United States Patent (g
Ray |

(11} E
45] Reissued Date of Patent: May 31, 1988

BEST AVAILABLE COPY

Re. 32,683

Patent iNumber:

Ray @ & -

(54) STACKED MARINE SEISMIC SOURCE

(75] Inventor: Clifford H. Ray, Houston, Tex.

(73] Assignee: Fairfield Industries, Inc., Houston,
Tex.

[*] Nouce: The portion of the term of this patent
subsequent to Apr. 3, 2001 has been
disclaimed.

(21] Appl. No.: 803,345

[22] Filed: Dec. 2, 1983

Related U.S. Patent Documents

Reissue of:

(64] Patent No.: 4,493,061

Issued: Jan, 8, 1983
Appl. No.. 380,569
Filed: May 21, 1982

U.S. Applications:
[63] Continuation-in-part of Ser. No. 291,269, Aug. 10,
1981, Pat. No. 4,441,174.

(51] ot CL* oooveneeeencccesssssnnnn GO1V 1/36; GOIV 1/38
[152]  U.S. Cl ovvvevvvessssnensesessssssssmsssnmnsens 367/23; 367/24;

181/111
(58] Field of Search ............... 1817101, 103, 106, 107,

1817108, 110, 111, 112, 113, 115, 116, 117, 118,
119, 120, 139, 140, 141; 367/14, 15, 20, 21, 22,
23, 24, 56, 57, 58, 141, 142, 143, 144, 145, 146,

147, 148
[S6] References Cited
U.S. PATENT DOCUMENTS
2,953,214 9/1960 Meren ..ciininnianicnaen 367723 X
|
:I’: "a,_'_:_ o T
2 1 |5
d3 l _ A
’ S
S — —_— ..._._..2__41 s
) /

3,195,676 7/1963 Eisler €t al. ..ooevimrcmeconsccsienens 367/57
1,131,050 771967 Kilmer et al. .ccccceicmniariconianss 367723
1,139,176 871967 Sparks ....cciciniioricerenne veeores 3677213
1,480,101 1171969 Barry et Bl ccoercnccrcnnens 167/143 X
4,154,480 3/1981 French ........ veonsesrassenersnses 367723 X
4.353.121 1071982 Ray et &l mmricvecninnininnnee 3867/210
4 182,486 3/198) RUhI® .ooorcerreernicormmsannsaess 67721 X
4441174 4/1984 Ray €t al oooercervenrccnienion 367723

OTHER PUBLICATIONS

Newman P. Watergun Fills Marine Seismic Gap Aug.
1978 Qil & Gas Journal, pp. 1-6.

S.E.G. Research Comamittee, Seismic Field Techniques
Workshop, Aug. 13-16, 1983, pp. 1-15.

Ray “High Resolution Using the Fair Flex”, Nov. 2,
1978, Soc. Explor. Geophys Ann. Mtg., #43, p. 35, T
and Stony.

Ray “Exploration Targets Using the Fair Flex . . .
Nov. 8, 1979, Soc. Explor. Geophys. Ann. Mtg., vol
49, p. 38, Tiest.

Primary Examiner—Deborah L. Kyle
Assistant Examiner-—Brian S. Steinberger
Attorney, Agent, or Firm—Vaden, Eickenroht,
Thompson & Boulware

[57) ABSTRACT

An arrangement of a plurality of individual gas expansi-
ble marine sources, wherein the positive portions of the
primary shock waves are additive in effect, the negative
portions of the primary shock waves are not additive in
effect and the positive and negative portions of the
after-shock or bubble occurrences also are not additive

tn effect.
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STACXED MARINE SEISMIC SOURCE

Matter enclosed in beavy brackets [ ] sppears in the

mmnumhutfommmolm:mm
ton; mttu'pdntedlnluuuindlmthQaddlﬁmm

by reissue.

This application is 8 continuation-in-part of copend-
ing application Ser. No. 291,269, now U.S. Pat. No.
4.441,174 entitied “Stacked Marine Seismic Source”,
filed Aug. 10, 1981, Clifford H. Ray and Neil A. Moore.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention pertains to marine scismic source and
more particularly to an improved seismic source com-
prising a plurality of individual gas expansible sources.

2. Description of the Prior Art

Various seismic wave generators have been em-
ployed in the past, starting with controlled dynamite
charges as a source of energy. One of the most promis-
ing of the various sources employed today use explosive
gas mixtures which explode either in open-bottomed
domes or into various enclosures,

One very successful gas exploder employing a closed
enclosure is disclosed in U.S. Pat. No. 3,480,101 entitied
“Seismic Wave Source Using Explosive Gas In An
Expansible Enclosure”, issued Nov. 25, 1969 in the
name of Adelbert Berry, et al. The disclosure of this
patent is incorporated by reference for all purposes.

A feature of the device disclosed in patent "101 and
similar devices is that when the device is set off beneath
the surface of the water, there is a primary energy shock
imparted to the water and, after a neriod of time, there
is an after-shock imparted to the water. The most popu-
lar explanation as to why and when this after-shock
energy pulse occurs involves the effect of the hydro-

static pressure of water on the expansion enclosure of
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sleeve. That is, the sleeve expands the first time with gas 40

explosion against the hydrostatic pressure of the water
on the sleeve. This pressure causes the sleeve to con-
tract or collapse; however, the gas in the chamber is
sufficient, as there is pressure relief around the sleeve
caused by the initial shock, to cause a second and lesser
expansion to occur. Hence, there is an occurrence of a
second shock.

Although the dynamics of gas expansion and external
hydrostatic pressure and other related phenomena may
not be completely understood or comprehended, the
after-shock occurrence is undeniably present and very
observable. Furthermore, it is also known that as the
depth of the seismic source increases, the time between
the primary shock and the after shock decreases, again
probably because of the dynamic effect of the increased
hydrostatic-pressures at the greater depths.

A single primary source of the type described in U.S,
Pat. No. 3,480,101 produces a pulse with a relatively
uniform energy amplitude over a range of frequencies
{rom about 40 Hz to 1200 Hz. it is known that the en-
ergy in the higher frequencies of this range are not
particularly useful for exploration targets deeper than
about 3,000 feet; therefore, it is desirable to expend
proportionally more energy at lower frequencies than is
available in known prior art sources.

A primary pulsing of energy from a seismic energy
source of the type described above has both a positive
portion and a negative portion immediately following as
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a result of reflection from the water source. The after-
shock pulse of energy also includes both a positive and
negative portion at a slightly later time, as mentioned
above. The net effect of the two shocks of the type
dacﬁbedomuningomanuthcomerhthn.inthc
frequency domain, one of more notches are established
in the lower part of the frequency spectrum of interest.
It is desirable to eliminate or greatly smooth the notch-
ing effect that results from operation of the source such
as described above.

Sources which are activated on the surface of the
water only have components of radiating energy out-
wardly and downwardly. A source that is activated
somewhat below the surface of the water produces a
wave in an upward direction, as well, which returns as
a reflected or ghost pulse in a negative polarity with
respect to the initial positive polarity. If there is no
escaping energy at the surface at the time of reflection
(i.e., no surface “blow-out”), then substantially the same
amount of energy is reflected as initially produced.
When there is “blow-out”, then the amount of enecrgy
reflected is equal to one bar (i.e., one atmosphere of
pressure). Having blow-out is desirable in a sense. A
large shock produces a large positive portion, but a
negative portion that does not exceed the predeter-
mined value of one bar. Therefore, the result is a rela-
tively large positive pulse and a relatively limited nega-
tive pulse, which is a desirable source shape.

However, it may be seen that a deeper source has 10
produce a greater shock to produce blow-out than a
shallower source. This means that the positive and neg-
ative energy amplitude remain the same at a higher
level for the deeper sources, resulting in notching and
other undesirable characteristics at a higher energy
level.

Preferred arrangement of individual gas exploders
capable of operating in the manner just outlined are
described and claimed in patc:* “pplication Ser. No.
291,269, now U.S. Pat. No. 4,441,174, which is heredby
incorporated by reference for all purpose: .

Another type of a gas expansible source, i.e., a source
which produces an expanding gas at the po.at of ongin
of the source, is referred to as a pneumatic so\ "d source
or air gun. A major manufacturer of such sourics is Bolt
Technology Corporation of Norwalk, Conn., although
there are other manufacturers of such equipment. The
air guns are available covering a range of air chamber
volumes from about 1,000 to 2,000 cubic inches and
operating pressures from 200 to 2,000 pounds per square
inch and even greater.

The Bolt air guns are marketed under the trademark
PAR and typically includes two high pressure cham-
bers, an upper control chamber and a lower discharge
chamber. In the stable or rest position, the two cham-
bers are sealed by a triggering piston and a firing piston
mounted on a common shank. forming a shuttle. High
pressure air (e.g., 2000 psi) supplied to the upper control
chamber through an air hose from a shipboard compres-
sor and “bleeds” into the lower firing chamber through
an orifice in the shank of the shuttle. The gun is sealed
because the area of the upper triggering piston is greater
than that of the firing piston, and a net downward hold-
ing force exists. The gun is fired by actuating the sole-
noid with an electrical firing pulse. A “slug” of high
pressure air is suddenly delivered to the bottom side of
the triggering piston, thereby upsetting the force bal-
ance. The shuttle valve assembly opens at high velocity,
reaches maximum stroke, and returns to its sealed post



BEST AVAILABLE COPY

KRe, 32,082

3

uon, all in a period of about ten milliseconds. Dunng
he few milliseconds the valve is open, most of the high
pressure air in the discharge chamber is suddealy
vented to the water through ports in the cylindrical
wall. In larger air guns, four air jets from four individual
ports merge to form a roughly spherical oscillating air
bubble.

Gas expansible sources of both the gas exploder type
and the air gun type are capable of being stacked in such
a way that the positive portions of the pnmary acousti-
cal waves accumulate while the negative portions do
not. Moreover, the positive and negative portions of the
after-shock waves (or so-called *bubbles”, which is the
common terminology for the after-shock waves from an
air gun source) do not accumulate.

Air guns in the prior art have cither been deployed
singly or in a group at the same depth. However, it has
been discovered by applicant that the vertical and hori-
zontal spacing and variation in volumes of air guns
produce desirable overall source signatures wherein the
desirable characteristics described above are optimized.

Therefore, it is a feature of the present invention to
provide an improved seismic marine source of the gas
expansion type of [enchance] enhance the positive
portion of the primary shock energy therefrom while
not enhancing the negative portions or the positive and
negative portions of the after-shock energy by vertical
and horizontal positioning of the individual sources.

It is another feature of the present invention to pro-
vide an improved seismic marine source of the gas ex-
pansion type to [enchance] enhance the positive por-
tion of the primary shock energy therefrom while not
enhancing the negative portion and the after-shock
energy by vertical and horizontal positioning and by
volume selection of the individual sources.

SUMMARY OF THE INVENTION

In accordance with the present invention, two of
preferably three [of] or four sources of the type of gas

expansion scismic energy such as described in the "101 40

natent or of the air gun type are vertically positioned
one above the other, all of which are located below the
surface of the water and [are] can be horizontally
positioned with the deepest being towed ahead of the

next dee
sources are stacked, the most shallow is placed at a
distance of two feet beneath the water surface, and the
deepest of the three sources is located at a distance of
five feet below the surface. All are wired for substan-
tially simultaneous triggering.

If the three sources were vertically positioned with-
out any horizontal off-set, following triggering or acti-
vation of the sources at a point below all of the individ-
ual sources, the positive portions from the deepest
source arrives, then the intermediate source and finally
the shallowest source. The next-to-arrive pulse is the
negative (or, “ghost”) pulse from the shallowest source,
then the intermediate source and then the deepest
source. The resulting energy envelope of the pulses is a
spread positive wave followed by a spread negative
wave. The three positive pulses [enhancing] enhance
each other followed by the three negative pulses en-
hancing each other.

The arrival of the individual after-shock pulses pro-
duces a different result. The first to occur below the
area where the sources are located is the positive pulse
from the deepest source, then the negative pulse there-
‘rom. then the positive pulse from the intermediate
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source, then the negative pulse therefrom, then the
positive pulse from the most shallow of the sources and,
finaily, the negative pulse from the shallowest source.
Hence, the positive pulses and negative pulses are inter-

and there is no pulse enhancement with respect
to the after-shock pulses as there is with respect to the

291,269, now U.S. Pat No 4,441,174,

However, the invention claimed herein pertains to 2
different placement and pertains also to source volume
selection. By horizontal positioning 30 that the deepest
of the individual sources is towed ahead of the next
deepest source and this individual source is ahead of the
next decpest, and so forth, then it is possible to align the
positive portion of the primary wave while misaligning
the other three pulses or portions. Furthermore, since
the after-shock wave becomes closer to the prnimary
wave with depth and with volume size, then by the
proper adjustment of the individual sources with re-
spect to each other, it is possible to assure the desired
enhancement and at the same time virtually no enhance-
ment and even cancellation of the other portion of the
primary waves and both the positive and negative por-
tions of the after-shock wave.

The negative portions of both the primary wave and
the after-shock wave occur as a result of the “ghost”
effect of surface reflection. Software data processing
techniques are capable of distinguishing such negative-
polarity signals from positive-polanity signals. But, the
spacing and volume selection is important in separating
the individual returns and thereby optimizing the posi-
tive primary returns while minimizing practically all of
the accumulation effect of after-shock returns.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above-recited fea-
tures, advantages and objects of the invention, as well as
others which will become apparent, are attained and
can be understood in detail, more particular description
of the invention briefly summarized above may be had
by reference to the embodiment thereof which is illus-
trated in the drawings, which drawings form a part of
this application. It is to be noted, however, that the
appended drawings illustrate only a preferred embodi-
ment of the invention and are therefore not to be consid-
ered limiting of its scope, for the invention may admit to
other equally effective embodiments.

In the Drawings:

FIG. 1 is a schematic representation of the manine
seismic source being detonated in accordance with the
present invention.

FIG. 2 is a schematic representation of a marine s¢is-
mic source in accordance with a preferred embodiment
of the present invention which includes three stacked
SOUrces.

FIG. 3 are time domain diagrams of the primary and
after-shock energy waves from three stacked sources in
accordance with the present inveation.

FIG. 4 is a combined time domain diagram of the
primary and after-shock energy waves from three
stacked sources in accordance with FIG. 1 of the pres-
ent invention.

FIG. 8 is a schematic representation of a manne
source in accordance with a preferred embodiment of
the present invention which includes three stacked
sources, the deepest being towed ahead of the next
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deepest and the middle deepest being towed abead of
the most shallow.
FIG. 6 is a schematic representation of a marine
source similar to that shown in FIG. §, but with the
vertical spacing of the individual sources being greater

than for FIG. &.
FIG. 7 is a schematic representation of a marine

source similar to that shown in FIG. §, but with the
vertical spacing and the chamber volume sizes for the
individual sources being greater than for FIQ. 3.

£1G. 8 is a combined time domain diagram of the
primary and after-shock energy waves from three
stacked sources in accordance with FI1G. § of the pres-
ent invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In performing a marine seismic survey, it is normal
for a marine seismic vessel to track along a predeter-
mined course on the surface of a body of water, nor-
mally the sea. An energy source is towed by the vessel
for imparting pulses downwardly into the water. Al-
though it is possible to tow the source on the surface, it
is normally towed beneath the surface where the water
is more stable than the surface.

A preferred energy source has heretofore been the
Fairflex TM minisleeve exploder system of Fairfield
Industries, Inc., which system’s essential ¢lements are
described in U.S. Pat. No. 3,480,101, [with] which
natent disclosure is incorporated herein by reference for
all purposes. Sometimes this type of source is referred
to as a gas expansion source. This terminology herein,
however, also refers to an air gun source as hereinafier
discussed. [Such a] One such source provides an en-
ergy pulse length of less than one-millisecond positive
pressure and produces a nearly perfect acoustic wavelet
having a finite period of less than three-milliseconds and
a broad frequency spectrum with a maximum frequency
at about 200-250 Hz, gently rolling above and below
the maximum for about three octaves. The wavelet is
the result of a positive energy portion progressing
downwardly into the water for bottom surface and
sub-bottom surface reflection, such as shown as ¢ in
F1G. 1, and a negative or ghost energy portion progres-
sing downwardly into the water following reflection at
the water/air interface. This portion of the expended
source energy is shown as eg in FIG. 1.

Also towed by the vessel is a cable or streamer along
which are located a plurality of hydrophone arrays or
detectors for receiving the seismic reflections. It is de-
sirable that the source be large, undistorted, at & low
frequency and free of interferring energy impulses.

As discussed above, a single source of the type de-
scribed produces energy detectable at a point below the
source comprising a primary positive energy portion, a
primary negative or ghost energy portion, an after-
shock positive energy portion and an after-shock nega-
tive or ghost energy portion. The combination of indi-
vidual sources each producing portions of the kind
described, results in an enhancement/non-enhancement
combination that is far superior to any individual
source.

In this arrangement, as shown in FIG. 2, source S1 is
located at a distance d below the surface of the water;
source S2 is located therebeneath at a distance dz below
the water surface; source SJ is located at a deeper level
yet below source S1 at a distance dj; below the water

surface. In one preferred embodiment, dj is equal to 2

feet: d is equal 10 3} feet: and dj is equal to 3 feet. The
velocity of sound traveling in water is approximately
5,000 feet per second. Hence, the time for sound to
travel from source S1, to the surface to be reflected

s therefrom and return to source S1 is approximately 0.8
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milliseconds based on the formula 2 dy/35,000. Similariy.
the round-trip time for an energy pulse from source S2
to return thereto is 1.4 milliseconds and the round-tnp
time for an energy pulse from source SJ to retumn
thereto is 2.0 milliseconds.

Diagrammatically, the positive and negative portions
for the primary pulses from each of sources S1, S2 and
S3 are shown in FI1G. 3. The pulse portions for source
S1 are shown on the top line as €1 and e1g; the pulse
portions for source 52 are shown on the middle line as
e2p and e1x; and the pulse portions for source S3 are
shown on the bottom line as eypand e3g, respectively. If
it is assumed that the positive pulses all originare sub-
stantially simultaneously, then the respective occur-
rences for the three sources are accurately reflected in
the drawing.

It has been measured that the positive portion of the
after-shock wave occurs at a Atl after the positive por-
tion of the primary wave of about 15 milliseconds for 2
source S1 located at a depth of 2 feet; that the positive
portion of the after-shock wave occursat a At2 after the
positive portion of the primary wave of about 13 milli-
seconds for a source S2 located at a depth of 34 feet; and
that the positive portion of the after-shock wave occurs
at a At3 after the positive portion of the primary wave
of about 11 milliseconds for a source S3 located at a
depth of § feet. The negative portion of each of these
after-shock waves follow their respective positive por-
tions by the same amount of time the negative portions
follow their respective positive portions for the pnmary
wave,

The after-shock portions for the waves emanating
from source S1 and labelled ey 4 and e1 4z in FIG. 3; the
after-shock portions for the waves emanating from
source S2 are labelled e14 and e24%; and the after-shock
energy wave portions for the waves emanating from
source SJ3 are labelled e34 and e34&.

It may now be observed what the culumative effect is
of all three sources S1, S2 and SJ at a location below the
three “stacked” sources by observing the dizgram set
forth in F1G. 4. Arbitrarily a location of 3 feet is se-
lected below source S3 where the wave portions [rom
source SJ arrive just 1 millisecond later than at source
S3. As will be seen, the first to arrive wave is ¢3p, then
0.3 milliseconds later espand then 0.3 milliseconds later
e1p. These combine to make a large extended positive
pulse envelope in the frequency range between 25-250
Hz. The next to arrive portion is the e1g at a time 0.8
milliseconds after e p then &35 at a time 0.3 milliseconds
later and then e3g at a time 0.3 milliseconds later. Again,
the negative portions combine to make a large single
;ﬁendcd pulse in the frequency range between 25-230

The next-to-arrive pulse is ey, then at a time of 2
milliseconds later, e14g. Then, at a time of 0.3 millisec-
onds after e14r, €14 arrives followed by e3¢z at a time of
1.4 milliseconds later. At a time of 0.9 milliseconds later,
e14r arrives. It should be noted that the positive por-
tions are interspersed with the negative portions for the
after-shock wave and, therefore, there is no enhance-
ment of such waves as with the primary waves.

The blow-out effect on the ghost or negative portions

should now be considered. A shock wave imparted
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somewhat below the surface of the water may Of may
not cause surface biow out depending on the amplitude
of shock. If the magnitude of the shock is less than
enough to cause blow out, then ths amplitude of the
reflected or ghost wave at the surface will be very
nearly the same amplitude as the direct or positive wave
from the source. On the other hand, if the magnitude of
the shock is more than enough to cause blow out, the
negative or reflected wave will be limited to one bar of
pressure whereas the positive shock will be more than
that. If the difference is relatively great, then the ghost
or negative portion is small with respect to the positive
portion, which is generally thought of as an advantage
f~r a seismic shock wave produced by a source.

A single source at a shallow depth may cause blow
out whereas the same source at a greater depth will not,
allowing the negative or ghost reflection to be substan-
tially the same amplitude as the positive wave.

However, the stacked arrangement which has been
just described produces a cumulative effect on the blow
out phenomenon. The upward wave from the top
source arrives just a fraction of a millisecond ahead of a
simultaneously detonated source one and one-half feet
below the first source. And, the upward waves from the
top and intermediate sources arrive just a fraction of a
millisecond ahead of a simultaneously detonatzd third
source just one and one-half feet below the second
source. The cumulative effect is that effectively blow
out occurs for all three upward waves whereas the
force from even the top source acting alone may not
have been sufficient for blow out. The downward direct
or positive wave also is enhanced by the cumulative
gathering shock wave so that there is relatively strong
enhancement of the stacked source detonations for the
positive wave with respect to the negative wave. The
negative wave tends to flatten a bit, but otherwise, there
is no amplitude enhancement. And, in fact, the negative
portion amplitude for the deepest source is less than it
would have been for detonation of that source alone.

The stacked arrangement also has a salutary effect on
the notching caused in the frequency spectrum by the
energy wave from a single source. Because of the hy-
drostatic pressure of the water, the deeper the source,
the shorter the period of the energy pulse. Since the

3
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frequency spectrum is therefore different for each of 45

three successively deeper sources, the notches that
occur for each of the three are slightly displaced from
each other, the cumulative effect being s disappearance
of notches for the overall energy pulse.

The above discussion has been with respect to verti-
cally stacked sources simultaneously exploded. Please
note that by not vertically stacking, such as shown by
dotted sections in FIG. 2, and by detonating not at the
same instant of time, it is possible to minimize the me-
chanical interference effect of one source being above
another and also somewhat to establish directivity to
the advancing wave front. The principal operating

33

mode that permits enhancement of the primary positive

wave while not enhancing the after shock waves is stiil
accomplished.

Now referring to FIG. §, a schematic representation
of a plurality of individual sources being towed behind
a vesse] is shown wherein the deepest source S1 is
towed ahead of the next deepest source 52 and the

shallowest source S3 is towed horizontally behind the 63

source S2. The sources may be the gas exploder type of
gas expansible source; however, they are preferably of
the air gun or pneumatic sound source type. In the

preferred use, the positive portions of the acoustical
sound resulting from triggering of the individual
sources accumtlate as the waves travel downward so
that at a location below the deepest of the sources, the
accumulated positive portions are as they appear in
F1G. 8 at ea The return or negative (“ghost™) portions
of the individual sources do not accumulate, but are
out at e1x, 2x ADd €3A.

The aftershock (“bubble” in air-gun terminoclogy)
portions also do not accumulate either in their positive
portions or in their negative portions as shown for ¢34,
€14, C14» ©34R, €242 and eLqn. However, the exact rela-
tive locations may not be as desired. The relative loca-
tions can be changed, by varying the relative placement
and/or the relative sizes of the individual sources, as
shown in FIGS. 6 and 7 compared with the individual
sources shown in FIG. 5. Note that in FIG. §, each
individual source S1, S2 and SJ are located at respective
distances d;, d2 and d3 from the surface of the water.
Typically, these distances may be respectively 135 feet,
20 feet and 25 feet. Please note that the stacking of the
primary signals e;p e2r and e3p, as shown in FIG. 8,
spaces out €17, ¢2r and e3r and also both the positive
and negative portions of the after-shock signals, also as
shown in FIG. 8. However, by placing the individual
sources as shown in FIG. 6 so that §1, 52, and SJ are
respectively at dy, d2 and di (e.g., 5, 15 and 30 feet) the
relative position of the individual portions are modified.
The relatively deeper sources have a relatively shorter
period between primary and after-shock waves. Also,
by changing.the relative volume of the sources as
shown in FIG. 7 and by modifying the distances, the
spread between the pulses are further modified, the
volume size also affecting the frequency of the source.
Importantly, however, for the present invention, the
smaller the source chamber, the shorter is the perniod
between the primary and the after-shock waves.

While a particular embodiment of the invention has
been shown and described, it will be understood that
the invention is not limited thereto, since many modifi-
cations may be made and will become apparent to those
skilled in the art. For example, more than three stacked
individual sources can be employed and there is even
benefit from the stacking of only two sources.

[ claim:

1. A marine seismic wave source, including a plural-
ity of individual gas expansible sources, each of said
sources producing a primary shock wave into the water
from the location where said source is positioned, each
of said sources also producing an after-shock wave into
the water a predetermined time after said primary shock
wave, comprising;

a first of said individual sources towed at a first depth
below the surface of the water, the negative por-
tion of said primary wave from said first source
being separated from the positive portion thereof
dependent on the round-trip acoustical travel time
of the source impulse to the water surface, the
positive portion of the after shock wave therefrom
occurring at a time after the primary shock wave
dependent on the pressure of the water at said first
depth, the negative portion of said after shock
wave being separated from its positive portion by
the same time separation that the negative portion
of the primary wave is separated from its positive
portion,

a second of said individual sources towed [ahead of
said first individual source] at a second depth




BEST AVAILABLE copy

Re. 32,683

9

beinw the surface of the water greater than sad
first depth, the negative portion of sad primary
wave from said second source being separated
from the positive portion thercof dependent on the
round-trip acoustical travel time of the source im-
pulse to the water surface, the positive portion of
the after-shock wave therefrom occurting at a ime
after the primary shock wave dependent on the
pressure of the water at said second depth, the
negative portion of said after-shock wave being
separated from its positive portion by the same time
separation that the negative portion of the primary
wave is separated from its positive portion.

the round-trip time for said second source being
longer than the round-trip time for said first source,
the pressure for said second source being greater
than the pressure for said first source, thereby caus-
ing the relative time of arrival of said after shock
for said second source to be shorter than for said
first source,

said positive portions of the primary waves from said
first and second sources occurring substantially
simultaneously at a location below said second
source before the negative portion of the primary
wave from said first source occurs at said locauon,
which is then followed by the negative portion of
the primary wave from said second source at said
location, said [primary] positive and negative por-
tions of said first source and second source after-
shock waves occurring at respectively different
times at said location,
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the negative portion of the primary wave from said
second source, the negative portioa of the primary
wave from said third source, said primary and
negative portions of said first source, second source
and third source after shock waves occurring at
respectively different times at said location,
whereby said positive portions of said primary shock
wave energy accumulates and said negative portions of
said primary shock wave energy and said positive and
negative portions of said after-shock wave energy do

not accumulate. |
4. A marine seismic source in accordance with claim

3, wherein the volume of said third source is less than
the volume of said second source.
5. A method of establishing a8 marine seismic source
wave, which comprises;
detonating a first gas expansible source at a first depth
below the surface of the water, the negative por-
tion of the primary wave therefrom being sepa-
rated from the positive portion dependent on the
round-trip acoustical travel time of the source im-
pulse to the water surface, the positive portion of
the after-shock wave therefrom occurring at a time
after the primary shock wave dependent on the
pressure of the water at said first depth, the nega-
tive portion of said after-shock wave being scpa-
rated from its positive portion by the same time
separation that the negative portion of the prnmary
wave is separated from its positive portion,
detonating a second gas expansible source at a second
depth below the surface of the water [forward

whereby, said positive portions of said primary shock
wave energy accumulates and said negative portions of
said primary shock wave energy and said positive and
negative portions of said after-shock wave energy do 33
not accumulate.

2. A marnine seismic source in accordance with claim
1, wherein the volume of said second source is less than
the volume of said first source.

3. A marine seismic source in accordance with claim 40

and} greater than said first depth, the negative
portion of the primary wave from said second
source being separated from the positive portion
thereof dependent on the round-trip acoustical
travel time of the source impulse to the water sur-
face, the positive portion of the after-shock wave
therefrom occurring at a time after the primary
shock wave dependent on the pressure of the water

1, and including, at said second depth, the negative portion of said
a third individual source towed [ahead of said sec- shock wave being separated from its positive por-
ond individual source] at a third depth below the tion by the same time separation that the negative
surface of the water greater than said second depth, poruon of th primary wave is separated from its

the negative portion of said primary wave from 45 positive portion, _ .
said third source being separated from the positive the round-trip time for said second source being

portion thereof dependent on the round-trip acous-
tical travel time of the source impulse to the water
surface, the positive portion of the after-shock
wave dependent on the pressure of the water at
said third depth, the negative portion of said after-
shock being separated from its positive portion by
the same time separation that the negative portion
of the primary wave is separated from its positive
portion,

the round-trip time for said third source being longer
than the round-tnip time for said second source, the
oressure for said third source being greater than the
pressure for said second source, thereby causing
the relative time of arrival of said after-shock for
said third source to be shorter than for said second
source,

said positive portions of the primary waves from said
first, second and third sources occurring substan-
tially simultaneously at a location below said third
source before the negative portion of the primary
wave from said first source occurs at said locauon,
which is then followed seriatim at said location by

33

63

longer than the round-trip time for said first source,
the pressure for said second source being greater
than the pressure for said first source thereby caus-
ing the relative time of arrival of said after-shock
for said second source to be shorter than for said
first source,
said positive portions of the primary waves from said
first and second sources occurring substantially
simultaneously at a location below said second
source before the negative portion of the primary
wave from said first source occurs at said location,
which is then followed by the negative portion of
the primary wave from said second source at said
location, said primary and negative portions of said
first source and second source after shock waves
occurring at respectively different times at said
location,
whereby, said positive portions of said primary shock
wave energy accumulates and said negative portions of
said primary shock wave energy and said positive and
negative portions of said after-shock wave energy do
not accumutlate.
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6. A method in accordance with claim 8, wherein the
relative [positive] position of said negative portions of
said primary waves from said first and second sources
and of said primary wave from said after-shock waves
are adjustable by changing the depth locations of said
first and second individual sources, a greater depth
further separating the negative and positive portions of

>

10

13

33

435

33

63

s wave and shortening the separation of the after-shock
from the primary shock.

7. A method in accordance with claim 5, wherein the
relative positions of said after-shock waves from their
corresponding primary waves are adjustable by chang-
ing the volumes of said individual sources, the smaller
the volume of an individual source the shorter the sepa-
ration of the after-shock from the primary shock.
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