing said maximum  mean
reflected  energy from  particular interfaces  65  amplitude in said
storage unit as an indication  and horizontal distances across said seismic
of the grade of the reflections included in said  time section, generating,
in response to said 5   sum.
first signals, second signals representative of       8. The method
according to claim  6 or 7   attitude, actual depth, and horizontal dis-
further comprising: (k) applying said maximum  placement with respect to
said sources of suc-  70     sum to said arithmetic unit to compare said
cessive points on the particular subsurface     maximum sum with a
threshold level indicat-  interfaces represented by said lines of con- 10
ing that reflections exist across said traces at  tinuity, and plotting in
response to said second     the stored occurrence time on said traces and
signals, said interfaces to produce said mig-     at the attitude of said
search line producing  rated seismic depth section.                  75
said maximum sum.                                12. The method of claim
11, wherein each       9. The method according to claims 6, 7 or  line of
continuity is followed by curve follow- 15  8, wherein multiple reflections
are removed  ing means, said first signals are applied to     from  said
seismic data further comprising:   digital computing means which is
responsive     (1) adding in said digital computing apparatus  thereto and
generates said second signals, and  80     physical representations of
occurrence time  said second signals are applied to automatic     to obtain
all combinations of the sums of said  plotting apparatus. 20  occurrence
times, (m) adding in said digital    13. The method of claim 12, further
com-     computing apparatus physical representations,  prising: converting
in said digital computer     of attitudes to obtain all combinations of the
said first electrical signals to values D[err] of  85     sums of said
attitudes, (n) comparing in said  attitude of said particular subsurface
inter-     digital computing apparatus each physical re-  face for
corresponding values of T[err] of occur- 25  presentation of said
occurrence times and each  rence time in accordance with the following:
physical representation of said attitudes with     each sum of occurrence
times and each sum                             [err]TV[err]     of
attitudes respectively to determine corres-               sin 0[err]=-
pondence, and (o) rejecting in said digital com-                      AX 



30  puting apparatus physical representations of     said occurrence times
and attitudes which pro-                                 [err]     duce
correspondence as being indicative of  where 0[err] represents the value
D[err], [err]     is the  90     multiple reflections.
AX        10. The method according to any of claims  change in said values
of time for the change 35  6 to 9 further comprising: (p) generating from
in horizontal displacement for successive in-     said seismic data a
plurality of physical re-  crements, and V[err] is the surface seismic
velo-     presentations of actual occurrence times for  city characteristic
of the earth.              95     energy from  successive ones of said
spaced     14. The method of any of claims 1 to 5,     sources, (q)
generating from said seismic data  wherein said sampling times of said
plurality 40  a plurality of physical representations pre-  are the
occurrence times, on a key trace, of     dictive of the occurrence times
for energy from   all amplitudes greater than a threshold level.
succeeding sources, (r) comparing, for each     15. A computer and an
automatic plotter 100     succeeding source, said physical representations
arranged to perform the steps of any of claims     of actual occurrence
times with said physical  1 to 14. 45  representations predictive of
occurrence times,   16. Apparatus for producing a migrated     and (s)
interconnecting the plot of said parti-  seismic section according to the
method of     cular subsurface interface between the occur-  claim 1 or 11
substantially as described with  105     rence time for energy from a
particular source  reference to the accompanying drawings.     and the
occurrence time for energy from the     17. A computer and an automatic
plotter 50  next succeeding source if said comparing step  according to
claim  15 substantially as de-      indicates agreement between predicted
and   scribed with reference to the accompanying      actual occurrence
time.                        drawings.
110        11. The method of producing a migrated        18. A migrated
seismic section produced by      seismic depth section from  seismic data
re-  apparatus of claims 15, 16 or 17. 55  presenting the reflection
occurrence times of    19. A  method of producing a migrated      seismic
energy from  a plurality of spaced  seismic section from seismic data
representing      sources and reflected from  subsurface inter-  the
reflection  occurrence times of seismic  115      faces, said data
including a seismic time sec-  energy from a plurality of spaced sources
and      tion having lines of continuity through reflec-  reflected from
subsurface interfaces, substan- 60  tions from  particular subsurface
interfaces,  tially as described with reference to the accom-      said
method comprising: following each line  panying drawings.      of
continuity to generate at successive incre-   20. A  migrated seismic
section produced  120      ments along said lines of continuity first sig-
by the method of any of claims 1 to 14 or 19.                        16
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