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[57] ABSTRACT

Seismic signals from detectors forming split spreads are
utilized to correct for weathering, elevation, and the
like signals from detectors forming an expanded spread.
The signals of the seismic section delineated by the
expanded spread have applied thereto time changes
under the control of a hyperbolic generator. There are
generated as a result of the sweeping across the section
and lengthwise thereof of the seismic signals the genera-
tion of functions utilized to provide normal moveout
corrections of greater precision or accuracy than here-
tofore. With the normal moveout corrections of greater
accuracy applied to the signals of the seismic section,
additional corrections are made for dip and thereafter
for delineation of the velocity characteristics of the
earth along the stratigraphic column. There is included
provision not only for identification of primary reflec-
tions and multiples but also for the elimination of multi-
ples from the signals of the seismic section. The forego-
ing operations are carried out in an automatic system
which may be either of the analog or digital type.

48 Claims, 31 Drawing Figures
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CORRECTIONS FOR SEISMIC DATA OBTAINED
FROM EXPANDING-SPREAD

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made

by reissue.

CROSS REFERENCE TO RELATED
APPLICATION

Continuation of Ser. No. 496,735, Sept. 30, 1965,
abandoned, which is a continuation-in-part of Ser. No.
95,111, March 13, 1961, abandoned.

BACKGROUND OF THE INVENTION

This invention relates to seismic exploration and
more particularly to methods and systems for obtaining
and utilizing seismic data obtained from expanding-
spreads.

In a more specific aspect of the invention, velocity
profiles are now made available for vertical sections of
earth formations underlying expanding-spread profiles,
which heretofore have been available only by actual
measurements in holes drilled through such sections.

In seismic exploration, acoustic waves generated by
production of seismic impulses as by explosion of a
charge of dynamite or by weight dropping techniques
at near surface sending stations are detected after reflec-
tion from subsurface beds to produce seismic signals
which by reason of time occurrence of reflection com-
ponents therein are related to the depth and the attitude
of subsurface reflecting beds. However, due to the na-
ture of the seismic process itself and the instrumentation
employed for detecting and recording such signals, the
useful information may be considered to be that from a
very narrow band as compared with the seismic waves
initially generated. Therefore, the information and data
from ordinary seismic records as to the depth and layer-
ing of surface structures are correspondingly limited.

In the past, detailed and exact data as to the acoustic
properties of the subsurface formations have been ob-
tained by incremental velocity logs of bore holes ex-
tending through the formation of interest. However, it
frequently is most desirable to be able to obtain such
information without the attendant expense of a drilling
program to provide the necessary bore holes.

SUMMARY OF THE INVENTION

In accordance with the present invention, data from
expanding seismic-spreads are transformed into infor-
mation as to the velocity distribution or characteristics
of the vertical section lying at the center of the expand-
ing-spread. By carrying out expanding-spread opera-
tions at each of a plurality of points along a selected
profile, variations in subsurface structure underlying
such profile may be detected from the resultant velocity
data derived from the expanding-spread seismic signals.
In accordance with the present invention, the foregoing
is achieved by providing expanded-spread seismic sig-
nals which are accurately corrected as to time both for
surface variations and for the geometrical spreading
present in expanded-spread operations, the elimination
of otherwise obscuring secondary reflections, and the
derivation from signals representative of primary reflec-
tions of data necessary to check the correctness of avatl-
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2

able velocity information and to provide corrections if
needed.

It is therefore an object of the invention to provide a
method and system for correcting individually the mul-
tiplicity of traces of seismographic records for static
corrections in those areas where variables such as
weathering and elevation are encountered.

It is a further object of the invention to provide for
the correction of an assumed velocity profile by utihza-
tion of primary reflection signals present in expanding-
spread seismic data.

In carrying out the present invention there have been
devised methods, apparatus and systems in themselves
new and by means of which there may be obtained data
from seismic surveys corrected and modified in a man-
ner to render more useful and reliable seismic interpre-
tations thereof. Immediately following the identifica-
tion of the several Figures, there will be presented a
brief summary outline of selected novel aspects both in
respect to methods and apparatus.

DESCRIPTION OF THE DRAWINGS

FIG. 1A diagrammatically illustrates in block dia-
gram the application of the invention to the type of
subsurface structures with respect to which the present
invention yields reliable data of a higher order of rel-
ability than heretofore has been available;

FIG. 1B is a block diagram of one of the systems of
FI1G. 1A and utilized for the presentation of a brief
overall description of the invention prior to a consider-
ation of its detailed aspects;

FIG. 1C illustrates the manner in which FIGS. 2,3, §
and 6 are to be assembled to form one complete system
embodying the present invention;

FIGS. 2, 3, 5, 6, 7, 8 and 8A diagrammatically illus-
trate a substantial part of the apparatus embodying the
present invention and by means of which the invention
thereof may be practiced,;

FIG. 3A is an enlargement of a part of records 5la
and 51b of FIG. 2;

FIG. 3B is a fractional earth section helpful in ex-
plaining the invention;

FIGS. 3C, 3D and 3E are graphs helpful in present-
ing the theory and operation of the present invention;

FIG. 4 is a chart of a “shooting” schedule useful 1n
the practice of the invention as illustrated 1n FIG. 2;

FIG. SA is a chart illustrating multiple travel paths;

FIG. 6A is a ray chart illustrating the travel of seis-
mic waves in the subsurface layers;

FIG. 6B is a graph illustrative of background theory
underlying the present invention;

FIGS. 9, 10, 11 and 12 are graphs or blocks including
equations therein which are illustrative of the nature of
corrected data obtainable in accordance with the pres-
ent invention and of the manner in which such cor-
rected data is further utilized,;

FIGS. 13 and 14 include a detailed illustration of the
display and recorder or storage device 250 of FIG. 7
and illustrate further apparatus and steps utilized in the
practice of the invention;

FIGS. 15 and 16 are graphs illustrative of further
aspects of the present invention;

FIGS. 17 and 18 diagrammatically illustrate a modifi-
cation of the invention;

FIG. 19 illustrates graphs explanatory of the opera-
tion of the system of FIGS. 17 and 18; and

FIG. 20 is a fractional view illustrating a modification
of the system of FIG. 17.
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A MORE DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring now to FIG. 1A the invention in one form
has been shown as applied to seismic exploration
through the use of expanding-spreads, which, while
useful in connection with problem areas other than the
one illustrated in FIG. 1A, are particularly useful where
structures of the type illustrated are encountered. A
profile or seismic traverse extending along a line 10 may
often overlie subsurface structural features such as are
represented on the flank of a shale mass 10z into which
various reflecting subsurface horizons S1-S5 terminate.
Often it is difficult to identify the interface or the
boundary between the shale mass 10a and the normal
sand shale interbedding planes lying above and over the
shale mass. In accordance with the present invention a
plurality of expanding-spread arrays of detectors are
employed. These arrays are located respectively at each
of a plurality of selected locations along line 18 and
preferably oriented at right angles to line 10. Thus ar-
rayed, and subsurface formations may be probed at each
of the spread locations with acoustic waves for generat-
ing a plurality of sets of expanding-spread seismic data.
More particularly, a first expanding-spread array 50-1 is
emploved for the production of seismic signals which
include reflection components spaced along a time scale
as they arrive at detecting stations in the expanding-
spread array after reflection from the successively
deeper S1-S5. The stratigraphic columns 10b, 10c and
10d are thus investigated by means of the expanding-
spread record-sections 50-1, 50-2 and 50-3.

As will be later explained in detail and particularly in
connection with FIGS. 2 and 3, an expanding-spread
record-section comprises at least three records, each
preferably having a plurality of traces and each ob-
tained as a result of the generation of seismic energy at
different locations. In FIG. 2 a record-section 50 com-
prises the five records 50a-50e respectively produced
with generation of the seismic energy at generating
stations shown as shotholes A-E. While the specific
arrangement of the exploring system for record-section
50 will be hereinafter explained in greater detail, it is to
be understood that such a multisignal set of seismic data
i1s provided for each of the sections 50-1, 50-2 and 50-3,
FI1G. 1A. The seismic data obtained for each such sec-
tion is then applied to a data treating system. Flow lines
have been provided in FIG. 1A which diagrammati-
cally indicate the flow of data from each of these sys-
tems, the switch Sw-1 being shown along with switch
Sw-2 to indicate the shift in the data from the expand-
ing-spread 50-1 to the data from expanding-spread 50-2
and thence to the data from expanding-spread 50-3.
Briefly stated, the expanding-spread seismic data of
section 30-1 1s first corrected, if necessary for variations
in weathering [an] and elevation of the detecting sta-
tions, and then in unit 110 it is corrected for normal
moveout or spread geometry. The resultant seismic
signals are then selectively combined and scanned in
unit 131 by a sweeping function to produce a plurality
of output signals, one for each sweeping function. The
signals produced from unit 131 are recorded in a storage
system 149, are after removal of noise, again recorded
by unit 166. Selected signals from storage system 166
have applied to them a plurality of sweeping functions
which in conjunction with an inverter serve to eliminate
in the record of recorder 131 the effect of multiple
reflections from the subsurface structures S1 to SS.
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Other selected signals from storage system 166 are uti-
lized to correct the normal moveout corrector unit 110
for any inaccuracies present therein by reason of the use
of previously available velocity data for the formations
underlying the expanding-spread of section 30-1. Such
previously available data may contain substantial error
but may be used as a first approximation to the actual
velocity profile.

The expanding-spread data is utilized for correcting
the velocity function employed by the normal moveout
corrector 110. Having accomplished the important step
of obtaining a correct velocity function from previously
available data, the expanding-spread data is again ap-
plied to the normal moveout corrector 110 now em-
ploying a corrected velocity function and thence to a
recorder 250-1, to provide an expanding-spread seismic
record-section corrected on a trace-by-trace basis for
weathering, elevation and spread geometry. Thereafter,
data from the expanding-spread array 50-2 is similarly
treated for the production of a second expanding-spread
seismic section for recorder 250-2. The latter section is
uniquely related to the stratigraphic column 10c.

Thereafter the data from expanding-spread array 50-3
1s then treated for the production by recorder 256-3 of
another seismic record-section of the vertical column
10d. It will be noted that columns 10b and 10c extend
through the subsurface interface S3, but that the latter
interface 1s discontinuous along the flank of the shale
mass 10a. Accordingly, it will be seen that the interface
S3 terminates short of the column 10d. The resuit is that
on the seismic record-sections from recorders 250-1,
250-2 and 250-3 a reflection from the third interface S;
will appear only on the first two record-sections. It does
not appear on the record-section from recorder 250-3.
By reason of features of the present invention, which
permit the complete and accurate correction of all sig-
nals for the variables such as weathering and elevation,
and the time-variable, dependent upon spread geome-
try, the disappearance of a reflection as will be indicated
on the record from recorder 250-3, may be relied upon
as an indication of the existence of a structure such as
shown in FIG. 1A in contrast with disappearance of
reflections due to signal-cancellation effects.

By utilizing expanding-spread arrays at a plurality of
points such as tllustrated, the analysis of the subsurface
structure may be extended even beyond the limited
example shown in FIG. 1A so that relatively subtle
structures such as the disappearance of a shale mass as at
a boundary with such shale and normal sand shale bed-
ding structures may be detected and delineated.

in FI1(. 1B there has been illusirated in block form
and on a functional basis, a system for treating expand-
ing-spread seismic data obtained from one of the arrays
such as for the section 50-1 of FIG. 1A. While a detailed
description of the system will be presented in connec-
tion with more detailed drawings, it will be helpful to
note that each set of expanding-spread seismic data such
as shown in FIG. 1B forming the seismic record-section
50 1s first corrected for weathering and for elevation
variations where the same is necessary. In marine areas
it may not be necessary to introduce such corrections,
but where weathering is a probiem one manner of ac-
complishing weathering correction is to employ a set of

; »split-spread records, a split-spread seismic section such

65

‘asthe section 51.

For the purpose of the present description and as used
in the claims the term “weathering correction” is de-
fined as a static correction which includes not only
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variations in weathering and elevation, but any such
additional correction as may be necessary to refer all
seismic record times to a selected datum.

When weathering corrections are necessary, each
signal of the expanding-spread section 50 is corrected
on a trace-by-trace basis for the weathering determined
from the split-spread record-section 51. Seismic signals
in record-section 50 thus corrected for weathering are
then applied to a normal moveout corrector 110
wherein geometrical spreading corrections are com-
pleted based upon the best available subsurface velocity
data relative to the stratigraphic column underlying the
expanding-spread array 50-1 of FIG. 1A. In the seismic
record-section 50 primary reflections appearing thereon
have a lineup or reflection orientation across the re-
cord-section which corresponds generally with a hy-
perbola or hyperbolic arc, the precise nature of which is
dependent upon the velocity characteristics of the sub-
surface formations and the spacing between, or geomet-
rical spreading of the several detectors. Accordingly,
the normal move-out corrector 110 dynamically adjusts
pick-up heads by amounts to compensate for the dispo-
sition of the several reflections appearing across the
record-section. In accordance with the present inven-

10

15

20

tion the signals from each of the plurality of records of 25

section S0 are after approximate correction for move-
out by the unit 110 combined together and individually
recorded or stored by unit 131. The resulting five
traces, each a composite of the signals on each seismo-
gram or record of section 50 is then played back after
modification by means of a function generator 140. The
unit 140 may be considered a function generator, inas-
much as it is designed to adjust a plurality of pick-up
heads through a plurality of positions, the pick-up heads
in each position lying on an arc or curve corresponding
with the difference between two hyperbolic functions.
As will later be explained in detail and particularly in
connection with FIGS. 5 and 6, the hyperbolic scanning
device or generator 140 applies supplemental correc-
tions to those provided by the normal movement cor-
rector. Since for each position of the scanning device
140 corrections are applied representing the difference
between different hyperbolic functions, there may be
achieved the attainment of valuable additional informa-
tion. This information is obtained by combining the
several traces after modification by device 140 and
recording or storing each of the resulting composite
signals as upon separate traces, one for each correcting
function applied by the device 140.

In accordance with the invention, it has been found
that there is a correlation between the correcting func-
tion applied by the device 140 and the signals which add
cumulatively on a composited trace stored or recorded
by the device 149. More particularly, for a given area,
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multiples will add cumulatively on several traces of 55

device 149 with hyperbolic corrective functions intro-
duced by device 140 concave downwardly or with
greatest eccentricity. As the eccentricity of the correc-
tive functions decreases, primary reflections will appear
and some of them may appear on traces corresponding
with the corrective functions of lesser degree of eccen-
tricity and some with reversed sign, i.e.,, concave up-
wardly. Thus on the device 149 there will appear on
certain of the traces high amplitude signals respectively
representative of multiples and reflections. Noise and
the like may be removed by a squelch circuit 162. After-
wards the noise-free traces will be recorded or stored in
the device 166 preparatory to repeated play-back. By
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utilizing an inverter 168 and a second scanning device
167, any signals appearing on a selected group of traces
known to be multiples will be inverted and restored in a
recording or storage device 170 in time-phase with, but
inverted with, respect to the multiples stored or re-
corded by device 131.

Accordingly, by adding the signals representing mul-
tiples, after inversion, to the signals on the several traces
of the device 131, the multiples will be eliminated by
cancellation effects. The composited signals of the re-
cord of recorder 131 will again be applied to the scan-
ning device 140 and again stored or recorded by the
device 149, the noise removed, and again stored or
recorded by the device 166. There then appear at re-
corders 149 and 166 multiple-free records with the time-
appearance of primary reflections unaffected by the
presence of multiples in the original seismic data.

In FIG. 1B the information from the storage device
or recorder 166 is derived trace-by-trace by a scanning
switch 247 and applied to the normal moveout correc-
tor 110. For purposes of clarity in FIG. 1B, this normal
moveout corrector has been illustrated a second time,
though it will be later explained in connection with
FIGS. 7 and 8 that the corrections introduced into its
operation will not require an additional moveout cor-
rector but can be the same one as shown receiving infor-
mation from the record-section 50. These same consid-
erations apply to the normal moveout corrector 38 since
only one such unit need be provided for the several
operations already described and to be described.

The position of switch 247 and the time occurrence of
a reflection on one or more of the several traces of
storing device 166 provides information as to the magni-
tudes of the correction to be applied to the normal
moveout corrector 110 and also the time occurrence of
that correction during application to the normal move-
out device 110 of the seismic signals. The end result 1s
the setting of the normal moveout corrector 110 to
correspond with the existing velocity profile from
which the seismic data were obtained and with a degree
of precision substantially corresponding with exact
information as to the velocity characteristics of the
subsurface layering of the several stratigraphic columns
10b-10d of FIG. 1A. For that reason the data from the
original record section 50 may now be applied to the
normal moveout corrector 110 and in its corrected form
stored or recorded as a new record on the device 250.
Where there has been accomplished relatively precise
corrections for weathering and normal moveout, multi-
ples and noise to large degree will later be cancelled out
as will be explained more particularly in connection
with FIG. 13.

The cancellations occur by combining or composit-
ing selected traces as indicated by the arrows 286 repre-
sentative of combining circuits and for the recording by
the device 287 on the recorder or storage means 300.
Thus at the recorder or storage device 300 there will
appear in alignment only the primary reflections. More-
over, the alignment of such reflections will be along
lines indicative of any slope or dip in the reflecting
horizons. By utilizing a dip-determining arrangement
302, precise measurements may be made of the slope.
This is accomplished by introducing time-shifts along
lines representative of linear changes across the record
at recorder 300. Thus the appearance at the recorder or
storage device 315 of traces each indicative of the par-
ticular linear corrective function becomes a measure of
the dip of a particular reflecting horizon. Stated differ-
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ently, the reflections as appearing on the record of re-
corder 315 have been corrected for dip. After removal
of noise as by a squelch circuit 162a, the resultant reflec-
tions can be either stored or recorded by device 321 as
a noise-free record or combined in a single record or
storage device 3258. Thus the end result of the several
features of the invention previously described is a single
record on which only reflections appear and at times
representative of the depths of the reflecting horizons.
The final data from the record of recorder 325 may be
utilized 1n conjunction with an inverse filter 329 to
produce a final record representative of the detailed
velocity layer below the expanding-spread from which
the data for the record 50 was obtained. This inverse
filter may be of the type illustrated in Lawrence et al
U.S. Pat. No. 3,076,177 and assigned to the same as-
signee as the present invention.

With the foregoing outline of the operations as a
whole, it will be understood that the several method
steps may be carried out by a wide variety of apparatus,
including computing equipment, which by a mathemati-
cal approach will provide solutions to equations which
may be exact or approximate, as may be desired. In the
more detailed description which follows, there will be
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presented both the field techniques and a description of 25

simplified analog type of instruments by means of which
the invention may be utilized and which are illustrative
of the many features of the invention, to which the
appended claims have been directed.

Referring to the drawings, particularly FIG. 2, a
plurality of detectors 11-28 inclusive have been illus-
trated in spaced apart relation. These detectors or geo-
phones uniformly spaced one from the other cover an
entire profile to be surveyed in accordance with the
present invention. It is to be understood that this profile
may be of much greater length than illustrated, and it
can also be shorter (as short as three spreads). Though,
as will later be explained, the actual operations in the
field will differ from those now being described, the
illustration of the entire profile does provide a ready
means of better understanding some of the underlying
principles of the invention. Distributed along the profile
are a plurality of shotpoints identified by the reference
characters A-E inclusive.

The detectors 11-28 disposed along the profile and
the shotpoints A-E spaced at points selected within the
profile are employed for producing two sets of records.
The first set 51 of records 51a-51e will hereinafter be
referred to as split-spread records. A split-spread record
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includes signals detected along a segment, such as S; of 50

the profile wherein the shotpoint, such as shotpoint D,
at which the seismic waves are generated is at the center
of such segment. The second set 50 of records 50a-50¢
will hereinafter be referred to as expanding-spread re-
cords, that is, a series of records in which the distance
from shotpoint to the detectors progressively increases.
The signals as recorded on all expanding-spread records
include components reflected from a common subsur-
face segment, as S underlying the center of the profile.

A sphit-spread record $1a is produced, for example,
by detonating a charge of dynamite located in shot hole
D, FIG. 2, and detecting the resultant seismic waves in
that segment of the profile spanned by detectors 11-16.
An expanding spread record 50e is produced by gener-
ating seismic waves at shotpoint D and detecting them
In that segment of the profile spanned by detectors
23-28. When shooting a split-spread record, seismic
energy thus generated as from shotpoint D, travels
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downwardly to a first reflecting horizon RH,. A part of
this energy is reflected as from the segment S; and is
thereafter received by the first spread of detectors
11-16. With connections from detectors 11-16 extend-
ing to recorder 38 by way of a gang switch 34, recorder
38, having associated recording heads, produces a re-
cord Sla of the resulting seismic waves. It is to be un-
derstood that the records will be phonographically
reproducible, whether on magnetic, photographic or
other reproducible medium. In the drawings, however,
records are, in most cases, illustrated by visible, variable
amplitude representations of the seismic waves for the
purpose of aiding in the understanding of the invention.

Though the particular ray paths for all of the succes-
sive split-spreads have not been illustrated, it will be
understood that they are exactly like those illustrated
from the shotpoint D. For the split-spread from shot-
point C, the second of the right-hand gang switches will
be closed, and with the detonation of dynamite at shot-
point C, there will be made the record 51b for the
spread including detectors 14-19. Similarly, split-spread
record S1c¢ will be made with the spread 17-22 symmet-
rically located with respect to shotpoint A. The spread
for split-spread record 51d will include the geophones
20-25 for shot hole B, and the last record with gang
switch 36 closed, will, of course, be for the spread 23-28
having three geophones on either side of shot hole E
and disposed along the straight line on which the other
geophones are located.

In addition to the split-spreads $1a-5le, there will be
produced the set of expanding-spread records 50a—50e.
It will be convenient to consider first the centrally lo-
cated record S0c. This will correspond with the split-
spread record 51c and is produced with the dynamite
charge at shotpoint A and the detectors 17-22 con-
nected to the recorder 45 through the associated gang
switch. The actual connections between the detectors
17-22 and the associated centrally disposed gang switch
have not all been illustrated in order to simplify the
drawing. For each gang switch, there have been illus-
trated sufficient conductors to indicate the circuit ar-
rangements and to make it obvious to one skilled in the
art how the wiring, schematically shown, will be com-
pleted.

A charactenistic of the set of expanding-spread re-
cords is that reflection points are the same on each
subsurface reflecting horizon for all records. For exam-
ple, the segment Sj of reflecting horizon RH; is com-
mon to each record of the set §0, of FIG. 1B, of expand- |
ing-spread records 50a-50c of FIG. 2. This will be
clearly understood by considering shotpoint B. Upon
detonation of a charge of dynamite at shotpoint B, seis-
mic energy traveling along the ray paths indicated will
be reflected from the points Py and P; to the detectors
19 and 14. It is to be observed that the reference charac-
ters 17 and 22 have been applied to the recorder 45 to
identify the spread, including geophones 17-22 inclu-
sive.

Similarly, other spreads have been identified on re-
cords 50a-50e and 51a-51e by the reference characters
of corresponding detectors.

Considering now the ray path from the shotpoint A
and comprising A-P)-22, it will be seen that it is to a
close approximation the same as the path B-P;-19, from
shotpoint B. Since the seismic energy from the shot-
points A and B traverses substantially the same path, the
disposition of the recording head from the geophone 19
for record 50b adjacent the recording head for the geo-
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phone 22 for record 50c, will provide a time-tie as be-
tween the records 50c and 50b. An examination of the
remaining paths and the arrangement of the recording
heads relative to the several spreads of geophones will
reveal that there has been maintained throughout the set
of expanding-spread records 50a-50e¢ corresponding
time-ties. One more example will be given.

Considering now the ray path B-P;-14 and the ray
path from shotpoint D, namely D-P3-23, it will be seen
that the two substantially correspond and by thus dis-
posing the recording head for the detector 23 at the
right side on record 50¢ and adjacent the recording
head for the detector 14 on the left side of record 50b
there is provided a time-tie between the two records.
Similar comparisons may be readily made between the
illustrated broken-line ray paths from the shotpoint C to
its spread of geophones 20-2§ inclusive, and the ray
paths from shotpoint E.

Though the end results are the same, as those just
described, the sequence of operations in the field need
bear little resemblance to them. In order to minimize
both the number of shots required and further to mini-
mize the shifting of equipment and personnel to obtain
the two sets of records, the table of operations as set
forth in FIG. 4 has been devised. By following the
indicated steps, it will be seen that the foregoing re-
quirements of the invention are realized. Thus, by ai-
ranging the detector cable with the right-hand detector
at the position illustrated in FIG. 2, and thus the left-
hand end of the cable ending with detector 16, and with
the recorder in the vicinity of the shothole D, one mem-
ber of the party, generally known as the “shooter”, may
be located at shothole E and upon an appropriate signal,
he detonates the explosive, and the first record §0a of
the expanding-spread is recorded. In this connection, it
will be noted that the gang switch 35 for the recorder 43
is closed. This gang switch 35 is now opened, and the
gang switch 34 is closed, and a second shooter at the
shotpoint D detonates his charge. There is thus then
recorded on the first of the split records $1a the result-
Ing seismic energy detected by the spread 11-16.

The spread of geophones is then moved to the loca-
tions illustrated by the geophones 14-19. It 1s to be
noted, however, that the connections to the recorder 46
of the record 50b are reversed relative to their connec-
tions to the recorder 39 for split-spread record 51b. The
directions of cable connections have been indicated in
the chart of FIG. 4 by the arrows just below the capital
letters indicative of the shotpoints. The arrows show
that the connections for a spread will be made from
right-to-left or from left-to-right, as the case may be.

While the foregoing has taken place, shooter No. 1
has moved from shotpoint E to shotpoint B. Upon sig-
nal, he detonates the dynamite in shot hole B, it being
understood that the gang switch associated with the
recorder 46 has been closed and the remaining gang
switches operated to their open positions. Thereafter,
the gang switch for recorder 46 is opened, and the gang
switch for. the recorder 39 is closed. At that time,
shooter No. 2 detonates the dynamite in shotpoint C,
and the second record §1b, of the split-spread records 1s
made. It is only necessary to follow the instructions of
the table of FIG. 4 to complete the records. These re-
cords are then ready for use in accordance with further
aspects of the invention, as will now be set forth. These
additional steps and the apparatus involved may be
taken to the field, though in general it is contemplated
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that the operations will be carried out at a processing
center.

It has already been indicated that a more extensive
expanding-spread may be involved, and there may be
utilized many more detectors per spread. In general,
each detector will have its own associated amplifier,
one of them, the amplifier 30, being identified, though
all have been shown. It is to be further understood that
simplified field operations may involve but a single
recorder, which will produce first one of the records for
the split-spread, and then a record for the expanding-
spread. These records at a processing center will be
assemblied as illustrated in FIGS. 2, 3 and 3A prepara-
tory to the operations now to be described.

Referring now to FIG. 3A, there have been illus-
trated the records 51a and 51b, somewhat enlarged for
ease in identifying the events recorded on the two re-
cords, For example, after the detonation of an explosive
at shotpoint D, the detectors 11-16 of FIG. 2 will re-
spond to the first-arriving energy from the shotpoint to
produce the first breaks 11b-16b which appear at the
upper right-hand part of the two records 5l1a and 51b.
Thereafter, and due to the reflection of seismic energy
from the first reflecting horizon RHj, the detectors
11-16 respond to produce the wave-forms 1lc-16c
representative of the first reflection. Similarly, seismic
energy will be recorded on records S1a and 51b repre-
sentative of reflections from successively deeper reflect-
ing horizons. For the second reflection, the wave-forms
have been identified as 11,-164. The record 51b appears
in like manner as a result of detonation of an explosive
at shotpoint C.

Though in FIG. 2, the detectors or geophones 11-28
have for convenience been shown as though on a hori-
zontal surface, it will be understood by those skilled In
the art that such is seldom realized in the field. More
generally, the terrain may take the form such as that
illustrated in FIG. 3B where a section 53 of the earth is
shown inclined downwardly to the left. There is also
illustrated what is generally referred to as the weath-
ered layer 53w of variable thickness. To correlate FIG.
3B with FIG. 2 there have been shown the two drill
holes in which dynamite charges will be located to form
the shotpoints at C and D. These shot holes may be of
variable depth where the program calls for each shot
hole to be drilled to a point below the weathered layer.
Illustrated on opposite sides of the two shot holes are
the detectors 13 and 14 for shotpoint D and the detec-
tors 16 and 17 for shotpoint C. In order to make maxi-
mum use of the information obtained, it 1s necessary to
apply weathering and elevation corrections to bring all
data to a common datum plane. For convenience, this
datum plane has been illustrated in FIG. 3B as at 34. To
correct the data to a selected datum plane, there will be
utilized information generally available from an area
covered by the survey and generally shown in the form
of a time-depth plot as illustrated in FIG. 3C. Thus, the
section 55 illustrates variation in the time plotted as
abscissae against depth as ordinates for the travel of the
seismic energy in the weathered layer 53w, while the
section 56 of the time-depth plot shows the variations
that occur in the deeper consolidated layer. It will be
understood that the slope of each of the sections 35 and
56 represents respectively the velocity of the seismic
energy in the weathered layer and in the consolidated

layer below 1it.
Those skilled in the art are familiar with a number of

different ways for the correcting for weathering and for



Re. 30,347

11

elevation and for the selection of the location of the
datum plane. For the purposes of the present invention,
it will suffice to refer to the text “Seismic Prospecting
For Q11" by C. Hewitt Dix (1952) and to the Dahm U.S.
Pat. No. 2,503,904. These references contain detailed
discussions of the manner of utilizing the graph of FIG.
3C to produce the weathering corrections needed to
correct all data to a selected datum plane. Thus the
weathering correction as used herein includes the eleva-
tional correction as well as the correction to a selected
datum plane.

In addition to the static corrections needed for weath-
ering and elevation, there must also be applied a dy-
namic correction due to the geometry of the spread,
that is to say, the fact that the geophones 12 and 11 are
more remote from the shotpoint D than the geophone
or detector 13. The component of total correction made
necessary by the spacing of the detectors one from the
other, namely, the normal moveout correction, may be
determined from the geometry of the system and the
best velocity information available. Normal moveout
correction theory in general is well understood. More
particularly, reference may be had to Hawkins U.S. Pat.
No. 2,858,523, or Palmer U.S. Pat. No. 2,440,971 for
discussions of the theories involved and suitable appara-
tus for producing normal moveout corrections. Normal
moveout correcting devices of preferred form have
.been disclosed in Loper et al. U.S. Pat. No. 3,075,172
and Koeijmans U.S. Pat. No. 3,092,805. In FIG. 3, there
has been illustrated in block form a normal moveout
correcting device 58 having a plurality of mechanical
adjusting elements shown as linkages 59 respectively
extending to the pick-up transducers associated with
record Sla. A similar set of mechanical linkages extend
to the pick-up heads associated with the record 51b, and
other like linkages (not shown) to the remaining pick-up
heads of records S1c-51e. It is to be noted that included
in each mechanical link is an adjusting elements 60 in
the form of a differential gear. More particularly, the
normal moveout corrector 58 can, through the lower-
most mechanical linkage, drive directly through the
differential gearing 60 (shown in block form) to adjust
vertically, that is advance or retard, the position of
pick-up head 61. However, by rotating a rod 73 as by a
knob 74, the position of the pick-up head 61 along the
length of the corresponding trace 11a shown in FIG.
3A may be adjusted independently of the operation of
the normal moveout corrector 58. Accordingly, there
may be utilized the two components needed to correct
the records. The first correction, for the components
including weathering and elevation, is accomplished by
rotation of rod 73, while the second correction, the
component due to geometrical spreading, is introduced
by the operation of the corrector 58. It is to be observed
that there are also mechanical linkages extending from
each of the rods of the two correcting arrays 75 and 76
to the pick-up heads associated with records 50a and
50b. The first set 77 of these linkages is identified by the
broken-line ellipse, and the second set 78 of linkages is
identified by the second broken-line ellipse. The manner
in which the linkages function and their purposes will
hereinafter be set forth. Similar sets of linkages (not
shown) are provided for use in connection with records
31c-51e and 50c-50e¢.

Returning now to FIG. 3A, it will be seen at once
that for a split-spread, i.e., where as for records 51a and
51b the detectors are symmetrically disposed on oppo-
site sides of their respective shotpoints, the center de-
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tectors 13, 14 and 16, 17 are symmetrically disposed on
aopposite sides of the shotpoints D and C.

For a centrally located detector and for the two adja-
cent detectors as in FIG. 2, no corrections need be made
for geometrical spreading since there is no spreading,
the detectors are at the shotpoints. This means that for
each split-spread record, only the weathering and eleva-
tion corrections need be made for the two traces in
close proximity to the shotpoint.

In determining the weathering and elevation correc-
tion for the center traces 13a and 14a of the record 51a,
FIG. 3A, there will first be established the point 80
which will determine the time-occurrence of the first
reflection on these traces. The point 80 is fixed by tak-
ing the average time-occurrence of the first troughs on
the two wave-forms 13c and 14c¢. By then applying the
weathering and elevation correction as represented by
the vertical line 81, there will be determined a point 82
which 1s representative of the location of the corrected
reflection. In order that the determination of the point
82 may be achieved with considerable precision, it is
preferred that there also be utilized the second reflec-
tions on the center traces 13a and 14a as shown by the
wave-forms 13d and 14d. The point 88 is established by
taking the average time-occurrence of the first troughs
on the two wave-forms 13d and 14d. The weathering
and elevation correction is again applied as shown by
the vertical line 90 to locate the point 92. The foregoing
corrections 81 and 90 taken respectively from the points
80 and 88 are equal to the correction to datum plane as
shotpoint D.

In a simtlar manner, the point 83 is established for the
traces 16a and 17a, and the weathering and elevation
correction applied as indicated by the vertical line 84 to
establish the point 85. With the two points 82 and 85
now located on the records, a line 86 is drawn intercon-
necting them. This line 86 is then extended to the right
until it intersects with the edge of the record. It is also
extended to the left, but not as an extrapolation as in the
case of the night-hand portion. Instead, the foregoing
procedures are carried out for the adjacent record 51c
(FIG. 2), and a line drawn from the point 85 to the
corresponding point which will be established for the
center traces of the record Slc of FIG. 2. In a similar
manner, the points 88 and 89 for the second reflection
are placed on the chart, FIG. 3A, the weathering and
elevation corrections applied as at 90 and 91 to establish
the points 92 and 93. Between these points there is
drawn a hine 94 tc establish a correciing line for the
second reflection.

It 1s to be noted that the detectors 11-16 FIG. 2, used
for the spiit record S1a have the same positions on the
earth as when these detectors are used for the produc-
tion of the record 50a of the expanding-spread. Accord-
ingly, the weathering corrections as determined for the
split record 31a will be identical with those needed for
the record 50a of the expanding-spread. It is for this
reason that there may be, and there are, provided the
mechanical linkages indicated at 77. Thus, if the knob 74
be rotated to adjust the pick-up head 61 vertically, that
1s advance or retard it, by an amount corresponding to
the weathering and elevation correciion, that correc-
tion will be correct for the pick-up head for trace 11 of
record 50a. Thus the movement of the pick-up heads,
by dinkages 77 and 78, register the maguitude of each of
the individual static adjusiments, each pick-up head
forming the indicia for that purpose. However, the
extent of the correction for the weathering and eleva-
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tion for the trace 11a has not as yet been explicitly
determined. -

That determination has been explicit for an average
of the center traces 13a and 14a and, accordingly, the
two centrally located knobs in the array 7§ may be
adjusted by the amount indicated by the line 81 of FIG.
JA. Consequently, the reflections 13c and 14c as
viewed on the display device 96 would be shifted in
time but would not be in alignment. Thus the two cen-
trally located knobs in the array 75 would then be ad-
justed in equal amounts and in opposite senses to bring
the reflections 13c and 14c¢ into alignment. The average
of the corrections applied is thus equal to the correction
81.

The extent of the normal moveout correction for
each pick-up head as determined by the device 38 de-
pends upon the data set into that device. That data will
be approximately correct for a given section. Accord-
ingly, the records 51a and 51b are transported at uni-
form speed past their associated transducers (including
transducer 61), which, it will be observed, are con-
nected to a display device or oscilloscope 96, FIG. 3,
the gang switches 97 and 98 being closed. During the
transport of the record with the dynamic normal move-
out corrections applied, there will be observed on the
oscilloscope or display device 96 the multiplicity of
traces, and it will be determined whether or not the first
reflection appears as a straight line as indicated at 96a. If
the first reflection does not appear as a straight line,
then the outermost pairs of knobs in the arrays 75 and 76
will be adjusted until there is a line-up of the first reflec-
tion to approximate a straight line at 96a. When these
adjustments have been completed, it will be known that
the several traces have been corrected to the line 86 of
FIG. 3A. Since the corrections to this line represent the
sum of the two components, (normal moveout and
weathering), the adjustments required of the arrays of
knobs 75 and 76 explicitly determine the weathering
corrections. Accordingly, through the two sets of link-
ages 77 and 78, there will have been established the
weathering corrections for the pick-up heads associated
with the records 50a-30e.

In the foregoing, it is to be understood that the opera-
tion preferably is carried out using progressively chang-
ing patrs of records. For example, after the corrections
have been determined for the records 51a and 51b, there
will then be utilized the records 51b and 51c, etc. Only
a portion of the control linkages have been 1llustrated in
FIG. 3, it being understood there will be provided a rod
and knob for each of the transducers and with their
corresponding linkages interconnecting the corre-
sponding pick-up heads on the remaining records, and
likewise connected to the normal moveout correcting
device $8.

The display device 96 may be of the type shown in
U.S. Pat. No. 2,950,459, or it may be of the type de-
scribed in ELECTRONICS, May 1955, in an article by
Groenendyke and Loper entitled “Cathode Ray Dis-
play of Seismic Records”. In accordance with the fore-
going disclosures, repeated display of a given seismic
event may appear on the oscilloscope, as for example,
the first reflection. By its repeated or continued appear-
ance on the oscilloscope, adequate time is given for the
adjustment of the knobs singularly to determine the
weathering and elevation corrections for the expand-
ing-spread record at the same time they are explicitly
determined for the split-spread records.
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Having thus determined the weathering corrections
necessary at each detector location, at which the signals
in the expanding-spread data were obtained, the ex-
panding-spread data may then be reproduced by the
playback units 100-104 as seen in FIG. 3. The signals as
reproduced may be recorded as by means of a recorder
106 having six inputs connected through the signal
channel 107 to the six traces from the playback unit 100.
By the selective operation of the illustrated gang
switches, the recorder may be connected to the chan-
nels for the records 50a, 50d, 50c, 50b and 50e 1n succes-
sion. The details for the wiring connections have not be
shown, it being understood that the symbol for the
signal channel 107 is indicative of the suitable connec-
tion including the gang switches which have been illus-
trated.

The records produced by the recorder 106 provide a
set of expanding-spread data which has been accurately
corrected for the effects of variable weathering under
the spread itself, the latter correction having been made
in such detail for each separate detector location that
the wave-forms as they appear on such records may be
relied upon as presenting reliably corrected expanding-
spread data. It has been found that, having thus cor-
rected the expanding-spread data, the analysis carried
out by the interpreter may be made with greater reli-
ability, and interpretive techniques otherwise subject to
considerable question may be employed with increased
confidence. From the foregoing, it will be seen that the
applicant has provided a method in connection with
expanding-spread operations for the determination of
the velocity characteristics of subsurface formations
which involves securing at each spread employed in the
expanding-spread operations, a related set of data ob-
tained from split-spread information. The data obtained
from the split-spread operations are then employed
solely for the purpose of determining the needed cor-
rections for weathering and elevation as necessary at
each individual detector location. These corrections are
then applied to the detectors for the entire expanding-
spread profile, and thus there is achieved detailed cor-
rection for relatively minor variation in the weathering
itself which, ordinarily ignored, has been found to intro-
duce such ambiguities in expanding-spread record sec-
tions as would prevent their accurate and reliable inter-
pretation and which could, and have, led to erroneous
interpretations in terms of subsurface structure.

The normal movement correcting device 110 (like
the device 58) will utilize the available information for
the velocity of the subsurface strata. This will, in gen-
eral, be available in the form of a graph, such as shown
in FIG. 3D, where T,, the vertical time, 1s plotted as
ordinates, and the apparent average velocity V,is plot-
ted as abscissae. The resulting graph illustrates three
sections 112, 113 and 114 of gradually increasing veloc-
ity with increase in vertical time. Utilizing the data in
the form of the graph of FIG. 3D, there may then be
utilized the equation (1) appearing as part of FIG. JE to
develop a family of curves of which two, the curves 115
and 116, have been illustrated. The curve 1185 is plotted
for the maximum distance (x) from a detector to a shot-
point, as for example, FIG. 2, the distance from the shot
E to the detector 11 {and vice versa, from the shotpoint
D to the detector 28). Each curve is plotted with value
AT, the correction-time, as ordinates against T, as ab-
scissae. The curve 115 will be applicable to the detector
11, and the curve 116 for the detector 12. Similar data
represented by other curves will be used for the remain-
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ing detectors. Accordingly, as the records are repro-
duced by the playback units 100-104, they are individu-
ally corrected by the normal moveout device 110 for
geometrical spreading, the several traces already hav-
ing been corrected, of course, for weathering and eleva-
tion.

In utilizing the device 110, applicable to the expand-
ed-spread record-section, it is preferred that there be
added a further correction, namely, to establish the
datum plane to correspond with the surface at the loca-
tion of the detecting stations 19 and 20 midway of that
section.

Though normal moveout arrangements such as re-
ferred to above in connection with the normal moveout
device 58 may be utilized, there has been ilustrated in
FIGS. 7 and 8 a preferred form of a normal moveout
device and which in itself includes provisions for the
correction of the normal moveout curve of FIG. 3E
from the expanding-spread data after it has been modi-
fied in accordance with features of the invention yet to
be described. The construction and operation of the
normal moveout corrector 110 will later be described in
more detail, it being understood that its operation as just
set forth will be strictly in conformity with the available
velocity information for the area under survey and that
the corrective features incorporated into that device
will later be utilized. ‘

The outputs from the normal moveout correcting
device 110 are now composited into five traces as indi-
cated by the common conductors respectively con-
nected to the switches 121-125. The resulting compos-
ited traces will, by the transducing heads, be recorded
on a reproducible record. More particularly, the signals
on record 50a are composited and by way of switch 121
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are applied to the transducer or recording head R of 35

FIG. § to appear on recorder 131 as the single trace 126.
Similarly, the signals composited from the record 50d
are applied by way of the switch 122, and by way of the
transducer of FIG. § appear as the single trace 127. The
corresponding composited signals from the records 50c,
50b and 50e are applied respectively by way of the
switches 123, 124 and 125 and the associated transduc-
ers to produce the signals appearing on traces 128, 129
and 130. Notwithstanding the fact that the two correc-
tive components, one for weathering and elevation, and
the other for normal moveout have been applied, the
resultant signals on the record of recorder 131 do not
fall in exact alignment. There are several reasons why
the signals are not in alignment. First, in an expanded-
spread section, the time sequence in which a reflection-
wave-front i1s detected by the geophones or detectors is
hyperbolic in character, a phenomenon resulting from
the geometry. Secondly, each composite record in-
cludes both reflections and multiples. The time-appear-
ance of reflections is approximate by reason of the as-
sumed velocity utilized for the setting of the normal
moveout correcting device 110. Finally, the alignment
of the signals will be affected by the presence of multi-
ples.

The effect of multiples can be readily illustrated by
reference to FIG. 5A, Sheet 3. If the first reflecting
horizon RH; be as illustrated, it will be noted that there
will be a reflection detected by the geophone, this re-
flection being labeled R;. However, at a greater time as
indicated in the central portion of the Figure, it will be
then noted that seismic energy originating at a shotpoint
can be reflected first from the reflecting horizon RH;,
then from the surface, again from horizon RHj, and will
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then be received by the geophone. This multiple M;
may appear as though it were a reflection, where in fact
it has not been reflected from a single horizon but is a
multiple reflection, and, hence, the term multiple. The
presence of multiples tends to confuse the records as
they may be both additive and subtractive. As illus-
trated in this special case, the multiple M; will obscure
the reflection R> from the second reflecting horizon
RH>. In the third case, it will be noted that there are
present two multiples M1 and Mj;. The first portion of
the multiple gives rise to reflected energy which ex-
tends downwardly through the first layer and thence
through the horizon RH; to be reflected at the second
reflecting horizon RHj;, and thence returned to the
geophone or detector. Thus, in the third illustrated
special case, there will be arriving at the geophone
reflection energy representing the reflection R3 as well
as the multiples M1 and M.

As indicated above, it is the purpose of the present
invention to eliminate from the record the effect of
multiples.

Returning now to FIG. 5, it will be noted that the
signals at the lowermost portion of the record (repre-
senting reflections at greater depths) have a configura-
tion across the record 131 which is concave down-
wardly. The reflection components R3 shown at the
lowermost portion of the record section 131 will be
horizontally disposed if the velocity data employed for
normal moveout is correct. The multiples thereof will
be downwardly concave. The reflection components
can be either concave downwardly or concave up-
wardly or linear depending upon the velocity data em-
ployed for normal moveout. As illustrated in FIG. §,
the intermediate signals R; and M show the reflection
components Rz upwardly concave to a slight degree
with the multiples M; downwardly concave but to a
lesser degree than the signals R3, Mj; and M;j in the
lower portion. The early arriving components repre-
senting reflection R are disposed in fairly regular hori-
zontal alignment across the five traces.

Referring now to FIGS. 2 and 3, it is to be noted that
on the expanding-spread record 50 there have been
illustrated signals on the respective traces representa-
tive of the first reflection R from the first reflecting
horizon RH; and from the reflecting segment Si. The
time occurrence of the signals across the record pro-
vides a pattern or configuration which is not only con-
cave downwardly, but to a close approximation corre-
sponds with a hyperbolic curve. The purpose of the
normal moveout corrector 110 is to introduce a correc-
tive time-function (AT) so that the hyperbolic character
of the reflections as appearing on record section 50 will
on the record 131 of FIG. § appear as a horizontal line.
Thus the correction to be applied to a particular reflec-
tion, such as Ry, will to a very close approximation be a
corrective function of hyperbolic character. The func-
tion and operation of the normal moveout corrector 110
is somewhat more complex than just indicated, and in
the operations thus far described, it 1s to be remembered
that the data of FIG. 3D used to control the operation
of the normal moveout corrector 110 was not necessar-
tly exact, but based upon available velocity information.
Accordingly, as the normal moveout corrector func-
tions, the end result in FIG. § is the substantially precise
alignment of reflections and misalignment of multiples.
The reason for this is that the multiples pass through
material different from that which the two reflections
arriving at the same time pass through, and therefore
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the true geometric correction for the reflection does not
bring the multiples into alignment. For the reflections, a
residual amount of geometrical correction remains un-
accounted for. |

With the foregoing in mind, if there now be apphied to
the five traces 126-130 of FIG. 5 corrective hyperbolic
functions, better line-ups may be achieved. More impor-
tantly, corrections of this character are, in accordance
with the present invention, utilized to identify multiples,
and provisions are also made for the removal of the
multiple reflections on the record of recorder 131.

The desired corrections are achieved by utilizing a
scanning device 140 which is arranged to position pick-
up-up heads 141-145 along a plurality of hyperbolic
curves which provide hyperbolic corrective functions
extending through a range adequate to correct all con-
figurations of multiples and normal moveout deviations.
More particularly, the scanning device 140 is provided
with a flexible element 146 connected to the several
pick-up heads 141-145. The pick-up head 141 for the
center trace 128 is retained in fixed position. However,
as the ends of the flexible element 146 are concurrently
moved along the scales 146a and 146b, the pick-up
heads 142, 144, 143 and 145 will move in suitable guide-
ways by amounts which for each position on the scale
will cause them to be in positions respectively along a
hyperbolic curve common to them. Thus the plurality
of hyperbolic curves representative of the multiplicity
of positions of the pick-up heads 142-145 corresponds
with differences between two hyperbolic functions, and
these differences define hyperbolic functions which are
both positive and negative in character in that they
range from hyperbolic curves which are concave
downwardly to those which are concave upwardly.

In operation, the flexible element 146 may first be
operated to its — 6 position. It is so operated by rotating
a selector switch 148 to its left-most position corre-
sponding to the ““—6” trace of a record 149 (FIG. 6)
which is to be produced. It will be noted that nine traces
are to be produced on the record 149. These may be
greater in number or less in number. In the usual case,
there will be many times the number provided for tlius-
trative purposes in explaining the invention. The first or
the “— 6" trace, is produced by combining or composit-
ing the signals on the five traces 126-130 of FI1G. 3.
Thus the output circuits from each of the transducers
141-145 is connected by way of individually adjustable
attenuators to a common conductor and thence to the
movable switch arm 148. Inasmuch as normal moveout
is greatest at the more remote detectors, it is desired that
the signals from the outermost traces, such as 126 and
130, shall be given greater weight in identifying the
correct hyperbolic function for reflections as well as
multiples. To this end, the central one of the attenuators
151 is set for substantial attenuation of the signals of the
center trace, while the attenuators outwardly thercof
are set with decreasing attenuation. In this manner,
there is provided greater weighting of the outermost
traces by establishment of increasingly greater ampli-
tudes of the signals of the traces spaced outwardly from
the central traces.

Besides correction for normal moveout for the reflec-
tions, there is also achieved identification of multiples.
Mention has already been made of the fact that the
lowermost signals on records 126-130 form a configura-
tion of downward concavity; more specifically, such
signals are more or less coincident with the hyperbolic
function represented by the position of the flexible
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member 146 in its — 6 position. Accordingly, the pick-
up heads 141-145 in the —6 position are in time-align-
ment with the lowermost signals and will thus produce
on the — 6 trace a signal of large amplitude representing
the composite of the lowermost signals on the traces
126-130. The remaining signals on the traces 126-130
will be intermixed out of phase and will partially cancel
so that the composite trace will be relatively quiescent
except for the large amplitude signal which has been
marked Mji.

It is to be understood that the record of recorder 131
is repeatedly played back with the setting of the flexible
element 146 and the selector switch 148 changed be-
tween each playback operation. Thus for the second
playback, the selector switch and the flexible element
146 are set to the *‘—5” position. It will be observed that
on the trace “—5” no evidence of alignment of signals
from the traces 126-130 appears, i.e., there are no sig-
nals of large amplitude. For the third traverse of the
record of recorder 131 past the pick-up heads 141-1459,
there is produced on the “—4” trace a signal of large
amplitude labeled M. Similarly, on trace *“—3" a large
amplitude signal M; appears, and on the “—1”, *0” and
“4+1” traces, large amplitude signals labled R3, Rj and
R, appear. The traces “—2” and “+42” are relatively
quiescent.

There will be now discussed the background theory
and reasoning which justifies the conclusion that the
signal M of trace “—6" 1s known to be a multiple.
Inasmuch as this background theory is also relied upon
for further development of the theories underlying the
present invention, reference will be had to a number of
explanatory diagrams, the first of which will be FIG.
6A. In FIG. 6A there has been illustrated the maximum
distance x representative of the distance between the
shotpoint E and the most remote detector 11. This dis-
tance has been above referred to as the one utilized 1n
establishing the normal moveout curve and to which
Equation (1) is applicable. That equation 1s:

gT:\lT,ﬁqk X7 — T,
AV

In FIG. 6A the vertical time T, has been plotted as
ordinates as against the distance x as abscissae. There
also appears in FIG. 6A the three reflecting horizons
RH,;, RH,, and RHj, together with ray paths showing
the path of travel of seismic energy. In order to bring all
reflections into alignment it is necessary to introduce
corrections so that for each detector the travel time will
be corrected to that corresponding with vertical travel
time, that is to say, directly from the shotpoint E to the
reflecting horizon RHj and back to shotpoint E. For
reflections arriving at detector 11, the travel path is
much longer. The travel path Ty extends from shot-
point E to the point P; from which the seismic energy 1s
reflected to the detector 11. If now the line 11-P; be
extended to the vertical line from the shotpoint E, 1t will
be seen there is formed a right triangle from which the
following equation may be written:

(1)

xzwﬂthxz—Tﬂlzz(Tx‘P‘Tal){Tx—Tﬂl} A

The correction needed in terms of time and referred
to as AT will be equal to the difference between the
travel time (E—P>—11) and the vertical travel time
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Toi. (In the following equations the subscript 1 will be
dropped, and the vertical travel time given as T,.) Ac-
cordingly,

5T=TI—T£;I 3

Substituting Equation (3) in Equation (2), there will
be dernived:

AT(Tx+To)=x%/Va? 4
The following relationship will be self-evident:
T+ Ty=Ty—T,+2T, 5
Simphifying,
Tx+T,=4AT+2T, 6

Now substituting Equation (6) into Equation (4) there
1s obtained:

AT(AT +2T,)=x%/Va? 7

Solving now for V.

12
J AT(AT + 2T.)

Equation (7) may also be written in its quadratic
form,

(8)
Vg

AT? 42T AT —x2/Val=0 9

Applying now the formula-solution to quadratic
Equation (9), AT may be expressed:

(10)

(1)

An inspection of Equation (1) in terms of the diagram
of FIG. 6A will demonstrate at once that with the time
T, small as compared with x/Va, AT will be large, and
vice versa. This may be readily verified by referring to
the reflection from RHj3 where it will be noted that the
difference between the time required to traverse the
path E—P4— 11 is now approaching the travel time T,3.
When T,3is infinite, then the vertical travel time will be
equal to the travel time to the reflecting horizon located
at infinity.

FIG. 6A further illustrates the need for the normal
moveout correctors 38 and 110 to operate in accor-
dance with the family of correcting curves, as has been
illustrated and explained in connection with FIG. 3E.

Referring now tc FIG. SA, it will be recalled that the
reflections M| and M occur by reason of the travel of
the seismic energy within the region above the first

reflecting horizon RHj. Inasmuch as velocity in most 65

regions increases with depth and which fact will be
assumed in further explanation of the invention, it will
be understood at once that the travel time required for
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the reflection M; will be twice that of the travel time
required for the reflection R;. Similarly, the travel time
for the reflection Mj; will be three times that for the
reflection R|. Accordingly, the travel time is great be-
cause the energy is passing through a relatively low
velocity zone. An inspection of Equation (1) will reveal
that these two factors indicate increased normal move-
out correction if, for example, there is to be alignment
of the multiples M| as they appear across the several
traces of the record. It is by reason of this phenomenon
that these reflections on the traces 126-130 of FIG. 5
provide the highly downwardly concave configuration
already noted. Additionally, it will now be better under-
stood why with the maximum correction applied by the
scanning device 140 there is achieved the time-coinri-
dence of the reflection My on all traces and thus pPro-
duced the wave-form Mjjon trace *“ —6” of FIG. 6. The
location of the wave-form Mj| appears late in time, as
for example, somewhat below 1.2 seconds, whereas, as
will be noted above, the reflection R appears slightly
after the lapse of 0.4 of a second. By these circum-
stances, it is known that the wave-form on the trace
“—6 is a multiple.

Applymg the foregoing reasoning, it is similarly
known that the wave-form M| appearing on the trace
“—4" 1s a multiple, and similarly the wave-form appear-
ing on the trace *“—3” and labeled Mi; is a multiple.

Consider again FIG. 6A and rewriting Equation (2),

[VIIT.IF =x2 4 VTl 11

Since the distance h from the surface to a reflecting
horizon is equal to the average velocity times the verti-
cal travel time, there may be written:

2h=V,T, (12}
Substituting Equation (12) into Equation {11):

[VoTxe=x24(2h)? 13

Now applying the familiar equation of a straight line
to the foregoing, 1.e.:

5iNCe y=mx+b 14
Then,

siope=m = 1/Va? 15
and

Intercept=b=(2h)?/Val="T,? 16

Referring now to FIG. 6B, there has been plotited on
non-linear squared-squared paper the distance x from a
given shot-point in the expanding-spread of FIG. 2 to
particular detector locations, together with time T in
seconds as ordmates. The vertical travel time T, for the
reflection Ry of FIG. 5A will be assumed to be 0.4
second. It wiil also be assumed that the average velocity
V1 from the surface to the first reflecting horizon RH;
1s 6,000 feet per second. Accordingly, there may be
established the straight line 150 and from which it wili
be known the manner in which the times of arrival of
the first reflections K will appear at the geophones and
shot points spaced at increasingly greater distances
across the center of the expanding-spread.
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Assuming the second reflection R; has a vertical
travel time at the center of the expanding-spread of 0.8
second and that the average velocity to RH; 18 7,000
feet per second, then the straight line curve 151 may be
plotted. Similarly, assuming an average velocity to the
third layer of 8,000 feet per second and a vertical travel
time T,of 1.2 seconds, the third straight line 152 may be
plotted.

Inasmuch as the first reflection M} traveled solely in
the upper layer and of relatively low velocity but with
twice the travel time of the reflection R, it will be seen
that the line 153 for the reflection M has its origin at 0.8
second and that its slope will correspond with 6,000 feet
per second, that is, the slope corresponding with the
line 150.

Returning now to FIG. 6, it will be seen that from the
times given in that Figure on the right-hand edge of
record 149, the wave-form Mj on the “—4" trace ar-
rived at 0.8 second.

It will now be understood that the scanner 140, by
introducing a hyperbolic scanning function, the differ-
ence between the two hyperbolic functions previously
described, in effect introduces corrections which may
be represented by a family of straight lines, each with its
origin at times T, for given reflections and each having
a different slope. Thus, for example, when the selector
switch 148 is set to the *“ —4” position, it will have estab-
lished a normal moveout correction corresponding,
FIG. 6B, with the line 153, at a time equal to 0.8 second
and hence produces the alignment of the reflections
across the traces of the record of recorder 131 to pro-
duce the amplified composite signal M on record 149.

Inasmuch as the multiple M of FIG. SA traveled
entirely through the low velocity region, its slope will
be the same as the line 150, but it will have its origin at
1.2 seconds. Hence, the line 154 will be representative
of the multiple M}i. The multiple M3 traveled in part
through the low velocity region and in part through the
next higher velocity region. Accordingly, as shown by
the line 1585, its slope will represent an average velocity
of 6,667 feet per second.

It will now be understood that with the selector
switch in its left-most position, there will have been
established a modified normal moveout correction rep-
resentative of the line 154 at time 1.2 seconds and,
hence, will cause the composited signals to produce the
wave-form of multiple M of large amplitude.

Summarizing the foregoing, it may be said that the
time-appearance of the signals on the left-most traces of
record 149 are indicative of the fact that they are multi-
ples, whereas signals appearing, say, from the “—2”
trace to the *“+42” trace will be identifiable as true re-
flections.

If the normal moveout corrector 110 had compen-
sated exactly for the hyperbolic relationship of the sig-
nals appearing on the several traces, all of the reflec-
tions Ri, Ry and R3; would have appeared on the zero
trace. While this might sometimes happen, it is not
likely. Accordingly, it will be noted that with the selec-
tor switch 148 in the *“ - 1" position, there appeared the
reflection R3, while the reflections R and R appeared
respectively on the traces 0 and -1, and in each case
after operation of the selector switch 148 to those
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traces “—1", 0, and “+42” are indicative, of course, of
the depths of the reflecting horizons RHj3, RH,; and
RH: from which they came.
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After the completion of the scanning of the record
131 with the hyperbolic functions as just described, a
gang switch 160 is closed and the reproducible record
149 is then rotated as by means of a driveshaft 161 for
reproduction by the transducers of the information on
each of the traces. Reference has already been made to
the fact that the traces are relatively quiescent, but
nevertheless there is present on them a certain amount
of noise. Accordingly, the signals produced from the
record 149 are transmitted individually through squelch
circuits collectively indicated by the box 162. These
squelch circuits perform the function of passing through
the signals of high amplitude and eliminating the signals
of low amplitude. Squelch circuits of this kind are well
understood by those skilled in the art.

The signals after passing through the squelch circuits
162 are then applied to recording heads associated with
a reproducible record 166. On this record, there have
been illustrated the reflections Rj-R3, and the multiples
M, M1 and Mj;. For the moment, the description will
be limited to the manner in which there are utilized the
multiples of record 166 in order to remove the effect of
such multiples on the record 131. With the gang switch
160 now open, the shaft 161 will be rotated to move the
record 166 past a plurality of transducers for reproduc-
ing the several signals. It will be observed that a selector
switch 167 shown in FIG. 5 has been illustrated in its
“_.4” position and that the moveable contact is con-
nected to a phase inverter 168 shown in simplified form
as a transformer. After the phase reversal of the multi-
ple M| by the transformer 168, the signal is appled to
the pick-up heads 141a-145a of a scanning device 140a
which is the duplicate of the scanning device 140 above
described. With the scanning device set at its “—4”
position, as indicated, it will be understood there will be
produced a record on recorder 170 of the multiple My,
and as the switch 167 is moved to “—6” and “—3" 1t
will record multiples M| and M12. These multiples on
the record of recorder 170 have been reestablished in
the same time-relationship but the opposite phase-rela-
tionship as on the record of recorder 131.

After the scanning of the record 166 for the comple-
tion of the record 170, the selector switch 167 1s moved
to an open circuit position, and the records of recorders
131 and 170 are then rotated in synchronism. A gang
switch 172, FIG. 5, is then closed to connect a plurality
of pick-up heads, one associated with each of the traces
of the record of recorder 170 {(one of the pick-up heads
171 being identified by a reference character) in order
to apply to the respective input circuits to the recorder
131, the multiples in time-coincidence with their ap-
pearance on record 131, but 180" out of phase.

In this manner, there are removed from the record on
recorder 131 the multiples M, M;1 and M2 to provide
a new record. This record may, and likely will, show
changes or time-shifts in the appearance of the reflec-
tions because, as well understood in the art, the multi-
ples have such effects on the reflections, and it is for this
reason that multiples give rise to such great difficuities
in interpretation of seismic data. Accordingly, with a
new record established on recorder 131 free of multi-
ples, it will be understood that it is then passed through
the scanning device 140 which is operated, as for exam-
ple, from its “—2” position to its *“-+ 2" position in order
to reproduce again the reflections R, R and Rj. It 1S
possible that the modifications in time-appearance of
one reflection may have been enough by reason of the
presence of the multiples to cause it to shift from one to
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another trace. For the purposes of the present descrip-
tion, however, it will be assumed the reflections again
appear in approximately the positions illustrated on
record 149. With the reflections appearing in proper
time-relationship on one or more of the traces from
*—271t0 “ 427, and specifically on traces * — 1" “0"” and
“+ 1, the gang switch 160 will again be closed, and the
reflections R, Rz and R3 again reproduced on the re-
cord 166. This time, of course, there will not be present
any of the multiples since they were all eliminated as a
result of the operations which have just been described.

It will be remembered that the reflections Ry, R; and
R3appear respectively on the “0” trace, the “ 41" trace,
and the “—1" trace of the record 166 of FIG. 6, by
reason of the fact that the normal moveout corrector
110 was set up on the basis of available but not entirely
accurate information as to velocity distribution over the
area being surveyed. Since that information was not
precisely correct, all of the reflections on record 166 do
not appear on the “0” trace. The occurrences of reflec-
tions on traces other than the zero trace are employed
to correct the settings of the normal moveout corrector
110 so that it will function on an exact basis correspond-
ing with the actual velocity distribution in the subsur-
face region below the expanding-spread.

Though the invention is applicable to normal move-
out correctors of various kinds, and such as those noted
above, the normal moveout corrector 110 will be illus-
trated diagrammatically and in terms of both electrical
and mechanical operations.

In FIGS. 7 and 8, the normal moveout corrector 110
includes a drum 200 having associated therewith a plu-

3

10

15

20

23

30

rality of recording heads 201, one for each of the traces

of the expanded record 50 of FIGS. 2 and 3. It will be
assumed that the gang switches interconnecting the
recording heads 201 and the pick-up units 100-104 are
in their open positions. It will be further assumed that
the switches 121-125 of FIG. 3 are closed.

The normal moveout device 110 is provided with a

35

plurality of playback heads, one for each of the traces of 40

the expanding-spread 50. Inasmuch as the expanding-
spread provides data from detector locations symmetri-
cally located on either side of the centrally located pair
of detectors, it will be seen at once that each pair of

detectors may be mechanically connected together. 45

Thus the end detectors 202 and 202a are shown as
jointly adjustable by a mechanical linkage illustrated by
the broken line 203 which extends to a drive unit 204.
This drive unit actuates the two pick-up heads 202, 202a
along ways or tracks associated with the drum 200, so
that these heads 202, 202a may be moved from their
tllustrated positions to the broken-line positions 202’ and
202a".

To provide the greatest movement for the end pickup
heads 202 and 202a, there is utilized a voltage dividing
resistor 205 having a plurality of taps, of which 206 and
207 have been labeled with reference characters. Those
skilled in the art will understand that normal moveout
has one component which varies with the square of the
distance between the shotpoint and the detector. Since
shotpoint E, FIG. 2, 1s a maximum from detector 11
(and D a maximum from detector 28), the taps or con-
ductors 206, 207, FIG. 7, are connected to the voltage
dividing resistor 205 at positions such that the voltage
developed between conductor 206 and ground is pro-
portional to the square of the distance between said
shotpoints D and E and their respective detectors 28
and 11. The voltage between tap 207 and ground is
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proportional to the square of the distance between shot-
points D and E and detectors 27 and 12, respectively, of
F1G. 2.

In connection with the foregoing, reference is to be
had to Equation (7). In that equation there appears the
term (AT +2T,). To simplify the normal moveout de-
vice 110, the operation is such that the foregoing term is
neglected. Relatively accurate corrections for normal
moveout may be achieved, notwithstanding the fact the
foregoing term be neglected in the operation of the
computer inasmuch as that term introduces a second
order correction-effect which is principally effective at
the shallow depths and is of negligible value for deeper
reflections, generally of greatest significance. Accord-
ingly, the corrections in terms of the relative move-
ments of the several playback heads are made propor-
tional to the square of the distance between a given
shotpoint and detector station. The necessary voltages
for achieving this movement are obtained from the fixed
taps along resistor 205, such that the voltages are pro-
portional to the squares of the aforesaid distances.

Where the second order effect corresponding with
the term (AT 4-2T,) is to be taken into account, then
there may be utilized a suitable device functioning in
accordance with that term and utilized to modify the
voltages selected from the resistor 205. As an alterna-
tive, there may also be utilized an arrangement like that
described in an article by E. M. Palmer in GEOPHY-
SICS of April 1957, beginning the last paragraph, page
298,

In the normal moveout corrector 110, a pair of resis-
tors 208 and 209 shown in FIG. 8, together with their
interconnections and adjustable means function in com-
bination with the adjustable resistor 219 and the source
220 to provide an output at a slideable contact 208a
corresponding or proportional to the curve 115 of FIG.
3E. Thus, the curve 115 and the family of curves, of
which only the additional curve 116 has been illus-
trated, all generally correspond to the function which
defines curve 115 as set forth by Equation (1). More
particularly, there is provided along the length of resis-
tor 209 a plurality of shunting resistors 211-218, each
connected to resistor 209 through a pair of slideable
contacts which are jointly movable in the same selected
direction along resistor 209. Thus, by varying the posi-
tions of the shunting resistors 211-218 along the length
of resistor 209 and by connecting slideable contacts
211a-218a to selected points on resistor 208, there will
be produced, as contact 208a is moved along resistor
208, an output corresponding with the normal moveout
curve 115 of FIG. 3E.

For the purpose of simplifying the drawing, only the
two upper contacts 211a ad 212a and the two lower
contacts 217a and 218a have been illustrated as con-
nected to resistor 208. It is to be understood, however,
that the remaining contacts are connected to resistor
208 and there have been shown lead lines from resistor
208 indicative of such remaining connections. More
lead lines have been illustrated than there are resistors
211-218 to indicate that there will be provided a large
number of shunting resistors in order to produce as
closely as may be desired an output in exact correspon-
dence with the normal moveout curve 115 of FIG. 3E.

The taps extending to the resistor 208 may be adjust-
able, if desired. The distribution of the points of connec-
tion on resistor 208 may, in general, correspond roughly
with curve 115, which is to say that the connections at
the upper portion of the resistors 208 as illustrated, may
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be somewhat closer than at the lower portion of the
resistor, it being understood, of course, that by provid-
ing the adjustable taps for the resistors 211-218, great
flexibility is provided in producing outputs to match a
wide variety of normal moveout correcting functions.

Since the curve 115 of FIG. 3E represents an approxi-
mation based upon the available data as set forth in F1G.
3D, it is necessary to correct the curve 115, as for exam-
ple, in a manner indicated by the broken line 115a which
is concave upwardly and the broken line 115b which
represents a departure from curve 115 in an upward
direction, i.e., it is concave downwardly. These varia-
tions along the curve 115 with change in time may
occur at any place, and they may be in either direction.
It is to be noted that it any one of the contacts
211a-218a is moved upwardly or downwardly, it will
shift the voltage distribution of resistor 209 and, hence,
the position of the pick-up heads in directions corre-
sponding with the departures 115a and 115b. Where
these departures may occur on the curve 115 will, o
course, depend on which of contacts 21 1a-218a has
been shifted. The determination of which of the
contacts is to be adjusted and the extent of that adjust-
ment will now be explained.

It is to be observed that the contacts 211a-218a have
been shown respectively connected as by their own
linkages 221-228 to their associated positioning units
231-235, only five of which have been illustrated. Each
positioning means 231-235 may comprise a solenoid
normally in the illustrated position, but upon energiza-
tion of its coil, movable to the right to cause a wedge-
shaped end to enter into a wedge-shaped opening, such
as 231b, formed in an adjustable slidebar 240, F1G. 8A.
It is to be noted that the bar 240 is guided for vertical
movement as by means of a plurality of rollers 241 and
that the position of the bar 240 vertically is determined
by a rack gear 242 driven by a driving gear 244, as
through the mechanical connection 243, from a step
drive 246 which also serves to actuate a switch 247 from
one to the other of its switching positions.

With the switch 247 in its “0” trace position, all of the
wedge-shaped openings 231b-235b are located with
their apices in alignment with the corresponding apices
of the triangular or wedge-shaped members 231a-233a.
Hence, if one of the solenoids 231-235 be energized, it
will be seen that the wedge-shaped member will enter
into the triangular shaped opening and will not result in
the production of a lateral force on the solenoid 231. On
the other hand, if the member 240 be displaced down-
wardly and the solenoid 231 energized, it will be seen
that the upper face of the triangular or wedge-shaped
member 231a will engage the upper face of the triangu-
lar shaped slot 231b. Thus there will be a downward
force applied to the solenoid 231, and this force will be
transmitted through the linkage 221 to move the contact
211a a corresponding amount. Had the movement of the
member 240 been in an upward direction from its mid-
position, then, of course, the lower face of the wedge-
shaped member 231a would have engaged the lower
face of the triangular shaped slot and the movement of
the solenoid 231 and of contact 211a would have been in
an upward direction.

It will be remembered that the zero position of switch
247 is indicative of the fact that corrections need not be
made, but with the switch in other than the zero posi-
tion there may be determined the extent of the error
appearing in the originally utilized velocity data. The
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foregoing description of operation of the adjusting
mechanism meets the foregoing requirements.

With the above understanding of how the contacts
211a-218a may be moved either upwardly or down-
wardly, the manner in which the extent of that move-
ment is determined will be set forth. If the switch 247 be
moved to the left or to the right of its illustrated “0”
position, it will, of course, be seen that the bar 240 will
be moved in corresponding directions, either upwardly
or downwardly. Moreover if the switch 247 be oper-
ated to its extreme positions, then there will be greater
movement of the member 240 and a greater correspond-
ing movement of contacts 211a-218a in the event of
energization of any one of the solenoids 231-235.

In the foregoing description, it has been assumed that
the rheostat 219 in series with the resistor 209 has been
set at the proper position, to establish a voltage of se-
lected magnitude across resistor 209 as from a suitable
source of supply illustrated as a battery 220. In this
connection, reference is also to be had to a combined
display and recording device 250. It may be the same
kind as described above for the display device 96 and 1n
conjunction with it there are provided recording means
such as a multi-channel magnitude recorder for produc-
ing an expanded-spread record.

The normal moveout corrector 110 now is to be read-
justed to correct the voltage on resistors 208 and 209 in
accordance with the information provided by the distri-
bution of the reflection R1-Rhd 3 on the traces of re-
cord 166. The switch 247 will, by a step drive, be driven
to its left-most * —2” position. In this position, the step
drive 246 will through the connection 245 have rotated
gear 244 to move the adjusting bar 240 to its corre-
sponding position. Assuming all of contacts 211a-218a
to be in their mid-positions, then with the bar 240 in its
maximum upward position, energization of any one of
the solenoids will cause its corresponding contact to be
moved upwardly by the foregoing maximum amount.
Since this is in the direction of ground, the time change
will be in a negative direction, and hence, may intro-
duce a correction in curve 115 of FIG. 3E similar to
that illustrated at 115a.

As the drum 200 is rotated, it drives through a me-
chanical connection 257, the contact 208a, and through
reduction gearing 254, which gearing also actuates the
step drive 246. A branch mechanical connection 2358,
rotates the contact of the switch 253 in synchronism
with the drum 200 through a plurality of positions, there
being one position of switch 253 for each of contacts
211a-218a and corresponding in number with the num-
ber of solenoids or actuators 231, etc. There have been
shown more contacts on switch 253 than either the
number of contacts 211a-218a or of solenoids 231-235
to indicate larger numbers will normally be utilized.

In the first and illustrated position of switch 253, it
will be observed that a connection has been completed
from an amplifier 252 receiving as its input any signal
which may appear on the left-hand or “—2” position of
switch 247, and for completing a connection by way of
conductor 261 to a solenoid 231. This solenoid 231,
however, is not energized for the reason that an inspec-
tion of the record 166 of FIG. 6 will indicate that in the
“__2” position of switch 247, no signal appears. Due to
the absence of that signal, none of solenoids 231-235
will be energized as scanning contact 253 is moved

through its plurality of positions for the first revolution
of drum 200.
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After the first revolution of drum 200, the step drive
246 functions to rotate the switch 247 to its *“— 1"’ posi-
tion.

Through the mechanical connection 245 and the gear
244, the adjusting bar 240 is concurrently moved down-
wardly to a new position. As the drum 200 now rotates
through a second revolution, the scanning switch 253
will again be operated through its multiplicity of posi-
tions. As illustrated in FIG. 6, the reflection Rz appears
on the “-—1" trace. The signal representative of that
reflection is applied to the amplifier 252 and completes
a circuit through one of the stationary contacts to one of
the solenoids which thereupon moves its associated
wedge-shaped head into a triangular-shaped opening to
adjust one of the contacts 211a-218a upwardly to intro-
duce a correction into the voltage representative of the
normal moveout curve of FIG. 3E. Thus, this correc-
tion might well correspond with that labelled 115a of
FIG. 3E.

After completion of the second revolution of the
drum, the foregoing procedure is repeated for the *“0”
trace of record 166, the switch 247 and the bar 240 then
occupying their illustrated positions. No shift in the
position of any of contacts 211a-218a occurs for the “0”
trace for the reason that this is the original position on
all shunts 211, etc. Even though a signal is received on
amplifier 252 at a time corresponding with energization
of solenoid 233, no movement of adjustable contact
213a occurs.

The operation above described includes the zero
position since it makes for simplicity in the illustration
of the apparatus including the step drive.

As the foregoing procedures are repeated, the wave-
form of reflection R; on the trace “+ 1” is amplified by
the amplifier 252 and a circuit may be completed at a
time to energize a circuit by way of a conductor 264 to
solenoid 234. Inasmuch as the switch 247 is now con-
nected to the “+4 1’ trace, it will be understood that the
bar 240 has moved downwardly from its illustrated
position to reverse the direction of movement of the
contact 214a as compared with those previously ad-
Justed.

It 1s to be emphasized that the time occurrence of the
corrections will depend upon the position of the reflec-
tions on traces “—2” to “+2” on record 166, and that
the solenoids 231-235, etc. which may be energized will
depend upon the position of switch 253. Thus, switch
253 completes a circuit to introduce the correction at
the proper time on curve 115 of FIG. 3E to shift the
time correction introduced by the normal moveout
corrector 110,

With the normal moveout corrector 110 now cor-
rected so that its operation corresponds in fact with the
velocity distribution in the earth below the expanded-
spread section, the gang switches from the playback
units 100-104 are now closed and the switches 121-125
opened. Hence, there may be produced a new record as
at the device 250 which will be a record of an expanded-
spread section in which precise correction has been
made for normal moveout and based upon the existing
velocity conditions and not upon the initially assumed
velocity conditions. Thus, there has been achieved a
record heretofore not available, and one which will be
of greater value to those who interpret seismic records.

Returning now to FIG. 2, it will be remembered that
the records 50a-50e making up the record-section 50
are arranged in an order in which the record 50d ap-
pears to the right of 50c, and 50b to the left of record
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S0c. This arrangement is preferred for all operations
until after the normal moveout corrector 110 of FIG. 7
has been set to conform with the existing velocity distri-
bution. Thereafter, it is desired that the records 50a-50e
be arranged from right to left in the same order as in the
record-section 51. This re-arrangement has been illus-
trated in FIG. 7 by way of the connection of the con-
ductors to the several traces. An inspection of the con-
nections to the display and recording device 250 indi-
cates that the six uppermost horizontal conductors cor-
respond to the traces of record 50a, the next six for the
record 50b, and so on for the records 50c, 50d and 50e.
Though not illustrated, it is to be understood that gang
switches may be included in the connections to the
display are record means 250. Such gang switches can
be normally open until after the adjustment of the nor-
mal moveout device 110 in the manner just described.

Returning now to the normal moveout device 110,
reference may now be had to FIG. 9 which may be
taken as illustrative of an exact normal moveout cor-
recting function 115c after modification by the resetting
of the normal moveout corrector 110, as has just been
explained. A comparison between the original curve
115 of FIG. 3E which was based upon available data
and that of the corrected curve 115¢ will make self-evi-
dent variations introduced by the techniques and appa-
ratus thus far explained. The curve or graph of FIG. 9
may be obtained by recording the output voltage at the
contact 208a with respect to time T,, i.e., in correlation
with the rotation of the drum 200. Accordingly, there
may now be utilized the data from the new curve 115c
by utilizing Equation (8) also appearing in FIG. 10 to
derive a new curve or graph 270 representing the
change in the apparent average velocity with change in
vertical time. Again, a comparison of the graph or
curve 270 with that appearing in FIG. 3D will empha-
size the importance of the corrections which have been
thus far made.

In order to simplify the description and eliminate
need to discuss the effect of dip on the operations, it was
tacitly assumed in FIG. 1A that the earth’s surface was
flat or horizontal and that the reflecting horizon RH
had a like configuration. Such conditions, as have been
mentioned, are seldom encountered in practice. In fact,
when surveys are conducted for the purpose of locating
likely spots for the drilling of an oil well, dip is one of
the factors which is looked for and which, if present,
may give rise to the possibilities of the discovery of salt
domes, faulting, and other clues which can be inter-
preted as indicative of the likely presence of oil and/or
gas.

It will be remembered that there was illustrated in
FIG. 7 a display device and recorder 2580 by means of
which a new set of records representing the expanding-
spread might be achieved. Such a record has been illus-
trated in FIG. 13, the reference character 250 again
being applied to identify the recorder utilized for pro-
ducing the new set of records labeled respectively 5%a-
1-50e;.

Such a set of records as discussed in connection with
FIG. 1A is useful in its own right particuiarly when the
records are in the order 59a, 50d, 50c, 505 and 50¢.
Further in accordance with the present invention, the
records in the order 50a;, 50b;, 58c¢,, 50¢1, are now
utilized to determine the presence or absence of dip and
the extent to which it may be present. By means of a
playback device 280 including transducers or pickup
heads the traces on the expanding-spread record-section
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are composited trace-by-trace. Preferably, for the very
early reflections, such as R}, the several gang switches
for the seismograms 50a;, 50b1, S0d;, and 50e; will be
open. Accordingly, only the traces from the centrally
disposed seismogram 50c; will be connected to the
transducers of the recording device 287 for recording
on the six traces thereof the first breaks and the shal-
lower reflections, such as R;. By means of a cam 282
and the mechanical linkage 284, the gang switches for
the seismograms 50b; and 50d; are now closed to estab-
lish summation circuits for the corresponding traces of
each of the seismograms. With the signals so compos-
ited, reflections at intermediate depths, such for exam-
ple as reflections Rj, are recorded on the seismogram
300 by the recorder 287. For the deeper reflections, the
end seismograms 50a’ and 50e’ are, by action of the cam
281 and the linkage 283 for closing the end-gang
switches, included in the trace-by-trace compositing.
Thus with all seismograms composited on a trace-by-
trace basis, there is produced on the new record of
seismogram 300 the deeper reflections including R3.

It has been found that compositing in the manner just
described results in composited seismograms of en-
hanced definition and for the reason that there has been
eliminated the effect of first breaks and surface notses
from the outermost seismograms which in reference to
the early or shallow reflections may tend to obscure
them. These effects are less serious for the deeper re-
flections, and for the latter, the addition of the more
remote seismograms of the expanding-spread record-
section are particularly effective in increasing the am-
plitude of the signals reflected from the deeper reflec-
tion beds.

After the application of the aforesaid composited
signals to the recorder 287 by way of the signal channel
286, it will be noted that on the resultant record or
seismogram 300, the reflection R; has the same time
occurrence across the several traces. This is evident by
the horizonta! alignment of the cumulatively added
signals which identify the reflection Rj. On the other
hand, reflection R; inclines upwardly to the right, while
the reflection R inclines downwardly to the right.
Through the use of an accurate, normal moveout cor-
recting function, the reflections add in phase, and multi-
ples and all other signals tend to add out-of-phase, and
thus disappear due to cancellation effects. It is for this
reason that there only appears on the seismogram 300
the first breaks and the several reflections, all with ap-
preciable amplitude.

In order now to determine the extent of the dip (quite
apart from direct measurement of it on the record 300),
there is utilized a dip-scanning device 302 having 2
movable arm 303 mounted for rotation about an axis
coincident with the location of the central portion of
record 300 and which has driving connections to a
plurality of pick-up heads mounted along the length of
element 303 so that these pick-up devices may be main-
tained in alighment but rotated about the central axis.
Thus, by operating a knob 305, the element 303 may be
rotated from its illustrated solid-line position to its dot-
ted-line position indicated at 303a. The element 303 1s
movable across a scale 306 which, it will be observed,
has markings thereon from *“+4” to “0” and thence to
4é _ 4‘“'. '

The conductors extending from the pick-up heads
carried on the element 303 are connected together and
to conductor 308 to provide a composite output signal
which is applied to the switch arm 309 rotatable
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through a plurality of positions. Each stationary contact
is connected to a recording channel for recording one
of a plurality of traces on which signals are to be pro-
duced on a record 315. As illustrated, the switch 309 is
completing a circuit to the “—4” channel for record
315. (FIG. 14)

As a result of the record 300 being rotated through-
out its length past the dip-scanner 302, it will be ob-
served that the reflections Ry, R; and R are eliminated
and, accordingly, no signal appears on trace “—4".
After the completion of the first traverse of record 300,
the element 303 is moved to the “— 3" position, and the
procedure repeated. No signal appears either in the
“_.3” or the “—2" position, but when element 303 has
reached its “—1” position, the reflections R; of the
several traces on record 300 add up accumulatively and
produce a high amplitude signal R». Similarly, with the
element 303 in the “0” position, the reflection R 1s
recorded on the “0” trace and the reflection Rj is re-
corded on the “ 42" trace when that position is reached
by the element 303.

Inasmuch as some noise is present on the several
traces, as shown, it is desirable to transport the record
315 through a playback unit 318, the signals from the
several traces passing through a squelch circuit arrange-
ment 162a corresponding with that described above for
the device 162. The squelch circuit arrangement 162a
removes the noise from the several traces and leaves
only the reflections which with a gang switch 319 in its
left-hand position functions through a recording device
320 to produce a new record 321 showing quiescent
traces except for the traces on which there appear the
reflections Ry, Ry and Ra.

The positions of reflections Rj, R2 and R3 on record
321 indicated the depth and dip of reflecting horizons as
visually indicated on the record 300. However, by pro-
viding record 321 in the form illustrated, the reflection
time and dip of any reflections present may then be
sensed by a unit 323 which may provide a print-out type
record of an analysis of the expanding spread data and
thus permits a final step in machine data analysis. The
print-out device 323 will merely translate the visual
positions of the reflections Ry, Rz and R3 to finite time
values (which are illustrated on the chart) and concur-
rently print out the dip which will be known by the
presence of the reflection on the particular traces corre-
sponding respectively with the scanning positions of the
dip-scanning device 302. The resulting data in one form
would be presented as a tabulation of reflector depth in
a first column and dip at such depth in a second column.

It will now be apparent that the disposition of the
reflections on the several traces has a direct relationship
to the slope. Accordingly, the dip-scanning device 302
provides a direct measure of the dip per unit distance,
known as K in the following equation:

¢ | — e
gCOIT. — 1 4 KWE.E

This equation has been illustrated in FIG. 11 and
indicates that the dip correcting device 302 may be
utilized for ascertainment of dip and by means of which
there may then be plotted a new curve 270a of FIG. 12
showing the relationship between the correct apparent

(17)

average velocity V, (corr.) against vertical time T,

plotted as ordinates. A comparison of the curve 270 of
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FIG. 10 and 270a of FIG. 12 will indicate significant
differences achieved in accordance with the present
invention.

Alternatively, with the switch 319 in its right-hand
position (as illustrated), all of the signals including re-
flections R, R2 and R3 will be added together to form
a composite signal which is applied to a recording de-
vice 324 to produce on trace 326 of record 325 a single
signal which best represents the time occurrence of the
reflections of Ri, R> and R3 and is a composite of all
data obtained from the expanding-spread procedure.
The signal on trace 326 may then be employed for the
interpretation of the subsurface structures underlying
the expanding-spread array, or may be processed
through various techniques, such as inverse filtering, to
provide a more exact representation of subsurface layer-
ing. To illustrate the latter, a play-back head 327 is
employed for the production of a signal which 1s ap-
plied by way of channel 328a to an inverse filter unit
329. Filter 329, representative of an attentuation func-
tion the inverse of that through which the acoustic
waves and resultant seismic signals have passed, will
restore the signal represented by trace 326 to an undis-
torted form which may be considered more representa-
tive in detail of velocity layering below the expanding-
spread than the initial seismic signals or record-section
50. The inverse filter 329 may be of the type tllustrated
in Lawrence et al U.S. Pat. No. 3,076,177.

The development of expanded-spread seismic data as
described herein provides information heretofore un-
available from conventional seismic reflection methods.
Principally the information developed is of a three-fold
nature. The first is the delineation between multiple
reflections and primary reflections and the elimination
of multiples. The second is the provision of additional
velocity control to that normally available from scat-
tered velocity surveys in drilled wells. The third is the
correlation possible as to lithologic information using
the interval velocities determined in accordance with
the present invention as a tool for such interpretative
techniques. In carrying out the invention, computing
system either of the digital variety as are well-known in
the art or of analog systems of the type illustrated herein
may thus be employed. In one aspect the invention
contemplates the processing of expanded-spread data
through all of the steps illustrated in FIGS. 1-14. In a
further aspect there may be employed data processing
steps and systems for upgrading data such as illustrated
in FIG. 3E for the production of the corrected normal
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moveout function shown in FIG. 9. From the data of 50

FIG. 9 there is then produced by means of unit 270,
FIG. 10, the apparent average velocity function shown
by curve 270. Data represented by curve 270 as pro-
cessed by the unit of FIG. 11 is corrected for dip to
produce the curve 270a of FIG. 12. It may then be
necessary to modify the data represented by FIG. 12 so
that an exact average velocity profile is obtained. The
latter would be obtained from the apparent average
velocity curve 270a of FIG. 12. The reason for the

latter steps will be indicated from an inspection of 60

FIGS. 15 and 16. The straight line 401, FIG. 16, 1s a plot
on the T2 — X2 scale of the variations in travel time of a
reflection from the first reflector RH;, FIG. 15, for
seismic waves generated at shotpoint E and detected at
various distances X, FIG. 15. The curve 401 is correct
for the case where the velocity from the surface down
to the reflection horizon RHj is constant, the travel path
from shotpoint E to the reflection P; back to the detec-
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tor location 11 being considered to be the straight line
ray path Tx;. However, in the case of the reflection
from the second reflecting horizon RH> and a third-
reflecting horizon RHj the apparent average velocities
are represented by the solid lines 402 and 403, FIG. 16,
and are representative of the travel path, FIG. 15, to
horizon RH,, te., E, F, P3, G, and 11, and to horizon
RHj, ie, E, H, I, Pyg, J, K, and 11, respectively. The
variation in travel time plotted on the straight line travel
path, i.e., on the same basis as curve 401, would be
represented by the dashed lines 402a and 403a, FIG. 16,
which would provide a measure of the actual average
velocity from the surface to horizons RH2 and RHj,
respectively. If a measurement were made from the
surface to a given reflector and directly back to the
surface, it would be found that less time would be re-
quired than indicated from the average velocity curves
402a and 403a. This is because a given ray path seeks its
fastest path. This means that an impulse would spend
less time than indicated by the straight line path such as
connects shotpoint E and reflection point P3 in the
upper formation of lower velocity. In contrast, more
time would be spent in the second bed between points
P, and P3;. Therefore, the actual average velocity is
lower than the apparent average velocity. Only the
apparent average velocities Vai, Vaz and Vaj; would
thus be determined unless the corrections indicated in
FIGS. 15 and 16 are made. In accordance with the
proposals of Dix hereinabove noted, the actual average
velocities V7 and V3 may be approximated.

Having obtained data as to the correct average veloc-
ity profile, there may then be produced signals repre-
sentative of the actual interval velocity from surface to
the depth of the deepest horizon, the latter information
being available without the necessity of providing a
hole drilled to such depth.

It will be appreciated that useful information may be
derived without extending the data processing as indi-
cated above. For example, the parameters of the exact
normal moveout curve 115¢ of FIG. 9 taken above are
valuable. The comparison of curve 115c with curve 115
of FIG. 3E would provide valuable information as to
the precise nature of the normal moveout corrections.
For this purpose there has been provided herein a re-
corder 208b, FIG. 7, which may be employed to pro-
vide a plot of the voltage across the resistor 208 as a
function of record time. It will be noted that the me-
chanical linkage 257 is connected to recorder 208b and
that the connection 208a leading from resistor 208 is
connected to the input terminal of recorder 208b. A
direct plot of the voltage 115c as illustrated in FIG. 9 1s
registered by recorder 208b.

Furthermore, information as to the magnitude and
the sense of the necessary correcting functions applied
in the system of FIG. 8 to establish the correct voltage
across resistor 208 in and of itself is useful. For this
purpose a recorder 266 has been provided in FIG. 8
which is connected to the various taps leading from the
switch arm 253 and thus provides a multichannel record
both as to the magnitude and direction of the necessary
correction for the normal moveout voltage across resis-
tor 208.

Referring again to FIG. 1B, it will be noted that a
loop is formed by units 131, 140, 149, 166, 140a and 170.
In FIG. 5 the sweeping functions of hyperbolic charac-
ter in units 140 and 140a are indicated as being estab-
lished through the use of a rod such as rod 146 which is
flexible such that when latched at selected points along



Re. 30,347

33

scales 146a and 146b the distribution of the detectors
141-145 will be hyperbolic in character. It is to be noted
that a rod 146 of uniform thickness and width would
ordinarily define a cubic curve rather than a segment of
a true hyperbola. Thus, it may be desirable to so shape
the element 146 so that for all degrees of flexure it will
conform with the desire hyperbolic function. Alterna-
tively, separate scales could be provided for playback
units 142 and 143 so that each could be independently
locked at the desired position for each playback opera-
tion.

Furthermore, the increments on the playback opera-
tions such as represented by the scales 146a and 146b
may be successively decreased for successive cycles of
flow of data around the loop indicated in FIG. 1B. The
foregoing description has treated primarily the func-
tions involved in identifying multiples in the first pass
through the system, the removal of multiples during the
sccond pass around the loop and, after multiple re-
moval, feeding the data to the exact moveout correcting
unit 110 for the succeeding operations. A plurality of
cycles around the playback loop would permit finer and
finer determination of the corrections necessary to be
applied to the normal moveout correcting function at
unit 110 in order to make 1t exact.

Referring again to FIG. 1A, it will be seen that the
evaluation of the velocity profile at each of a plurality
of points along a traverse will permit some lithologic
interpretation from the surface exploration techniques
based upon the velocity character. This interpretation
may be carried out through the use of the products of an
inverse filter or may be dependent upon an exact veloc-
ity distribution function of the type illustrated in FIG.
12. The data processing method and system herein dis-
closed, and particularly in connection with FIGS. 7 and
8, are employed for generating output signals which are
dependent in magnitude and sense upon the magnitude
and direction of variations in the tine-occurrence of
successive reflection components in the set of expand-
ed-spread data corrected for weathering, elevation and
approximately corrected for normal moveout.

The latter correction based upon the best available
velocity data is then employed to provide a key to the
exact velocity function. The correcting function may
then be emploved either to correct the normal moveout
curve so as to produce curve 115c, FIG. 9, or may be
recorded directly to provide an index to velocity char-
acter. To this end the system of the present invention
may include broadly a means or apparatus for produc-
ing a first set of expanded-spread seismograms each of
which includes seismic reflections from reflecting lay-
ers encountered in a given stratigraphic column probed
by the seismic waves. A system is then provided for
applying corrections to the first set of seismograms,
which corrections include dynamic corrections based
upon the best known velocity distribution function to
produce a second set of seismograms. The system fur-
ther includes means for generating physical representa-
tions which in magnitude and sense are dependent upon
the magnitude and direction, respectively, of the varia-

tion in the time-occurrence of successive reflections

appearing in the second set of seismograms. The set of
seismograms then corrected in dependence upon the
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tions may then be employed for further refining the data
to provide a maximum utilization of the expanded-
spread information.
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From the above description, it will now be clear that
the present invention provides a method and means of
determining the subsurface character of selected strati-
graphic columns, such as those above-identified in FIG.
1A as 10b, 10c and 10d. The probing of each strati-
graphic column by means of field data involves the
utilization of a multiplicity of seismograms obtained
from corresponding subsurface reflecting segments, one
such segment being identified by $,, FIG. 2. It will be
further remembered that in record 50 of the expanding
spread, like reflections and like multiples e on curves
extending across the record, which curves roughly
approximate the curves of hyperbolic functions. In the
approximate normal moveout correction, there is uti-
lized a family of curves of approximate hyperbolic char-
acter, two of which are illustrated in FIG. 3E.

With the foregoing in mind, the advantages of the
present invention may also be realized with a modified
operation of the scanning devices 140 and 1402 of FIG.
5 and as more particularly illustrated in FIG. 17. Instead
of utilizing a normal moveout corrector for the normal
moveout correction of the data of éxpanding spread 50
so that summations can be obtained, as explained in
connection with FIG. 3, the dynamic scanning device
400 of FIG. 17 is provided with a controlled dynamic
operation so as to avoid the need of the normal moveout
corrector. By this means, a record 416 (FIG. 18) is
obtained from the output connections from switch
contact 401, which record comprises a plurality of
traces each made with a different assumed constant
velocity. On this record, each of several reflections and
multiples appear in a manner soon to be described and
on a time-scale the same as for the original seismograms.

In the modification of the invention now being de-
scribed, an equation similar to Equation (1) is utilized
which is as follows:

(IA)

11
ﬂan = Tni+ Vni —= Tn
where
AT, is the dynamic correction time;

T, is the vertical travel time;

x equals the distance from the shotpoint to each de-

tector which produces a seismogram; and

Ve will for successive scanning operations be differ-

ent assumed constant velocities covering the range

of those present in the area in which said seismo-

grams were made.
The magnitude of Vc will be both less than and greater
than those likely to be encountered in the area of the
stratigraphic column being explored. For example, if a
constant velocity of 5,000 feet per second be utilized,
then there will be obtained for a given detector the
curve 402 of FIG. 19, plotted with vertical time T, as
abscissae, and ATg the dynamic time correction, as
ordinate. It will, of course, be understood that there will
be a family of such curves each based upon the constant
velocity -of 5,000 feet per second, but with different
values of x for the several detectors.

For the next assumed velocity of, say, 5,500 feet per
second, curve 403 may be plotted, and so on for succes-
sively higher assumed velocities, though only one addi-
tional curve 404 has been shown for a velocity of 6,000
feet per second.
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For each different assumed constant velocity it will,
of course, be understood that there will again be a fam-
ily of curves each with x varying with the different
distances from the respective shotpoints to different
detectors.

The. curves represented in FIG. 19 as well as the
family of curves associated with each curve represent
functions which are approximations of hyperbolic func-
tion when ATyis small, i.e., below about unity. Accord-
ingly, the function exhibited by each of these curves
will hereafter be referred to as an approximate hyper-
bolic function. By approximate it is intended to generi-
cally describe the functions of FIG. 19 as well as the
hyperbolic functions and difference between hyperbolic
functions described above.

The manner of operation is as follows. In FIG. 17, the
conductors labeled 13g, 22, 194, 16 and 25p are re-
spectively connected to the detectors of FIG. 2 having
corresponding numbers 13, 22, 19, 16 and 25. Each
subscript letter refers to the shotpoint utilized to obtain
the respective traces appearing on the record 405 and
hence establishes the distance x for each detector. These
detectors are connected to the recording heads R to
produce the record 405. The record 405 is a seismogram
with a plurality of traces, each of which may also be
referred to as a seismogram. .

Brief consideration of FIG. 2 will reveal the fact that
the five traces 406-410 of FIG. 17 all result from reflec-
tions from the point P3 of segment S, and that the paths
of acoustic energy to and from that point are different.
The seismic signals applied to the recording heads R for
the record 4035 result in an expanding spread display on
the record in which there appear the first breaks, then
the shallow reflections, those nearer the surface, fol-
lowed by the deeper reflections. Signals representative
of multiple reflections also appear. The signals on the
record form patterns, the one 405a for the first reflec-
tion R being of greatest downward concave configura-
tion, i.e., with greatest hyperbolic eccentricity. For
reflections with increasing depth and as shown by the
increasing time scale at the right of the record 405, the
eccentricity of the hyperbolic function for the reflec-
tions decreases (see FIG. 19). The rate of decrease may
not be the same for multiples and, in general, will be
less.

By applying to the seismograms dynamic corrections
as set forth by the above Equation (1A), the reflections
present, whose velocity corresponds with that utilized
in defining a particular scanning function, will add cu-
mulatively to increase the amplitude of such reflections
as appearing in the output from the switch contact 401.
It will be noted that the ATy correction is greatest for
the outermost traces, and less for the mid-traces.

In order that the dynamic scanning may be readily
accomplished, the playback heads 411-415 are moved
from their illustrated positions, the positions of greatest
hyperbolic eccentricity, by means of cams 421-425
inclusive. The cams have shapes for generation of con-
trol functions which by means of a mechanical connec-
tion provided between each of the cams and its associ-
ated playback head move the playback heads in confor-
mity with Equation (1A). The playback heads 411-415
are mounted for movement along guide slots. The con-
ventional provisions of a positive drive from each cam
to each playback head are provided together with
springs associated with each playback head and its link-
age to bias the cam follower against the cam and to
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assure that each playback head at all times occupies the
position determined by the applicable curve of FIG. 19.

"The diameter of the record 405, which may be of
magnetic tape, provides a length of record equal to that
of the length of the field seismograms. Accordingly,
upon a single revolution of the shaft 426, the entire
length of the usable portion of each trace of each seis-
mogram will be scanned.

It is to be remembered that for the curve 402 of FIG.
19, corresponding with the assumed constant velocity
of 5,000 feet per second there will be a family of curves
for that assumed velocity with different dimensions of x.
Accordingly, the cams 421-425 will respectively corre-
spond with, i.e., generate control functions correspond-
ing with, the last mentioned family of curves for the
first revolution of the shaft 426 and of the record 405.

The feature of selective weighting of the traces, uti-
lized in connection with the earlier embodiment, is
preferably also utilized in the system being described,
namely the provision of a plurality of potentiometers
427, one for each trace. These are set to provide prede-
termined weighting functions for the traces; more spe-
cifically, to provide greater attenuation for the interme-
diate traces than the outermost traces which means that
the outermost traces are given greater weight (the am-
plitudes of the signals thereon will be greater) when the
traces are added together and the resultant sum applied
to the switch contact 401,

With the switch contact 401 in its illustrated position,
it will be seen that the right-hand trace of FIG. 18 is
produced corresponding with the assumed velocity of
5,000 feet per second.

For the first trace, none of the reflections or multiples
add cumulatively, but instead cancel out so there is no
significant signal on the first trace. For the next trace, a
second set of cams are used which correspond with a
second family of curves in which V¢ is 5,500 feet per
second, one curve of which is identified as curve 403 of
FI1G. 19. Accordingly, with the selector contact 401 in
its second position, it will be observed that signals do
appear but of low amplitude. However, for a4 scan with
V¢ equal to 6,000 feet per second, the reflection R and
the multiples Mj and My, each appears with large ampli-
tude and together provide the important information
that the acoustic energy responsible for the reflection
R and both multiples M1 and M;j; traveled through
earth strata having an average velocity of 6,000 feet per
second. This may be readily confirmed by reference to
FIG. SA (Sheet 3) where reflection R is due to the
acoustic energy having traveled through a region at an
average velocity of 6,000 feet per second. The acoustic
energy giving rise to the multiples M and M travels
through the same strata and hence at the same average
velocity.

The next trace during which V¢ equals 6,500 feet per
second displays the multiple M;; of substantial ampli-
tude for the reason that the velocity of the acoustic
energy responsible for multiple M2, as shown in FIG.
6B (Sheet 10), is approximately 6,667 feet per second.

The next following trace, during which Vc equals
7,000 feet per second, shows a prominent display corre-
sponding with the reflection Rz and also a signal due to
the multiple Mj2. Again referring to FIG. 5A, it will be
secn that the acoustic energy for both the reflection R
and the multiple M2 must travel through both the low
velocity section and the next higher velocity section of
the earth. It may be noted that the rnultiple My is of less
amplitude than the reflection R, since the energy giv-
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ing rise to the multiple M) twice traveled (two round
trips) through the velocity section. The next trace,
where Vc equals 7,500 feet per second, is relatively
quiescent, but the reflection R3comes in prominently on
the 8,000 feet per second scan and in correspondence
with the diagram of FIG. SA.

By utilizing the dynamic correcting system of FIG.
17, advantages are obtained in the use which may be
made of the data as it appears on the record 416 of FIG.
18 in that multiples can be more easily recognized, since
they are now, due to their appearance on a given as-
sumed velocity trace, identified in terms of the average
velocity of the strata through which their acoustic en-
ergy traveled, thus allowing the interpreter to make
readings therefrom which he can relate directly to the
interpretation problems involved. In other words, the
record 416 provides a graphic display relating velocity,
Va, and vertical time T,, one to another.

The use thereafter made of the record 416 in eliminat-
ing multiples from the original seismic record is accom-
plished in a manner similar to that described above, that
is, by utilizing a record-scanning device 428 of FI1G. 17
whose operation is the reciprocal of that of the device
400. More particularly, the signals from the record 416
of FIG. 18, after completion of the several traces, are
reproduced by playback heads P and applied by way of
the contact of the switch 429, now in its closed position,
to a noise eliminator or squelch circuit 430. With the
noise so removed, a new record 431 is made by record-

ing heads R. On this record 431, only signals of interest 30

above a selected amplitude appear and in the absence of
noise which is always present in field seismograms.

Since there has now been achieved the identification
of the multiples, by providing an inverter 432 in series
with the movable contact 433 of a scanning switch, a
new record 434 may now be produced on which the
multiples appear, each 180 degrees out of phase with
their appearance on record 405 and in the same time-
positions on record 434 as on record 405. To provide
the dynamic scan for the recording heads 435-439, a set
of cams identical with the cams 421-425 will be pro-
vided or the same cams may be utilized for the genera-
tion of the needed control functions for the dynamic
control of recording heads 435-439 in the same manner
described above for the playback heads 411741J5.
- When the scanning contact 433 is in its third position,

the multiples M1 and M1 are recorded as appearing on
record 434. However, the reflection R does not appear
on the record 434 and for the reason that a switch 441,
by means of a switch controller 442, is opened prior to
passage of the multiples M| and M but is closed prior
to the appearance of the first of the two multiples,
namely Mi. In a similar manner the reflections Rz and
R; are prevented from appearing on record 434.

In setting the controller 442 for the control of switch
441, advantage is taken of two facts. First it will be
noted that the reflections always appear on the upper
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portion of record 431. A diagonal line drawn across =

record 431 will delineate the time appearance of the
reflections above that line and the time appearance of
the multiples below that line. Thus, for each record, the
switch 441 will be open during the passing of the lead-
ing portion of the record by the playback heads and
until arrival of the imaginary diagonal line just de-
scribed. The second fact is that the reflection signals are
the first to appear on the respective traces of record 431
and this will be true regardless of the number of reflec-
tions which may appear on that record. Thus, the
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switch 441 may be closed in response to and immedi-
ately following the appearance of each trace of the first
signal detected by the corresponding playback head
associated with record 431.

After the completion of record 434, the switch 446 1s
moved to its closed position thereby connecting the
several traces on record 434 by way of playback heads
P to the corresponding circuits 135, 22¢, 194, 16p and
285. With this connection complete, a rerun of the
record from the same detectors will result in the cancel-
lation of the multiples from each of the seismograms. If
any residual of the multiple signals remains, the cancel-
lation will be completed by repeating the above opera-
tions with newly made record by treating it in a manner
identical with that just described.

It will be recalled the present operations were de-
scribed for the point P3 of segment Sj of FIG. 2. How-
ever, it will be understood that there will now be re-
peated the above operations for a multiplicity of points
along the segment S1 and of course including the other
two points P and P; already identified on segment S of
FIG. 2. |

It is to be further understood that the dynamic scan-
ning functions of the scanning devices 400 and 428 may
be accomplished by computers of types differing from
the analog arrangements illustrated. Such a modifica-
tion of the invention has already been mentioned in
connection with the scanning devices 140 and 140a of
FIG. 5. A digital computer is well adapted to perform
the scanning functions described in connection with
FIGS. 5 and 17, together with other operations of the
analog system described above and illustrated in the
drawings.

Whether the records 416 and 431 be made by the
analog equipment or whether the same operations be
performed by a digital computer for a like treatment of
the seismic data, one of the advantages of the present
invention is that the resultant records (corresponding
with either records 416 and 431) may be stacked, that s
added together. More particularly, a plurality of such
records may be made, each produced for different
points on the reflecting segment S, of FIG. 2, and these
records then composited. The resultant averaging effect
will increase the signal-to-noise ratio. After such com-
positing, the resultant record may then be utilized in
place of one or the other of records 416 and 431 as
described above.

The compositing of a plurality of records like either
of records 416 and 431 in the form illustrated in FIG. 18
requires the substantial absence of any dip of the reflect-
ing interfaces. If the reflecting segment S; extends at
either a positive or negative angle relative to the illus-
trated horizontal reflecting horizon RHj, cancellation
problems arise. If the dip should be such that the acous-
tic energy reflected from two points differ in time by
one-half the period of the respective waveforms, then,
of course, cancellation would take place upon stacking
or compositing of a plurality of such records.

However, if dip be present, the records may be com-
posited by providing a static shift to compensate for the
dip as by manually changing the positions of the record-
ing heads R for the record 416 of FIG. 18. A set of
knobs may be provided for this purpose as described in
connection with the knobs 75 and 76 of FIG. 3. Alterna-
tively, and as illustrated in F1G. 20, a full wave rectifier
444 may be inserted in the output from the weighting
potentiometers 427, preferably with a smoothing filter
445, to thus produce resultant signals of the same polar-
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1ty, one such signal being illustrated in FIG. 20 for the
reflection Rj as it would appear prior to the smoothing
filter as well as subsequent thereto. Thus, instead of
negative and positive excursions of the resultant signals
of record 416, all signals will have the same polarity,
either positive or negative, and hence there is avoided
the cancellation problems arising due to dip of the kind
above described.

It will be recalled that one of the features of the ex-
panding-spread, important to the present invention, is
the multiple coverage of selected segments as for exam-
ple the segment S, of FIG. 2. This was further exempli-
fied by the illustration of the stratigraphic columns in
FIG. 1A. If the shotpoints all be located to one side of
a selected stratigraphic column and the detectors as a
spread be displaced to the opposite side thereof, there
will be obtained a plurality of paths of acoustic energy
reflected from the same point on the subsurface seg-
ment. By thus achieving multiple records from the same
subsurface points on a selected segment of the strati-
graphic column, the requirements of an expanding
spread will have been met and hence the present inven-
tion can be utilized with field seismograms made in the
described manner.

It 1s to be observed that by scanning the several seis-
mograms by the dynamic functions including different
assumed constant velocities, there is determined quite
explicitly the average velocity for each of the reflec-
tions. With such information plotted against vertical
time T,, there will have been determined quite explic-
itly a graph similar to the one illustrated in FIG. 3D and
hence this graph may now be utilized for exact normal
moveout corrections of the original seismic data. Fur-
ther, this information has many other uses, i.e., (1) con-
tinued updating of the normal moveout curve used in
multiple coverage shooting, (2) continually varying
lateral velocity for more accurate depth conversion, (3)
continual varying lateral velocity for control of migra-
tion and depth conversion, and (4) the lithologic infer-
ences possible to make from these surface measurements
of velocity variation.

Having described the invention in connection with
certain embodiments thereof, it is to be understood that
further modifications may suggest themselves to those
skilled in the art and that features of one modification
may be utilized with the other modification and vice
versa and that all such modifications and variations
within the scope of the appended claims are part and
parcel of the present invention.

What is claimed is:

1. In seismic exploration, the method of establishing
weathering corrections in the form of individual static
time-corrections for the signals from each of a plurality
of seismic detecting stations spaced one from the other
along a traverse which comprises generating at generat-
Ing stations seismic signals adjacent selected ones of said
detecting stations whereby the magnitudes of said static
corrections at said selected stations are known, applying
said known static corrections respectively to signals
generated at said selected stations, applying relative to
said known corrections interpolated static corrections
to the remaining signals generated at the remaining of
said detecting stations, and thereafter generating at
generating stations further seismic signals at spaced
locations along said traverse, detecting at the location
of a first group of said stations and thereafter at other
locations of other groups of said stations seismic signals,
said locations being selected in reference to the loca-
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tions of said second-named generating stations for the
production of an expanding-spread seismic-section hav-
ing applied to the signals from each of said detecting
stations said static corrections, and applying dynamic
normal moveout corrections to the signals of each
group of said detectors to correct them for geometrical
spreading, adding together the signals of each said
group of detecting stations to form composited signals
in number equal to the number of said groups, sequen-
tially applying to said composited signals time-correc-
tions of differing magnitude and respectively conform-
Ing with scanning functions respectively proportional
to the magnitudes of the differences between one hyper-
bolic function and that of a differing hyperbolic func-
tion, adding together said composited signals after ap-
plication thereto of each said time-correction and sepa-
rately recording the resultant summation signals for
each differing time-correction applied thereto for iden-
tifying signals representative of single reflections and of
multiple reflections.

2. The method of claim 1 in which said signals repre-
sentative of multiple reflections are inverted and added
to said composited signals of said groups to remove
therefrom signals representative of said multiple reflec-
tions and concurrently to remove their effects from the
time occurrence of signals representative of said single
reflections, and varying said normal moveout correc-
tions by amounts determined by the magnitudes of said
scanning functions and at times determined by the time-
occurrence on said summation signals of primary reflec-
tions to establish precise conformity with the velocity
distribution of subsurface formations disposed below
said traverse.

3. The method of claim 2 in which said signals of said
expanded-spread record-section are re-recorded after
application thereto of said modified normal moveout
corrections, and adding together the signals within each
of said groups to form composited signals equal in num-
ber to the number of said groups whereby multiple
reflections cancel while single reflections add cumula-
tively.

4. The method of claim 2 in which said signals of said
expanded-spread record-section after application
thereto of said modified normal moveout corrections
are recorded as follows: (1) the traces forming an inter-
mediate split-spread in the expanded-spread seismic-sec-
tion are recorded without addition thereto of other
traces, (2) after expiration of a time interval correspond-
ing with the arrival time of shallow reflections there are
added on a trace-by-trace basis to said centrally dis-
posed traces signals from the detecting stations of
spreads located to the right and to the left of the stations
forming said split-spread, and (3) after the expiration of
a time interval exceeding that during which reflections
from reflecting beds of intermediate depth appear add-
Ing on a trace-by-trace basis to the sum of the preceding
signals the signals from the detecting stations forming
the outermost spreads of the expanded-spread seismic-
section.

3. The method of claim 4 in which linear dip-scanning
corrections are applied to said last-named composited
signals, separately recording the resultant composited
signals with each differing linear dip-scanning correc-
tion applied thereto for establishing in terms of the
magnitude of each dip-scanning correction the dip of
each reflecting bed.

6. The method of claim § in which said last-named
composited signals are added together for production of
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a single composited signal in which said reflections
appear in succession thereon.

7. The method of establishing magnitudes of weather-
ing corrections individual to each of a plurality of de-
tecting stations along a line of substantial length and
forming an expanding-spread section which comprises
generating seismic signals at a plurality of said detecting
stations along said line, concurrently recording signals
from first one and then the remainder of groups of said

detector stations, each group including a plurality of 10

stations symmetrically located along said line with re-
spect to a generating station to form a split-spread,
recording the signals from each said split-spread, the
first-arrival times at the detecting stations located cen-
trally of each split-spread providing the known magni-
tudes of static weathering corrections applicable
thereto, applying said static corrections to said signals
detected at said centrally located stations, generating
playback signals from said split-spread recordings, dur-
ing the generation of said playback signals applying
dynamic normal moveout corrections thereto, visually
displaying said signals, applying static corrections to
bring into time-alignment corresponding components of
said playback signals with said components of said cen-
trally corrected signals, recording seismic signals from
said detecting stations to form an expanding spread
section, and applying said static corrections to playback
signals from the recorded signals of said expanded-
spread section the amount of each static correction for
each detecting station corresponding with the static
correction applied to that detecting station as deter-
mined by said split-spread records.

8. The method of claim 7 in which dynamic correc-
tions are applied to said playback signals of said expand-
ed-spread section to correct for normal moveout and
recording said corrected signals to form a corrected
expanded-spread record-section.

9. In seismic exploration the method which comprises
(1) generating a first seismic impulse at a first sending

station, (2) at a plurality of detecting stations, two of 40

which are located at points of known weathering and all
of which are spaced one from another along a line sub-
stantial distances from said first sending station, generat-
ing a first set of signals representative of seismic waves
resulting from said first seismic impulse and each in-
cluding components thereof reflected upwardly from a
first segment of a subsurface bed intermediate said first
sending station and said detecting stations, (3) storing
said first set of signals, (4) generating a second seismic
impulse at a second sending station located adjacent
said detecting stations, (5) at said detecting stations
generating a second set of signals representative of seis-
mic waves resulting from said second seismic impulse
and each including components thereof reflected up-
wardly from a second segment of subsurface beds more
directly under said detecting stations than said first
segment, (6) introducing individual static adjustments in
the two of said second set of signals generated at said
two detecting stations to establish a base for weathering
correction for the remainder of said detecting stations,
(7) modifying said second set of signals by time-variable
amounts to correct for geometrical time distortion, (8)
applying individual static adjustments to the signals of
said second set of signals other than said two signals for
alignment of said components therein to correct the
remainder of said second set of signals for weathering,
and (9) introducing the same static adjustments to said
first set of signals as introduced to said second set of
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signals to correct the said first set of signals for weather-
ing peculiar to each of said detecting stations. |

10. In seismic exploration the method which com-
prises (1) generating a first set of signals representative
of seismic waves resulting from generation of a first
seismic impulse at a first sending station and including
components reflected upwardly from a first segment on
a subsurface bed located intermediate said first sending
station and arriving at detecting stations located along a
line extending from said first sending station, (2) storing
said first set of signals, (3) generating a second set of
signals representative of seismic waves resulting from
generation of a second seismic impulse at a second send-
ing station and including components reflected up-
wardly from a second segment on said subsurface bed
located substantially directly below said detecting sta-
tions, (4) applying individual weathering correcting
static adjustments to two signals of said second set from
two of said detecting stations at which weathering 1s
known, (5) applying to said second set of signals time
variable adjustments representative of differences be-
tween the travel paths of said second acoustic impulse
to succeedingly deeper beds and paths extending from
said detecting stations perpendicular to said second
segment to produce a modified set of signals representa-
tive of the travel of said second acoustic impulse over
such perpendicular paths, (6) establishing alignment in a
reflection component common to said modified set of
signals by applying individual static adjustments to
signals of said modified set of signals other than said two
signals, and (7) applying to each signal of said first set
the same individual static adjustment as applied to the
signal in said second set from the same detecting station
to correct said first set for weathering peculiar to each
said detecting station.

11. In seismic exploration the method which com-
prises (1) generating a first set of signals representative
of seismic waves resulting from generating of a first
seismic impulse at a first sending station and including
components reflected upwardly from a first segment on
a subsurface bed intermediate said first sending station
and arriving at detecting stations located along a line
extending from said first sending station, (2) storing said
first set of signals, (3) generating a second set of signals
representative of seismic waves resulting from genera-
tion of a second seismic impulse at a second sending
station and including components reflected upwardly
from a second segment on said subsurface bed located
substantially directly below said detecting stations, (4)
applying individual static weathering correcting adjust-
ments to two signals of said second set from two of said
detecting stations at which surface weathering condi-
tions are known, (5) applying to said second set of sig-
nals time-variable adjustments representative of differ-
ences between the travel paths of said second seismic
impulse to succeedingly deeper beds and paths extend-
ing from said detecting stations perpendicular to said
segment to produce a modified set of signals representa-
tive of the travel of said second seismic impulse over
such perpendicular paths, (6) establishing alignment of a
reflection component common to said modified set of
signals by applying individual static adjustments to
signals of said modified set of signals other than said two
signals, (7) generating a modified first set of signals by
reproducing each signals of said first set of signals and
applying thereto the same individual static adjustment
as applied to the signal in said second set from the same
detecting station to correct said first set for weathering
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peculiar to each detecting station, and (8) recording said
modified first set of signals to form an expanding-spread
record section corrected for differences in weathering
underlying individual detecting stations.

12. A system of establishing individual weather cor-
rections for each of a plurality of seismic detectors
spaced one from the other along a line, comprising
means including a first group of transducers for generat-
ing signals from first groups of said detectors which, in
respect to sources of seismic energy applied to the earth
form split-spreads whereby the weathering corrections
for detectors located midway of each split-spread are
known, means for adjusting the transducers corre-
sponding with each of said detectors located midway of
said split-spreads for introducing time-corrections in the
signals generated thereby which correspond respec-
tively with said known weathering corrections, display
means having a plurality of input circuits, means con-
necting a plurality of said transducers to said input cir-
cuits of said display means and including at least two
detectors for which said weathering corrections are
known, means for adjusting said transducers to intro-
duce time-alignment to selected common components
of signals from said detectors to bring said components
into alignment with like components of said detectors in
respect to which said weathering corrections have been
made, a second set of transducers for reproducing from
said detectors an expanding-spread record-section, and
means operable concurrently with adjustment of said
first-named transducers for correspondingly adjusting
the transducers of said second set to introduce weather-
Ing corrections on a trace-by-trace basis corresponding
with those applied to said first-named transducers.

13. The system of claim 12 in which there are pro-
vided normal moveout means for introducing dynamic
corrections for the signals from said transducers form-
ing said split-spreads, to compensate for geometrical
spreading, and in which said weathering corrections for
all of said transducers except those for which weather-
ing corrections are known are introduced during their
relative adjustment by said normal moveout means.

14. In seismic exploration, the method which com-
prises applying to seismic signals of an expanded-spread
record-section dynamic corrections based upon an ap-
proximate velocity profiie of formations underlying said
section and representative of the differences between
the travel paths of acoustic energy from spaced generat-
ing stations and a path perpendicular to a common
reflecting segment, combining the signals from selected
groups of traces of said record-section to form sets of
seismic signals in number equal to the number of said
groups, generating a plurality of sets of summation
signals each of which is representative of the sum of
each said set of signals displaced in time one from the
other in accordance with differences between a plural-
ity of preselected hyperbolic functions, wherein some
of said summation signals include reflection compo-
nents which are indicative of multiple reflections and
others are indicative of single reflections, correcting to
a more exact velocity profile said time corrections by
modifying said dynamic time corrections based upon
said approximate velocity profile by amounts related to
the degree of eccentricity of said hyperbolic functions
which produce cumulative addition of reflection sig-
nals, reproducing said signals of said expanding-spread
record-section, and applymg to said last-named signals
dynamic corrections based upon said more exact veloc-
ity profile.
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[15. A method of producing an improved record of
seismic data which method comprises: generating sig-
nals corresponding with a seismic section composed of
seismograms including multiple reflections and primary
reflections reflected from common segments of subsur-
face reflecting horizons after travel to said segments
over a plurality of paths, said primary reflections and
said multiple reflections appearing across said section
with time differences closely approximating hyperbolic
arcs of varying eccentricities:

repeatedly scanning the signals along said seismo-

grams and across said section under the control of
different hyperbolic scanning functions of respec-
tively different eccentricities closely approximat-
ing hyperbolic arcs to identify with reference to
said scanning functions the signals representative
of primary reflections;

producing corrective functions in response to those

of said scanning functions which produce said iden-
tification of signals representative of said primary
reflection; and

thereafter combining the signals of said seismograms,

after normal moveout correction thereof in time-
relation at least in part determined by said correc-
tive functions. } |
16. [ The method of claim 15 in which there is per-
formed the additional step of J A method of producing an
improved record of seismic data which method comprises:
generating signals corresponding with a seismic section
composed of seismograms including multiple reflec-
tions and primary reflections reflected from comman
segments of subsurface reflecting horizons after travel
to said segments over a plurality of paths, said primary
reflections and said multiple reflections appearing
across said section with time differences closely ap-
proximating hyperbolic arcs of varying eccentricities;

repeatedly scanning the signals along said seismograms
and across said section under the control of different
hyperbolic scanning functions of respectively different
eccentricities: closely approximating hyperbolic arcs to
identify with reference to said scanning functions the
signals representative of primary reflections;

producing corrective functions in response to those of
said scanning functions which produce said identifica-
tion of signals representative of said primary reflec-
tions; |

thereafter combining the signals of said seismograms,
after normal moveout correction thereof in time-rela-
tion at least in part determined by said corrective
functions; and

establishing the relationship between vertical travel

time and average velocity of the acoustic energy to
each corresponding reflecting point located at suc-
cessively greater depth in accordance with said
corrective functions which produce identification
of said signals representative of said primary reflec-
tions.

17. The method of claim 15 in which the additional
step is performed of compositing the seismograms of
said seismic section which are representative of reflec-
tions from a common depth point to increase the ampli-
tude of said signals representative of primary reflections
and to attenuate signals representative of multiple re-
fiections.

18. The method of claim 17 in which the additional
step i1s performed of separately and reproducibly re-
cording said signals of increased amplitude and repre-
sentative of said primary reflections.
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19. The method of claim 18 in which the additional
steps are performed of applying a series of different
linear dip-scanning corrections to said last-named re-
corded signals, separately recording the resultant sig-
nals from each differing linear dip-scanning correction
applied thereto for establishing in terms of the magni-
tude of each dip-scanning operation the dip of each
reflecting horizon, and adding together said resuitant
signals for production of a single composited signal in
which the reflections appear in succession on a single
trace of a record.

20. The method of claim 18 in which only centrally
located seismograms forming said seismic section are
composited to increase the amplitude of said signals
representative of primary reflections and to attenuate
signals representative of multiple reflections resulting
from reflecting horizons at shallow depth, and at in-
creasing depths of said reflecting horizons compositing
with said centrally located seismograms additional seis-
mograms located respectively on opposite sides of said
centrally located seismograms thereby to eliminate the
effect of first breaks and surface noise from the outer-
most groups of seismograms with resultant enhanced
signals representative of reflections from the deeper
reflecting horizons. --

21. The method of claim 18 in which the eccentrici-
ties of said hyperbolic scanning functions cover ranges
at least as great as the range of eccentricities in the
hyperbolic arcs formed by said primary reflections and
by said multiple reflections.

22. The method of claim 21 in which signals represen-
tative of multiple reflections identified by said scanning
functions are inverted in phase, and adding said inverted
multiple reflections 1n time coincidence with the ap-
pearance of the multiple reflections of said seismograms
substantially to cancel from said seismograms signals
representaive of said multiple reflections.

23. The method of claim 22 in which there is per-
formed the additional step of applying the phase-
inverted signals to the inverse of said hyperbolic scan-
ning functions for generating a plurality of traces on
which there appear only the phase-inverted signals
representative of said identified multiple reflections.

24. The method of claim 18 in which there are a
plurality of seismic sections respectively to predeter-
mined points along a traverse of the area being ex-
plored, the pluralily of common segments of succes-
sively deeper reflecting horizons for each said seismic
section delineating a stratigraphic column, and which
comprises, after the combining of the signals following
said normal moveout corrections established at least in
part by said corrective functions, estalishing from the
time-amplitude functions of the appearance thereon of
primary reflections and interval-velocity profile for
each of said columns, and registering such interval-
velocity profiles at spaced points along said traverse
representative of the surface locations of said columns.

25. In seismic exploration where a family of seismo-
grams are produced each consisting of a set of signals
each including components representative of seismic
waves reflected from a set of subsurface reflecting
points after travel to said point over paths, which paths
for any one of said seismograms largely differ from the
paths for any other of said seismograms, the method
which comprises generating a control function closely
approximating a hyprbolic arc and dependent upon time
occurrences of successively deeper reflections and an
assumed velocity distribution of earth formations
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through which said paths extend, dynamically shifting
in time components of each of said signals in depen-
dence upon said control function to correct the time
occurrence of said components for spread geometry
distortion to produce corrected sets of said signals,
combining signals of each of said corrected sets of sig-
nals which include reflections from the same point in
said set of points to form a composite record representa-
tive of reflections traveling over all of said paths, and
recording the combined signals, and establishing the
relationship between vertical travel time and average veloc-
ity of the seismic waves in accordance with the combined
signals.

26. In seismic exploration where a family of seismo-
grams are produced each consisting of a set of signals
including reflection components representative of seis-
mic waves reflected from a set of subsurface reflecting
points after travel to said points over paths which for
any one of said seismograms differ from those of other
of said seismograms, the method which comprises indi-
vidually modifying the time relationships between com-
ponents of each of the signals 1n said set of signals in
dependence upon an assumed velocity distribution
along said paths and the geometrical relations between
said paths and said reflecting points substantially to
eliminate time distortion in a resultant secondary set of
seismic signals, generating a control function dependent
upon variations in time occurrences of successively
later reflection components in said secondary set of
signals to modify and make exact said assumed velocity
distribution, individually modifying the time relation-
ship between components of each of the signals in said
set of signals in dependence upon said control function
to eliminate time distortion in a resultant modified set of
signals, and recording said modified second set of sig-
nals.

27. The method of identifying the presence of multi-
ples in signals from an expanded-spread record which
comprises applying to said signals along said record
time-adjustments the magnitudes of which vary across
the record in accordance with a plurality of hyperbolic
functions of different eccentricities, each being uniquely
related at any point along said record to a specific velocity
and through a range of hyperbolic functions whose
curves have opposite concavities, adding together after
application of each of said corrections the resuitant
signals whereby signals representing multiple reflec-
tions add together cumulatively upon application of
certain of said corrections and single reflections add
together cumulatively upon application of other of said
corrections to said signals.

28. In seismic exploration the method comprising
generating signals corresponding with an expanding-
spread seismic record-section, combining said signals
with successively applied time-corrections to provide a
plurality of summation signals, said successively apphed
time-corrections corresponding with hyperbolic sweep-
ing functions each of varying eccentricity with respect
to said signals of said record-section, the hyperbolic
sweeping functions being representative of the velocities of
the acoustic energies which gave rise to said signals, and
separately storing said plurality of summation signals
along like space scales for producing cumulative addi-
tion of signals identifiable in terms of the eccentricity of
said sweeping functions and thus of the velocities.

29. In seismic exploration the method comprising
generating signals corresponding with an expanding-
spread record-section across which there appear pri-
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mary reflections and muitiple reflections with time dif-
ferences across said section closely approximating hy-
perbolic arcs of varying eccentricities, combining said
signals with each of a plurality of differing time changes
to provide a corresponding plurality of summation sig-
nals, a first group of said time changes including hyper-
bolic sweeping functions of eccentricities covering a
range at least as great as the range of eccentricities in
said hyperbolic arcs formed by said primary reflections
and a second group of said time changes including hy-
perbolic sweeping functions of eccentricities covering a
range at least as great as the range of eccentricities in
hyperbolic arcs formed by said multiple reflections, and
separately storing said plurality of summation signals

5
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respectively identifiable in terms of the eccentricities of 13

said sweeping functions, and thus representative of the
velocities of the primary reflection and the velocities of the
multiple reflection.

30. The method of claim 29 in which said generated
signals toward the end-traces of said summation signals
are amplified relative to the signals representative of the
intermediate traces.

31. The method of claim 29 in which said signals of
the several traces corresponding with said expanding-
spread record-section are modified in amplitude to pro-
vide increasingly greater amplitudes of the signals of the
traces spaced outwardly of the central traces.

32. In seismic exploration where a family of seismo-
grams are produced, each seismogram including multi-
ple reflection signals and a plurality of single reflection
signals representative of waves reflected from subsur-
face reflecting points after travel to said points over a
plurality of paths, each of which for any one of said
seismograms differs from the path for any other of said
seismograms the method which comprises:

generating signals from each of said seismograms,

applying to said generated signals a succession of

dynamic time-adjustments along said seismograms,

25

30

35

one for each said seismogram, and of magnitude to 44

correct for normal moveout delays present in said
SE1SmMOgrams,

time-shifting said generated signals, the magnitude of
the time shifts varying across said family of seismo-
grams in accordance with a plurality of approxi-
mate hyperbolic functions of different eccentrici-
ties, each being uniquely related at any point along
said seismogram to a specific velocity, and

adding together said generated signals for the pro-
duction of summation signals representing (a) mul-
tiple reflections which add together cumulatively
for certain of said hyperbolic functions, and (b)
single reflections which add together cumulatively
for other of said hyperbolic functions.

45

50

33. The method of claim 32 in which said family of 55

seismograms for an expanded-spread, and in which said
signals of said family of seismograms are modified for
establishing greater amplitudes of the signals of the
seismograms spaced outwardly of the central seismo-

grams of the expanded-spread than the amplitudes of 60

the signals of the centrally located seismograms of said
expanded-spread.

34. The method of claim 32 in which there are re-
corded, for each dynamic time-adjustment resultant
summation signals for establishment of the relationship
between vertical travel time and average velocity of the
acoustic energy corresponding reflecting point located
at successively greater depths, and
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applying to said family of seimograms dynamic nor-
mal moveout corrections based upon said values of
vertical travel time and of said average velocities
s0 determined.

35. The method of utilizing an automatic computing
system to treat seismic data representative of character-
istics of earth formations traversed by a stratigraphic
column comprising the steps of:

a. inputting to the automatic computing system a
seismic section derived from the seismic data and
comprised of seismograms including primary re-
flections reflected from common segments of sub-
surface reflecting horizons in the column after
travel to said segments over a plurality of paths;

b. repeatedly searching for signals across said section
and along said seismograms under control of differ-
ent hyperbolic functions representative of velocities
of the acoustic energy over said plurality of paths to
determine the presence of primary reflections;

c. producing from the result of said searching steps
functions which identify alignment of reflections
with respect to the eccentricities of said hyperbolic
functions[; and]}, which functions represent the
velocities of the earth formation paths traversed by
said accustic energy; and

d. utilizing said functions for producing normal
moveout corrections for said seismic section.

36. A system for use in seismic exploration wherein a
seismic section is delineated by a plurality of seismo-
grams including signals representing multiple reflec-
tions and priumary reflections reflected from common
segments of subsurface reflecting horizons after travel
to said segments over a plurality of paths, said primary
reflections and said multiple reflections appearing
across said section with time differences closely approx-
imating hyperbolic arcs of varying eccentricities, said
system comprising:

means for generating hyperbolic scanning functions
closely approximating hyperbolic arcs of different
respective eccentricities;

means operable under the control of said hyperbolic
scanning functions for repeatedly scanning the
signals along said seismograms and across said
section to identify with reference to said scanning
functions the signals representative of primary
reflections;

means responsive to each said scanming function
which i1dentifies signals representative of primary
reflections for producing a corrective function; and

means for applying to the plurality of seismograms
dynamic normal moveout corrections based upon
the values of vertical travel time and of the average
velocities, which corrections at least in part are
determined by said corrective functions.

J7. The system of claim 36 in which means are pro-
vided for compositing the seismograms of said seismic
section which are representative of reflections from a
common depth point to increase the amplitude of said
signals representative of primary reflections and to at-
tenuate signals representative of multiple reflections.

38. The system of claim 37 in which means are pro-
vided for separately and reproducibly recording said
signals of increased amplitude representative of said
primary reflections.

39. The system of claim 38 in which means are pro-
vided for applying a series of different linear dip-scan-
ming corrections to said last-named recorded signals, the
resultant signals being separately recorded with each
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differing linear dip-scanning applied thereto for estab-
lishing in terms of the magnitude of each dip-scanning
operation of the dip of each reflecting horizon.

40. The system of claim 36 comprising

means for compositing only centrally located seismo-

grams forming said seismic section to increase the
amplitude of said signals representative of primary
reflections and to attenuate signals representative
of multiple reflections resulting from reflecting
horizons at shallow depth, and -

means at increasing depths of said reflecting horizons

for compositing with said centrally located seismo-
grams additional seismograms located respectively
on the opposite sides of said centally located seis-
mograms thereby to eliminate the effect of first
breaks and surface noise from the outermost groups
of seismograms with resultant enhanced signals
representative of reflections from the deeper re-
flecting horizons.

41. A system for establishing the magnitude and sense
of any error in a known velocity distribution function
which may only approximate the velocity distribution
function of a given stratigraphic column which com-
prises means for producing a first set of expanded-
spread seismograms each of which includes seismic
reflections from reflecting layers encountered in said
column, means for applying corrections to said first set
including dynamic corrections based upon said known
velocity distribution function to produce a second set,
means for generating error signals representative in
magnitude and sense of the magnitude and direction
respectively of the variations in time occurrence of
successive reflections in said second set, and registering
means for recording said error signals.

42. A system for establishing an exact velocity distri-
bution function from a set of expanded spread seismic
reflection signals statically corrected both for weather-
ing and for elevation along the expanded-spread which
comprises means for establishing an approximate veloc-
ity distribution function for formations underlying said
spread, means for applying to said set dynamic correc-
tions dependent upon said approximate velocity distri-
bution function to produce a secondary set approxi-
mately corrected for spread geometry, means for repro-
ducing said secondary set, and means for modifying said
approximate velocity distribution function at time
points therealong corresponding with the time occur-
rence of reflection signals in said secondary set where
the amounts of said corrections and the sense thereof
are respectively dependent upon the magnitude and
direction of variations in the time occurrence of reflec-
tion signals in said secondary set.

43. A system for establishing an exact velocity distri-
bution function from a set of expanded-spread seismic
reflection signals statically corrected both for weather-
ing and for elevation along the expanded-spread which
comprises means for applying to said set dynamic cor-
rections dependent upon an approximate velocity distri-
bution function for formations underlying said spread to
produce a secondary set approximately corrected for
spread geometry, means for reproducing said secondary
set, means for modifying said approximate velocity
distribution function at time points therealong corre-
sponding with the time occurrence of reflection signals
in said secondary set where the amounts of said correc-
tions and the sense thereof are respectively dependent
upon the magnitude and direction of variations in the
time occurrence of reflection signals in said secondary
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set, and means for registering the modified velocity
distribution function.

44. A system for establishing an exact velocity distri-

bution function from a set of expanded-spread seismic

reflection signals statically corrected both for weather-
ing and for elevation along the expanded spread which
comprises means for applying to said set dynamic cor-
rections dependent upon an approximate velocity distri-

bution function AT vs. T, where AT is the magnitude of

correction at a given record time T, for formations
underlying said spread to produce a secondary set ap-
proximately corrected for spread geometry, means for
reproducing said secondary set, means for modifying
said approximate velocity distribution function at time
points therealong corresponding with the time occur-
rence of reflection signals in said secondary set where
the amounts of said corrections and the sense thereof
are respectively dependent upon the magnitude and
direction of variations in the time occurrence of reflec-
tion signals in said secondary set to produce a function
AT vs. T,, where AT is defined as the exact velocity
distribution function and means for producing an appar-
ent average velocity function V,in accordance with the
expression

13
J AT(2T, + AT)

where x is the horizontal distance along said spread
between sending and receiving stations for a given sig-
nal in said set.

45. In seismic exploration, the method of generating
signals corresponding with a seismic section comprised
of seismograms including primary reflections reflected
from common segments of subsurface reflecting hori-
zons after travel to said segments over a plurality of
paths, said primary reflections appearing across said
record section with time differences closely approxi-
mating hyperbolic arcs of varying eccentricites,

combining said signals with each of a plurality of

differing time changes to provide a corresponding
plurality of summation signals, a first group of said
time changes including hyperbolic sweeping func-
tions of eccentricities covering a range at least as
great as the range of eccentricities of said hyper-
bolic arcs formed by said primary reflections,
Fand said hyperbolic sweeping functions being rep-
resentative of the velocities of the acoustic energy over
said plurality of paths,

separately storing said plurality of summation signals

respectively identifiable in terms of the eccentrici-
ties of said sweeping functions, and establishing the
relationship between vertical travel time and average
velocity of the acoustic energy in accordance with the
stored summation signals.

46. The method of claim 45 in which functions are
generated from said summation signals above a prede-

Va

60 termined amplitude, and thereafter combining the sig-
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nals of said seismograms after normal moveout correc-
tions at least in part determined by said functions.
47. The method of claim 46 in which there 1s per-
formed the additional steps of:
applying a scanning function to said seismograms
after correction for normal moveout for determina-
tion of direction and extent, if any, of the dipping of
said reflecting horizons, and
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computing from the direction and extent of dipping
of said horizons a velocity log of the earth cor-
rected for dip.

48. The method of claim 47 in which there is per-

formed the additional step of:

inverse filtering said reflections for producing a ve-
locity log of the earth extending to said lowermost
one of said segments.

49. The method of dynamically time correcting seismic

S

52

from a multiplicity of subsurface bedding planes compris-
ing the steps of (1) applying time shifts to each set of re-
Sflected energies along hyperbolic-like sweeping functions,
(2) adding the reflected energies along each of said func-
tions to obtain a maximum value, each maximum value
being related uniguely to one of said sweeping functions
and to a specific velocity, (3) establishing with said veloci-
ties said correcting function, (4) time shifting said traces
under control of said correcting function, and (5) stacking

traces comprised of expanded spread data with a correcting 10 said time-shifted traces to obtain a single trace with an

Jfunction, the values of which are determined by the veloci-

ties of the earth formations traversed by reflected energy
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