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ABSTRACT

METHOD OF MARINE SEISMIC EXPLORATION

In dual-sensor, bottom-~cable (16) marine seismic
exploration where hydrophone/geophone pairs (18) are
deployed on the marine bottom (20), coupling imperfections
between the geophones and the marine bottom contribute to
differences between the impulse response of the geophones
and the impulse response of the hydrophones. To correct for
the coupling imperfection, a filter is designed which
compensates for the inherent impulse response differences as
well as response differences caused by the imperfect
coupling. Preferably, the filter is designed using a
calibration procedure prior to production shooting. First,
the response of a hydrophone and geophone to a seismic wave
is recorded. Then, these recorded responses are transformed
into the frequency domain. Once transformed, the response
of the hydrophone is divided by the response of the geophone
to produce a filtering function. When the filtering
function is applied to geophone signals during production
shooting, the filter compensates the geophone signals to
alleviate differences in response characteristics between

the geophone signals and the hydrophone signals.

Fig. 1
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sources. The energy source is designed to produce conpressional waves that
propagate through the water and into the underwater |and formation. As the
conpressi onal waves propagate through the Iand formation, they strike

i nterfaces between formations, conmmonly reférred to as stata, and reflect
back-through the earth and water to the receiver. The receiver typically
converts the received waves into electrical signals which are then
processed into an i mage that provides information about the structure of

t he subterranean formation. A probl em encountered in marine
surveying as
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well as in inverse vertical seismc profiling or "VSP'" is that of water
colum reverberation. The probl em V\n{y ch arises as a result of the inherent
reflectivity of the water surface a %ot t om may be expl ained as foll ows.

A seism ¢ wave generated in (or reflected off) earth strata passes into the
water in a generally upward direction. Ehis wave, terned the "primry"
travel s b 2
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- 2- t hrough the water and past the receiver which records its
presence. The wave field continues upward to the
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water's surface, where it is reflected back downwards. This reflected or
"ghost" wavefield also travels through the water and past the detector,
where is is again recorded. Dependi ng SD the nature of the earth material

at tte water's bottom the ghost mavef'éFd may itself be reflected upwards
t hraough the water giving rise to a series of one or nore subsequent

refl ections. Presently, one of the nbst commbn energy sources is
an air gun that discharges air under very high pressure into the water. The
di scharged air fornms a pul se wyoch contains frequencies within the seisnic
range. Anot her energy so I'ch is frequently used
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is a marine vibrator. Marine vibrators typically include a pneumatic or
hydraul i ¢ actuator that causes an acoustic piston to vibrate at a range of
sel ected frequencies. The vibrations of/$he
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3 acoustic vibrator produce pressure differentials in the wat er “ihi‘ch
generate seismc pulses free from spurious bubbl es. Just as

di fferent energy sources nay be used to generate seismc waves in marine
applications, different receivers nmay be used to detect reflected seismc
waves. Typically, the receivers nost commonly used in marine applications
are ref errect"to -as;ydt: ophones Hydr ophones convert pres_sure waves. | nto-
el ectrlﬁal |gnal_s t at are used I : :

RN

3

T ishedie.

METHOD OF MARINE SEISMIC EXPLORATION

This invention relates generally to marine seismic
exploration.

In marine seismic exploration, a seismic survey
ship is equipped with an energy source and a receiver for
taking seismic profiles of én underwater land configuration.
The act of taking profileé is often referred to as
"shooting" due to the fact that explosive devices have been
commonly used for many years'as energy sources. The energy
source is designed to produce compressional waves that
propagate through the water and into the underwater land
formation. As the compressional waves propagate through the
land formation, they strike interfaces between formations,
commonlf referred to as strata, and reflect back through the
earth and water to the receiver. The receiver typically
converts the received waves into electrical signals which
are then processed intoc an image tﬁit provides information
about the structure of the subterranean formation.

Presently, one of the most common energy sources
is an air gun that discharges air under very high pressure
into the water. The discharged air forms a pulse which
contains frequencies within the seismic range. Another
energy source which is frequently used is a marine vibrator.
Marine vibrators typically include a pneumatic or hydraulic
actuator that causes an acoustic piston to vibrate at a

range of selected frequencies. The vibrations of the
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for analog or digital processing. The npbst conmon type of hydrophone

I ncl udes a piezoelectric el enment which converts physical signals, such as
pressure, into electrical signals. Hydrophones are usually nounted on a

| ong streanmer which is towed behind the survey ship at a depth of about 10

netres.

Alternatively, marine_segi snmc techniques nmay use

different types of receivers which detect different characteristics of the

envi ronnent .

For instance, in bottomcable seismc recording, a conbination

of pressure semsiusitie tidradeeepsodadeh passkydeorheresendid1Rakhi ¢he

velocity tran rs, .swuch as _geophones, can_be depl oyed on the marine
bottom = Wi | eagé!%%hi’%ég"‘*a@sw rEafPy SBdEdPuhses free” from spurious

This Sheet Has Been Re

bubbles.

Just as different energy sources may be used to
generate seismic waves in marine applications, different
receivers may be used to detect reflected seismic waves.
Typically, the receivers most commonly used in marine
applications are referred to as hydrophones. Hydrophones
convert pressure waves into electrical signals that are used
for analog or digital processing. The most common type of
hydrophone includes a piezoelectric element which converts
physical signals, such as pressure, into electrical signals.
Hydrophones are usually mounted on a long streamer which is
towed behind the survey ship at a depth of about 30 feet.

Alternatively, marine seismic techniques may use
different types of receivers which detect different
characteristics of the environment. For instance, in
bottom-cable seismic recording, a combination of pressure
sensitive transducers, such as hydrophones, and particle
velocity transducers, such as geophones, can be deployed on
the marine bottom. While geophones are typically used in
land operations where metal spikes anchor the geophones to
the ground to ensure fidelity of geophone motion to ground
motion, geophones cannot be economically anchored in marine
applications. Therefore, cylindrical, gimbal geophones are
attached to the bottom-cable. After the cable is deployed
from the seismic survey ship, the geophones simply lie in
contact with the marine bottom where they fall. The gimbal
mechanism inside the cylinder assures that the geophone
element mounted therein is oriented vertically for proper
operation.

As is obvious from the above discussion, a variety
of seismic equipment and techniques may be used in an
attempt to accurately plot the underwater land formation.

Regardless of which technique or combination of equipment is
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| and operations where netal spikes anchor the geophones to the ground to
ensure fidelity of geophone notion to ground notion, geophones cannot be
econom cal ly anchored in marine applications. Therefore, cylindrical,

gi nbal geophones are attached to the bottomcable. After the cable is

depl oyed fromthe seismc survey ship,_the_geophones sinply lie in contact
with the marine bottomwhere they fall. The gi nbal nechani sminside the
cylinder assures that the geophone el enent nounted therein is oriented

vertically f@EeB[OPEEROPEE@FEORertain advantBgbs QRYI QUSaliveAthpesabRYR
discussi on. 3 yat el 8 3g! SILE, Sau PET, 209, Lechn, gups, Tmy e yged In an
. '
data with a towed streamer in areas populated with numerous
obstacles, such as drilling and production platforms, can be
difficult or even impossible because the streamer may strike
one of the obstacles and tear loose from the towing vessel.
Such an event represents an extremely costly loss.

By contrast, in bottom-cable seismic operations,
no such difficulty exists because the cable is deployed in a
fixed position on the water bottom. However, in the
above-mentioned towing technique, the hydrophone being towed
behind the survey ship is perfectly coupled to the water in
which it is immersed. Unfortunately, in a bottom-cable
operation, since there is no practical way to effectively
couple a geophone to the marine bottom as it can be coupled
to dry land, the geophone is not perfectly coupled to its
environment. Therefore, the signals received from the
imperfectly coupled geophone do not accurately reflect the
quantity being measured.

We have now found a way of overcoming, or at least
minimizing, one or more of the problems set forth above.

In accordance with one aspect of the present
invention, there is provided a marine seismic exploration
method which comprises the steps of: generating a seismic
wave into a marine environment; detecting water pressure at
a first position in said marine environment resulting from
said seismic wave and generating a first signal correlative
to said detected pressure; detecting particle velocity at a
second position in said marine environment resulting from
said seismic wave and generating a second signal correlative
to said detected velocity; and calculating a filter transfer
function using said first and second signals, said filter
transfer function substantially equalizing response
characteristics between said first and second signals.

Preferably, the first and second signals are
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attenpt to accurately plot the underwater |and formation. Regardl ess of
whi ch techni que or conbi nation of equipnent is
-4-

transformed into first and second frequency domain signals,
respectively. Then, one of the frequency domain signals is
divided by the other to produce the filter transfer
function. If the filter transfer function is intended to
compensate the second signal from the geophone for the
response difference due to the imperfect coupling of the
geophone, the first frequency domain signal is divided by
the second frequency domain signal to obtain the filter
transfer function. After the filter transfer function has
been transformed into a time domain filtering function,
subsequent second signals are filtered by the time domain
filtering function.

In a second aspect of the invention, there is
provided a method of calibrating a geophone/hydrophone
receiver pair in a marine environment, said method
comprising the steps of deploying said geophone/hydrophone
receiver pair in said marine environment; generating a
seismic wave into said marine environment, generating a
first signal correlative to a detected pressure through
implementation of said hydrophone detecting water pressure
resulting from receiving said seismic wave; generating a
second signal correlative to a detected velocity through
implementation of said geophone detecting particle velocity
resulting from receiving said seismic wave; transforming
said first and second signals into first and second
frequency domain signals, respectively; dividing one of said
first and second frequency domain signals by the other of
said first and second frequency domain signals to obtain a
filter.transfer function; transforming said filter transfer
function into a time domain filter; and applying said time
domain filter to one of said first and second signals
generated as a result of subsequent seismic waves.

In a third aspect, the invention provides a method
of correcting a coupling difference between a hydrophone and

a geophone in a marine environment, said method comprising
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used, each offers certain advantages and di sadvantages when conpared to

one anot her.

areas popul ated w th nunmerous obstacles,

For instance, gathering seismc data with a towed streaner

platforns, can be difficult or even inpossible because the streanmer nmay
stri ke one of the obstacles and tear Iogsg fromthe tow ng vessel. Such an
S.

event represents an extrenely costly lNo

By contrast, in

bott om cabl e sei smc operations, no such difficulty exists because the

cabl e

the steps of placing said hydrophone in said marine
environment, said hydrophone being perfectly coupled with
said marine environment; placing said geophone in said
marine environment, said geophone being imperfectly coupled
with said marine environment; generating a calibration wave
into said marine environment, said calibration wave being a
primary seismic wave having a magnitude substantially equal
to a magnitude of a reflected seismic wave produced during
production shooting; detecting a signal produced by said
hydrophone in response to said seismic wave, said hydrophone
signal being influenced by an electrical impulse response of
said hydrophone; détecting a signal produced by said
geophone in response to said seismic wave, sdid geophone
signal being influenced by an electrical impulse response of
said geophone and by a mechanical impulse response of said
geophone produced by said imperfect coupling; transforming
said hydrophone signal and said geophone signal into first
and second frequency domain signals, respectively; dividing
one of said first and second frequency domain signals by the
other of said first and second frequency domain signals to
obtain a filter transfer function; transforming said filter
transfer function into a time domain filter; and
substantially equalizing said electrical response
characteristic of said hydrophone with said electrical and
mechanical response characteristics of said geophone by
applying said time domain filter to only one of said
hydrophone signal and geophone signal generated as a result
of a subsequent seismic wave produced during production
shooting, said subsequent seismic wave having a magnitude
greater than said magnitude of said calibration wave.

In order that the invention may be more fully
understood, reference is made to the accompanying drawings,
wherein:

Fig. 1 illustrates apparatus used in a bottom-

cable operation;
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is deployed in a fixed position on the water bottom However, in the
above-mentioned tow ng technique, the hydrophone being towed behind the
survey ship is perfectly coupled to the water in which it is imrersed.
Unfortunately, in a bottomcable operation, since there is no practical way
to effectively couple a geophone to the_marine bottomas it can be coupled
to dry land, the geophone is not perfectly coupled to its environnent.
Therefore, the signals received fromthe inperfectly coupl ed geophone do

not accurately reflect Fig.quaniliychgicRe FBASUSPhone/geophonle pH3r
4,752,916 a HEBQ%% %HS%%%S%%rE%E bottom;

Fig. 3 illustrates the impulse response
characteristics of the hydrophone and geophone in the
frequency domain assuming that both the hydrophone and
geophone are perfectly coupled to their environment;

Fig. 4 diagrammatically illustrates a filter that
equates the impulse response of a perfectly coupled geophone
to the impulse response of a perfectly coupled hydrophone;

Fig. 5 illustrates the amplitude and phase spectra
of the filter shown in Fig. 4;

' Fig. 6 schematically illustrates a mechanical
system that models the coupling between the water bottom and
the geophone; r

Fig. 7 illustrates the effect of imperfect
geophone coupling on the geophone's response to a seismic
impulse; |

Fig. 8 illustrates a downwardly propagating
pressure wave impinging on the hydrophone/geophone pairs on
the marine bottom;

' Fig. 9 diagrammatically illustrates the response
of a geophone and hydrophone to the pressure wave of Fig. 8;

Fig. 10 diagrammatically illustrates a filter that
equates the response of an imperfectly coupled geophone to
the response of a perfectly coupled hydrophone;

Fig. 11 illustrates the amplitude and phase
spectrums of the filter shown in Fig. 10; and

Fig. 12 is a flow diagram of a preferred method
for designing the filter shown in Fig. 10.

While the invention is susceptible to various
modifications and alternative forms, specific embodiments
have been shown by way of example only in the drawings and
will be described in detail herein. However, it sﬁould be
understood that the invention is not intended to be limited

to the particular forms disclosed.
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deghostin seismc traces by using deconval uti on techni ques using two or
nore receivers, these receivers being at different depths or being of
different types at the sane depth. US 4,520, 467 & EP-B-89700 al so
di scl osed a net hod of deghosting seismic trace signals. The nethod used
enpl oys both a pressure and notion detecti-on neans, and the uses filtering
as a function of the depth of the sensors to provide a preselected function

and zero phase shifLed,agd-toMhede SRl Koy Sl ! rofe i AYTINALi1 1P Y dvay

bet ween seism c dghost arrival tines, {Ta I ng splkes Tn proportion to

their rESpe%ﬁbYelﬁiQnébcf@rﬁgasﬂarine seismic survey system is
illustrated and generally designated by a reference numeral
10. The system 10 includes a seismic survey ship 12 that is
adapted for towing a seismic energy source 14 through a body
of water iT. The seismic energy source 14 is an acoustic
energy scurce or an array of such sources. An acoustic
energy source preferred for use with the system 10 is a
compressed air gun, called a "sleeve gun", which is commer-
cially available from Halliburton Geophysiéal Services, Inc.
of Houston, Texas. The source 14 is constructed and
operated in a manner conventional in the art.

The system 10 also includes a receiving ship 15 that is
preferably anchored in the body of water 17. The receiving
shiplls deploys a cable 16 on the marine bottom 20, and
receives signals from the cable 16 as will be subsequently
explained in detail. One preferred cable is commercially
available from Tescorp Seismic Products Co. of Houston,
Texas, but those skilled in the art recognize that any one
of a wide variety of cables can be used. The cable 16
carries at least one receiver 18, but preferably includes a
plurality of such units..

The recelver 18 includes a hydrophone for detecting
water pressuré and a geophone for detecting water-bottom
particle veloclity. More particularly, the hydrophones and
geophones on the cable 16 are arranged in identical spatial

arrays when deployed on the marine bottom 20. Each
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ratios. -5- US 4, 486, 865
di scl oses a net hod al so using

individual hydrophone has a gimballed geophone positioned
next to it. A separate electrical signal is sent to a
recording system on the ship 15 for each hydrophone and each
geophone spatial array. The survey ship 12 fires the source
14 at predetermined locations while the signals from the
hydrophone and geophone arrays are recorded. These signals
are typically referred to as reflection data. The data is
recorded by a multi-channel seismic recording system that
selectively amplifies, conditions and records time-varying
electrical signals onto magnetic tape. Advantagéously, the
system also digitizes the received signals, using a 14 bit
analog-to-digital converter for instance, to facilitate
signal analysis. Preferably, the ship 15 utilizes a seismic
recording system which is commercially available from
Halliburton Geophysical Services, Inc. However, those
skilled in the art will recognize that any one of a variety
of seismic recording systems can be used.

According to a preferred practice, the cable 16 and
hydrophone/geophone pair 18 are positioned on the marine
bottom 20 for use in three-dimensional, "bottom-cable"
operations. Normal production shooting takes place with the
survey ship 12 moving at a constant speed along a set of
parallel lines, or swath, with respect to the cable 16.
After the survey ship 12 completes the swath, the receiving
ship 15 or other suitable ship retrieves the cable 16 and

re~deploys the cable 16 in a line spaced from, but parallel
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pressure and velocity detectors to produce outputs which are conbined to
cancel ghost reflections. By virtue of the opposite relative phases of
upward and downward waves with respect to velocity and pressure sunm ng the
waves in the correct proportion can be carried out to substantially cancel

t he ghost reflections. Al the_gbove systems suffer fromthe
problemthat the different types of receivers, pressure sensitive, and

movenent sengd ! imee o, thid et ante fISAENGY. r%@é‘%&@é@f& 1f'¢8£§. GSe both
with respect to phase and anplitude. This can substantiall fect
cancel i ng tesprogaes tihe dutveatsiig 7 efHisded esnother swath.

During data collection, seismic waves generated by the
source 14 travel downwardly, as indicated by the rays 22.
These primary waves are reflected off of interfaces between

. strata, such as the interface 28 between strata 24 and 26,
in the subterranean earth formation 32. The reflected waves
travel upwardly, as illustrated by the rays 30. The
hydrophone/geophone pairs that make up each receiver 18
detect the reflected waves. The feceivers 18 generate
electrical signals representative of pressure and particle
velocity changes inherent to the wave field, and transmit
these generated electrical signals back to the survey ship
15 via the cable 16. The recording equipment within the
ship 15 records these electrical signals so that they can be
subsequently processed to map the subterranean earth
formation 32.

It should be understood that the receivers 18 not only
detect the reflected waves of interest, but also the primary
wave and reverberated waves. Reverberated waves are
reflected waves which reflect off of the water-air interface
at the surface of the wéter 17 and travel downwardly in the
water 17 to impinge on the receivers 18. Reverberated waves
are illustrated by the rays 33 in Fig. 1. The effects of
reverberated waves will be discussed subsequently
with reference to our U.S. patent spacification no.

4,979,150 to which reference should be made for further

details,
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simlarly. We have now starting from US- A-4979150, found a way of
overcom ng, or at least mnizing, one or nore of the problens set forth
above. In accordance with one aspect of the present invention,
there is provided a marine seismc exploration nmethod which conprises the
steps of: generating a calibration wave jRppa a marine environnment, said
cali bration wave being a prinmary seismc wave having a nagnitude
substantially equal to a nagnitude of a reflected seism c wave produced
during production shooting, detecting water pressure at a first position
Fig. 2 illustrates a receiver 18 which includes a
gimbal geophone 34 and a hydrophone 36. Preferably, the
geophone is a Model SG-1 which is commercially availaﬁle
from SENSOR Nederland b.v. of Voorschoten, Holland, and the
hydrophone is a Model MP-24 which is commercially available
from OYO Geospace Corp. of Houston, Texas. As illustrated,
the geophone 34 and hydrophone 36 are lying on the marine
bottom 20, and together comprise a hydrophone/geophone pair.
As mentioned previously, dual-sensor detection techniques
offer certain advantages because hydrophones detect pressure
variations and geophones detect particle velocity
variations. However, hydrophones and geophones typically
exhibit different impulse response characteristics due, in
part, to differences in design. Hence, if we assume that
the geophone 34 and hydrophone 36 are perfectly coupled to
their environment, i.e., the body of water 17 and the marine
bottom 20, then their impulse responses are probably
different. If we further assume that the hydrophone 36 has
a natural frequency of w, and that the geophone 34 has a
natural frequency of w,, then when the impulse responses are
transformed into the frequency domain, the transfer
functions of the éeophone 34 and hydrophone 36 are
illustrated by the amplitude and phase spectrums shown in

Fig. 3. Curves 38 and 40 illustrate the amplitude response

with respect to frequency of the geophone 34 and the
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in said marine environnent resulting fromsaid calibration wave and
generating a first signal correlative to said detected pressure, detecting
particle velocity at a second position in said nmarine environnment resulting
fromsaid calibration wave and generating a second signal correlative to
said detected velocity, and cal cul ating g filter using said first and
second signals, characterised in that saitd filter substantially equalises

e EIPT B R SRR T ) A e 5 Tt eraed
the phase response with respect to frequency of the geophone
34 and the hydrophone 36, respectively.

The transfer functions of the geophone 34 and of the
hydrophone 36 determine how the signals that they output
correspond to any given input. If the seismic survey system
10 used only one type of receiver or the other, the transfer
function of the particular receiver would initially be of
interest to determine how the receiver would respond to a
variety of foreseeable inputs. But past this determinatioﬁ,
the impulse response of any particular type of receiver
would be of relatively little importance when processing the
signals delivered from such receivers. However, when the
seismic survey system 10 includes different types of
receivers, such as in the dual-sensor configuration
described herein, the recording and/or processing of the
electrical signals delivered by such receivers requires that
the signal'from one type of receiver be combined in some
fashion with the signal from another type of receiver. For
instance, as described in the referenced patent, a separate
electrical signal is sent to the recording system from each
hydrophone and each geophone array. The received signals
are referred to as reflection data. The recorded hydrophone
and geophone reflection data are demultiplexed, gain-
removed, and amplitude recovered using identical amplitude
recovery curves. The gain-removal process properly uses the

K-gain settings of the recording instruments.
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- 6- second signals generated as a result of said reflected seismc wave
produced during production shooting, said

-12-
Since the electrical signals from each type of receiver
are combined during processing, the impulse response of each
type of receiver should be substantially identical in order
to avoid differences in the respective signals due solely to
the impulse response of the respective types of receivers.
However, as previously mentioned, due to the differences in
design between geophones and hydrophones, it is quite
possible that a geophone will have an impulse response
different from the_impulse response of a hydrophone.
Therefore, the system 10 uses a filter designed in
accordance with the theoretical or measured impulse
responses of the hydrophones and geophones to convert the
phase spectrum and normalized amplitude spectrum of the
geophone to match that of the hydrophone, or vice versa.

One such filter is illustrated in Fig. 4. 1In this
figure, v(t) represents the impulse response of the geophone
34, p(t) represents the impulse response of the hydrophone
36, and h(t) represenﬁs the impulse response of a filter 46
which transforms the impulse response of the geophone 34 to
equal the impulse response of the hydrophone 36. Therefore;
when the signal delivered by the geophone 34 is delivered to
the filter 46, the filter 46 modifies the signal to have the
same amplitude and phase characteristics as the signal
delivered by the hydrophone 36. Preferably, the impulse
response h(t) of the filter 46 is designed in the frequency
domain by dividing the amplitude spectrum of p(t) by the

amplitude spectrum of v(t) and subtracting the phase

This i y
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reflected seismc wave having a magnitude greater than said magnitude of

said calibration wave. Preferably, the first and second signals
are
- 13 -
spectrum of v(t) {rom the phase spectrum of p(L), as Lhe
following cquations illustrate mathematically. First, cach
of the time domain signals are transformed into the
frequency domain using an appropriate function, such as &
Fourier transform. For instance, the Fourier transform of
the impulse response p(t) of the hydrophone 36 i1s calculated
by:
~juwt
P(w) = Jp(t)e" dt | and Eg. (1)
the impulse response v(t) of the geophone 34 1s calculacted
by:
—{wl
Viw) = Y Al
(w) j (t)e dt. Eq. (2)
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- 7- transforned into first and second frequency domain signals,
respectively. Then, one of the frequency domain signals is divided by the
other to produce the filter transfer function. If the filter transfer
function is intended to conpensate the second signal fromthe geophone for

the response difference due to the inperfect coupling of the geophone, the
first frequency domain signal is dividedley

Once the impulse response of the geophone 34 and hydrophone

36 have been transformed into the frequency domain, it

follows from Fig. 4 that:

P(w) = H(w) V(w), so Eq. (3)

H(w) = Plo) = LP(w)!ei(@pE)-BvEd)
Viw) WV (w) | ’

where (P(w), is the magnitude of P(w); .}V(u): 1S Che
magnitude of V(w); 6 (w) 1is the phase of P(w); and 8 (w) 1is
the phase of V{(w). The amplitude and phase spectrums of the
transfer function H(w) for the filter 46 are illustrated 1in
Fig. 5. Notice that the amplitude curve 48 shows an

increased response boost near the natural frequency of wp of

the hydrophone 36 which should offset the differences
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t he second frequency domain signal to obtain the filter transfer function.
After the filter transfer function has been transforned into a tine domain
filtering function, subsequent second signals are filtered by the tine
domain filtering function. In a second aspect of the invention,
there is provided a nethod of calibratipglg geophone/ hydr ophone recei ver
pair in a marine environnment, said nmethod conprising the steps of depl oying

sai d gepphoB@&u£anehgneuE€eei¥§ragaiEo!BfS?E .MBLIiNg;gAYAEOPMERLe
generating a selsmc wave |Into sal mari ne environnent, generating a first
signal correghakkveutrQeasdetrel8danr eR8YEE sk’ PEEBonse boost near the
natural frequency w, of the geophone 34 which should offset
the differences between the curves 42 and 44 of Fig. 3.

The shortcoming of this filter 46 is that by using it
one assumes that the geophone 34 moves in perfect
synchronization with the particles of the marine bottom 20
as a seismic wave arrives either from the earth formation 32
or from the water 17. When geophones are used in land
operations, metal spikes apéroximately two to three inches
long are fitted to the bottoms of all geophone cases. When
a geophone is planted at its location, it is driven, spike
first, as far into the ground as possible. Moreover, the
geophone package is designed to have a density approximately
equal to the density of the earth material at the location
where the geophone is to be planted. Therefore, when the
geophone is planted using the spikes, excellent fidelity of
geophone case motion to particle motion results.

However, in the marine dual-sensor, bottom-cable
operation described herein, the geophones 34 and hydrophones
36 are deployed in water .that may be hundreds of feet deep.
Unfortunately, planting the geophones 34 with spikes is
impossible, or at least very impractical. Therefore, as
mentioned previously, a gimbal mechanism is used to assure
that the geophones 34 remain vertically oriented for proper
operation when the geophones 34 contact the marine bottom

20. However, since the geophones 34 are not rigidly
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I npl ement ati on of said hydrophone detecting water pressure resulting from
recei ving said seismc wave; generating a second signal correlative to a
detected velocity through inplenmentation of said geophone detecting

particle velocity resulting fromreceiving said seismc wave;

transf orm ng

said first and second signals into first. gnd second frequency donain
signal s, respectively; dividing one of said first and second frequency

domai n si gn oﬁqr@'ctiéaetfg h&le qxar%fq{éj t;d.t{ts m aﬂﬁj, 5&?%;]%5 NS SVe @{Eﬂtﬂy

signals to obtain a filter transter function;’tra

sformng said filter

transfer funglighhdditdr a iR HIOMR e faddd £ oy th fPR /I i S hdddBk domai n

filter to one of said first and second signals
particles when a seismic wave arrives.

A coupling mechanism 50 which models this problem is

illustrated in Fig. 6. As illustrated, both the geophone 34

and the hydrophone 36 are coupled to the marine bottom 20.

The double-headed arrow 52 represents the direction of

pressure waves impinging upon the hydrophone 36.

The pres-

sure waves may either propagate downwardly in the water 17

or upwardly from a reflection in the subterranean formation

32. Since the hydrophone 36 is perfectly coupled to the

water to receive pressure waves, the hydrophone 36 is illus-~

trated as being directly connected to the marine bottom 20.

Similarly, the double-headed arrow 54 represents the

direction of particle motion of the marine bottom 20.

However, since the geophone 34 is not perfectly coupled with

the marine bottom 20, the coupling mechanism 50 represents

an analytical model of this coupling imperfection.

In other

words, the geophone 34 responds to movement of the water

bottom 20 as if it were connected to the water bottom 20 by

an unsprung mass m, a spring 56 having a spring constant k,

and a damper 58 having a damping constant B. By taking into

account the effects caused by this imperfect coupling, a

more accurate determination of the velocity of particle

motion of the marine bottom 20 may be made. Using this

model, it i1s easy to visualize that as the particles of the

water bottom 20 affect the unsprung mass m, which is
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generated as a result of subsequent seisnic waves. In a third
aspect, the invention provides a nethod of correcting a coupling difference

between a hydrophone and a geophone in a marine environnent, said nethod
conpri si ng

- 17 -

illustrated as being perfectly coupled to the water bottom
20, the unsprung mass m will in turn affect the geophone 34
as if the geophone 34 were connected to the unsprung mass m
via the spring 56 and the damper 58. The spring 56 and the
damper 58 will affect the force and energy transferred from
the unsprung mass m to the geophone 34. Thus, the response
of the geophone 34 is adversely affected by its imperfect
coupling, since the coupling mechanism 50 filters the
velocity characteristic sought to be measured.

Fig. 7 illustrates the expected effect of iméerfect
coupling on the geophone’s response to a seismic impulse.
Like the curves shown in Fig. 3, Fig. 7 illustrates the
impulse responses of the geophone 34 and hydrophone 36 after
having been transformed into the frequency domain.
Therefore, curve 60 represents the amplitude with respect to
frequency transfer function of the system which includes the
geophone 34 and the coupling mechanism 50. Similarly, the
curve 62 illustrates the phase with respect to frequency
transfer function of the geophone 34 and coupling mechanism
50. The curves 38-44 are reproduced for ease of comparison
with the curves 60 and 62. In this example, the curves 60
and 62 show that the amplitude response of the geophone 34
is less sensitive to high frequencies than it would normally
be if it were perfectly coupled. Moreover, its response is
delayed, as indicated by the increased phase lag of the

curve 62 with respect to the curve 42.
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the steps of placing said hydrophone in said marine environnent, said

hydr ophone being perfectly coupled with said nmarine environnent; placing
sai d geophone in said marine environnent, said geophone being inperfectly
coupled with said marine environnent; generating a calibration wave into
said marine environnent, said calibration gaye being a primary seismc wave
havi ng a nagni tude substantially equal to magni t ude of a reflected

SElsmc wave prog%%%%gdggbéanlzed this problem, the imperfect geophone

coupling should be taken into account when correcting the
impulse response of the hydrophone/geophone pair 18 during
recording and processing. The problem with ignoring the
imperfect coupling of the geophone 34 and the effect it has
on the response of the geophone 34 is apparent from the
previous discussion. If the filter 46 were applied to the
geophone signal in order to match the impulse response of
the geophone 34 to the impulse response of the hydrophone
36, engineers entrusted with recording and processing the
data from the hydrophone/geophone pair 18 would assume that
the filter 46 compensated for any differences in response
between the hydrophone 36 and the geophone 34. However, the
filter 46 does not compensate for the difference in response
of the geophone 34 caused by the imperfect coupling of the
geophone 34 with the marine bottom 20. Hence, the impulse
responses of the geophone 34 and the hydrophone 36 are still
different even though the filtér 46 provides partial
compensation in the illustrated example of Fig. 7.

To compensate for the difference in impulse response
between the imperfectly coupled geophone 34 and the
perfectly hydrophone 36, a filter 72 having an appropriate
response is designed as illustrated in Fig. 10. While the
filter 72 can be designed either theoretically or
empirically, the following discussion describes a preferred

practical method, in accordance with the previously
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production shooting; detecting a signal produced by said hydrophone in
response to said seismc wave, said hydrophone signal being influenced by
an electrical inpulse response of said hydrophone; detecting a signal
produced by sai d geophone in response to said seismc wave, said geophone
signal being influenced by an el ectrical,§npul se response of said geophone
and by a nechani cal inpul se response of said geophone produced by said

| nper f ect C&&'QELQQéd%ﬁQéEQ%[’%Qﬂ S84 En Y ILpPNONG UG n ANt altk geophone

signal into first and secon requenc omal n signals, respectively;
di vidi ng ongpptopaidtéi re&pande SEE0RKLT F eO@NCY, domai n signal s by the ot her

of said first and second frequency donain signals to

After the cable 16 has been deployed on the marine
bottom 20, as illustrated in Fig. 8, the survey ship 12
performs a calibration shooting operation. The calibration
operation includes recording the responses of the geophones
34 and hydrophones 36 to a downwardly propagating seismic
wave produced by the seismic energy source 14. The seismic
energy source l4 generates a wavefront 64 having a waveform
w(t), which is referred to as the primary wave generated by
the seismic energy source 14. Recall that the primary wave
was defined in Fig. 1 using the rays 22. Preferably, during
production shooting, the source 14 includes an array of air
guns which are fired simultaneously. However, during the
calibration shooting operation, firing the entire array may
overdrive the receivefs 18. Therefore, only a portion of
the air gun array, such as one or two guns, is used during
calibration. As will be recognized by those skilled in the
art, the number of guns used depends on parameters such as
water depth, air gun volume, and the electrical
characteristics of the receivers.

The response of the geophones 34 and of the hydrophones
36 to the impinging wavefront 64 is illustrated in the block
diagram of Fig. 9 where p(t) in block 66 represents the
impulse response of a hydrophone 36, v(t) in block 68
represents the impulse response of a geophone 34, and c(t)

in block 70 represents the impulse response of the coupling
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obtain a filter transfer function; transformng said filter transfer
function into a tinme donmain filter; and substantially equalizing said

el ectrical response characteristic of said hydrophone with said el ectrical
and nechani cal response characteristics of said geophone by applying said
time domain filter to only one of said_hygrophone signal and geophone
signal generated as a result of a subsequent seism c wave produced during

product Ton_3B8AbhaEn 581 9 SHEACIHEN.SERHLE. 4aVEDaKeRo cheTRgRLbHBNSS

greater than sal tude of sald ca ration wave I n order
that the inygnt eaehrrﬁyd%pﬂ%g Bl byyader st Q9gnaietepeasenieamage to the

acconpanyi ng draw ngs;
s,(t) . Similarly, when the wavefront 64 strikes the
geophones 34, each geophone 34 outputs a signal represented
by s,(t). Therefore, the response of each of the
hydrophones 36 is egual to the impact of the wavefront 64
defined as w(t) filtered by the impulse response p(t) of the
hydrophone 36. The response of each of the geophones 34 is
equal to the impact w(t) of the wavefront 64 filtered by
both the impulse response v(t) of the geophone 34 and the
impulse response c(t) of the coupling mechanism 50.

Once the signals from a hydrophone/geophone pair 18 are
recorded, the filter 72 having an impulse response h. (t) can
be designed which will transform the response s,(t) of the
geophone 34 into the response s,(t) of the hydrophone 36, as
illustrated in Fig. 10. First, these signals are
transformed into the frequency domain, so that the signal

from the hydrophone 36 is defined by:

S,{w) = P(w) W(w), and Eg. (5)
the signal from the geophone 34 is defined by:

S, (w) = V(w) C(w) W(w) Eq. (6)
So, from Fig. 10 it follows that:

Sy(w) = S,(w) H(w). Eq. (7)
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wher ei n: Fig. 1 illustrates apparatus used in a bottom cable
operati on;

- 21 -
Then, the filter 72 having a transfer function H (w) is
designed by dividing the Fourier transform of the
hydrophone’s recorded waveform s,(t) by the Fourier

transform of the geophone’s recorded waveform s, (t).

Ho(w) = S (w) = __Plw) W(w) P (w) Egq. (8)
S, (w) V{w) C(w) W(w) V(w) C(w)

The transfer function of the filter 72 is illustrated
in Fig. 11. The curve 74 shows an increased amplitude
spectrum boost as compared with the curve 48 which
represents the amplitude spectrum of the filter 46.
Similarly, the curve 76 shows an increased phase spectrum
correction as compared with the curve 49 which represents
the phase spectrum for the filter 46. Therefore, the filter
72 having the transfer function characteristics illustrated
in Fig. 11 will compensate the respective curves 60 and 62
so that the compensated impulse response signal from the
geophone 34 will be substantially equal to the impulse
response signal from the hydrophone 36. The filter 72, once
designed, is then applied to the geophone data traces
recorded during production shooting.

It should be apparent that, while the above'discussion
is directed toward compensating the response of the geophone
34, a similar method may be used to compensate the response
of the hydrophone 36 so that it would be substantially the
same as the response of the imperfectly coupled geophone 34.

A filter so produced would be applied to the hydrophone data
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Fig. 2 illustrates a hydrophone/ geophone pair lying on the narine bottom

Fig. 3 illustrates the inpul se response characteristics of the hydrophone
and geophone in the frequency donmain assum ng that both the hydrophone and
geophone are perfectly coupled to their environnent; Fig. 4

diagrammatically illustrates a filter t_hazt2 equates the inpul se response of
a perfectly coupl ed geophone to the inpulse response of a perfectly coupled

hydrOphone;traces recoﬁggd guékégséégéggtggg Qﬁgé{EHg? Qﬁg @&3&? spectra
essentially introduce the effects of the coupling mechanism
into the hydrophone’s signal.

Preferably, this technique is used in conjunction with
the reverberation attenuation technique disclosed in the
referenced patent. To explain how the above-described
method may be used in conjunction with a method which also
corrects geophone data for optimum reverberation
attenuation, a slight modification of the foregoing
explanation is required. First, as explained in the
referenced patent, the responses of the geophones 34 and
hydrophones 36 to a downwardly propagating wavefront 64 are
opposite in polarity. Therefore, before the filter 72 may
be designed in accordance with the above method, the
polarity of the recorded geophone response s,(t) is
reversed. Otherwise, the filter 72 would perform this
polarity reversal on the production seismic reflection data
transmitted by the geophones 34, and, thus, the destructive
reverberation energy would be enhanced instead of
attenuated. Secondly, as also explained in the referenced
patent, the amplitude of .the hydrophone’s response to the
wavefront 64 is affected:by the water bottom reflection
coefficient K, and is proportional to (1+K,). In addition,
the amplitude of the geophone’s response to the wavefront 64
is similarly affected by the marine bottom reflection
coefficient K, and is proportional to (1-K). By designing

the filter 72 in accordance with the following discussion,
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of the filter shown in Fig. 4, Fig. 6 schematically illustrates a
mechani cal systemthat nodels the coupling between the water bottom and the
geophone; Fig. 7 illustrates the effect of inperfect geophone
coupling on the geophone's response to a seismc inpulse; Fig. 8
Il lustrates a downwardly propagating Rrgssure wave | npi ngi ng on the

hydr ophone/ geophone pairs on the mari ne bottom Fig. 9

gihgggggggh irxgea;mlgteg Lgmgrggtcgfrée@wo%s RYKRA Y 3,9%RNUe A Rureariene to
(1+K,) / (1-K,) which is applied to the geophone data as
described in the referenced patent.

Fig. 12 illustrates a flow diagram 80 which represents
a preferred way to perform the method for designing the
filter 72. First, the survey ship 12 performs at least one
calibration shooting pass. This step iﬁvolves firing the
energy source 14 directly above the receivers 18 and
recording the resulting signals from the geophones 34 and
hydrophones 36, as shown in block 82. Once the recerding
equipment receives a signal from each of the receivers 18
the survey ship may begin production shooting. Preferably,
the survey ship 12 performs both the production shooting
immediately following the calibration shooting, so that all
of the shooting is recorded for processing at a later time.
Preferably, a Model 3090 IBM mainframe computer running a
"TIPEX" operating system (commercially available from
Halliburton Geophysical Services, Inc. of Houston, Texas) is
used to process the calibration and reflection data.

It should be understood that the processor designs the
filter 72 using the calibration data and, then, applies the
filter 72 to reflection data from the respective geophones.
Thus, the following portion of the flow diagram 80 refers to
the design of the filter 72 using the calibration data. In
block 84, the processor reverses the polarity of the
geophone data trace for the reasons previously mentioned.

In blocks 86 and 88, peak detectors receive the geophone and
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Fig. 10 diagrammatically illustrates a filter that equates the response of
an i nperfectly coupl ed geophone to the response of a perfectly coupl ed

hydr ophone; Fig. 11 illustrates the anplitude and phase spectruns
of the filter shown in Fig. 10; and Fig. 12 is a flow diagram of
a preferred method for designing the filter, shown in Fig. 10.

While the invention is susceptible to various nodifications and alternative

formms, SPecliydrSHRORL RIS DRYE.DOED 200U, DYe ViYe Yo fREDE Sl ddL the

drawi ngs an e descri bed

arrival waveforms output by the geophones 34 and hydrophones
36, respectively. Preferably, this peak detection is
performed interactively using a personal computer program
called "PC Analysis." This program is a general data
analysis program that contains a variety of signal
processing subroutines, such as a multi-channel seismic
event selecting algorithm used hére, and is used by
Ha}liburton Geophysical Services, Inc. This program can
generate a text file which denotes, among other things, the
time of occurrence of the picked peaks, referred to herein
as t,. However, those skilled in the art will recognize
that any one of a variety of other types of peak detectors,
such as the one found in STATIX, a software package avail-
able from Sierra Geophysics, Inc. of Seattle, Washington,
may be used instead. As will be explained shortly, the time
corresponding to the peaks of the primary wavefront will be
used to isolate the effects of the primary wavefront from
the effects of reflected or reverberated wavefronts.

Block 90 receives the position of the source 14 from
block 92, the position of the receiver 19 from block 94, and
information regarding the depth of the water 17 from block
96. Typically, this information is generated by the crew of
the survey ship 12 as part of its normal data generation
activity. The.crew uses a radio navigation system that
typically includes three or more radio transmitters that are

positioned at known locations on shore. These transmitters
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This is the replacenent sheet

- 25 -

cooperate with receivers on board the ship to enable the
system to compute the exact location of the ship during
surveying. Preferably, the crew uses a radio navigation
system called "Syledis" which is commercially available from
Sercel, Inc. of Nantes, France. From this information, the
angle of arrival of the seismic waveform w(t), with respect
to a vertical reference, is calculated using simple
algebraic manipulation in view of the geometrical
relationships obtained from the blocks 92-96. The effect of
a non-zero angle of incidence upon the amplitude of the
geophone’s response is removed by multiplying its data trace
by the reciprocal of the cosine of that angle, as
illustrated in block 90.

Next, in blocks 98 and 100, a window function is
generated and applied to the geophone and hydrophone data
traces. The window function isélates the electrical signals
resulting from the primary wave from the electrical signals
resulting from reflected or reverberated waves. Preferably,
this window function has an amplitude of 1.0 from time t=0.0
to t=t,. After t=t,, the window function has the shape of a
cosine squared function that decreases in amplitude from 1.0
at time t=t, to an amplitﬁde of zero at time t=t + At. A
value for At which has worked very well is 26 milliseconds.

Once the responses of the geophones 34 and hydrophones
36 to the primary wave are isolated, the Fourier transforms
of the resulting geophone and hydrophone traces are computed

in blocks 102 and 104. Preferably, traditional Fast Fourier
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- 10 - Turning now to the drawings and referring initially to Fig.
1, a preferred marine seismc survey systemis illustrated and generally

designated by a reference nuneral 10. The system 10 includes a seismc
survey ship 12 that is

- 20 -
transforms are used to transform the incoming signals from
the time domain to the frequency domain. One computer
algorithm for a Fast Fourier Transform is given by W. H.
Press, et al., Numerical Recipes: The Art of Scientific
Computing, Cambridge University Press 1986 (reprinted 1988).
In block 106, the amplitude spectrum for the geophone trace
is calculated; in block 108, the phase spectrum for the
geophone trace is calculated; in block 110, the amplitude
spectrum for the hydrophone trace is calculated; and, in
block 112, the phase spec£rum for the hydrophone trace is
calculated. Thereafter, the amplitude spectrum from the
hydrophone data trace is divided by the amplitude spectrum
of the geophone data trace in block 114. Similarly, in
block 116, the phase spectrum of the geophone trace is
subtracted from the phase spectrum of the hydrophone trace.
(Refer to Eg. (8).) Those skilled in the art will
appreciate that data manipulation of this type is easily
accomplished in the frequency domain using simple
mathematical operations such as division and subtraction.
However, this data manipulation could take place in the time
domain using much more complex mathematical operations, such
as convolution. Finally, the Inverse Fourier transform is
computed, preferably using an Inverse Fast Fourier transform
as known in the art, in block 118. The resulting time
domain impulse function h{t) 1is the desired geophone data

correction filter 72.
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adapted for towing a seismc energy source 14 through a body of water 17.
The seism c energy source 14 is an acoustic energy source or an array of
such sources. An acoustic energy source preferred for use with the system
10 is a conpressed air gun, called a "sleeve gun", which is comer-

cially available fromHalliburton Geophysiga; Servi ces, |nc.

Once the processor has determined the appropriate
filter 72, the impulse function h(t), i.e., the filtering
function describing the filter 72, is stored in memory.
Preferably, the processor stores the filtering function on a
hard disk on the mainframe, as is well known in the art.
Once stored, as the processor inputs the production
reflection data, as described in the referenced patent
application, the processor applies the filtering function to
the geophone data trace prior to processing the geophone
data trace with the corresponding hydrophone data trace.

Preferably, the method described in the flow diagram 80
is performed for each hydrophone/geophone pair location so
that a separate filter 72 is designed for each hydrophone/
geophone pair 18. Thus, every data trace recorded by the
geophones 34 at a particular receiver location during the
production of seismic reflection data gathering is filtered
by a particular filter 72. The filtered geophone data
traces are then summed with the corresponding hydrophone
data traces at each receiver location to optimally attenuate
any reverberation energy arriving at the hydrophone/geophone
pair from above, in accordance with the method described in

the referenced patent.
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of Houston, Texas. The source 14 is constructed and operated in a nmanner
convent|i The system 10 al so includes a receiving ship
15 t hat lﬂ IM lﬂ )}ﬂ*anchored in the body of water 17. The receiving

shi p 1 16 on the marine bottom 20, and receives signals
fromthe cable 16 as will be subsequently 28

CLAIMS:
1. A marine seismic exploration methed which
comprises the steps of: generating a seismic wave into a

marine environment; detecting water pressure at a first
position in said marine environment resulting from said
seismic wave and generating a first signal correlative to
said detected pressure; detecting particle velocity at a
second position in said marine environment resulting from
said seismic wave and generating a second signal correlative
to said detected velocity; and calculating a filter transfer
function using said first and second signals, said filter
transfer function substantially equalizing response

characteristics between said first and second signals.

2. A method according to claim 1, wherein said step
of calculating comprises transforming said first and second
signals into first and second frequency domain signals,
respectively; dividing said first frequency domain signal by
said second frequency domain signal to obtain said filter
transfer function; and transforming said filter transfer

function into a time domain filtering function.

3. A method according to claim 2, comprising the
further step of filtering subsequent second signals by said

time domain filtering function.

4, A method according to claim 1, wherein said first
and second signals are transformed into first and second
frequency domain signals, respectively; one of said first
and second frequency domain signals is divided by the other
of said first and second frequency domain signals to obtain
a filtering function; said filtering function is transformed
into a time domain filter; and said time domain filter is
applied to one of said first and second signals generated as

a result of subsequent seismic waves.

This is
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explained in detail. One preferred cable is commercially available from
Tescorp Seism c Products Co. of Houston, Texas, but those skilled in the

cabl ée‘i‘ég”Hgi}!!@mummﬂﬁﬁlpﬁl ?el“e?SeY_""izis:t_%u?f referably i ncludes a

plurality o L

5. A method according to claim 4, wherein the first
and second signals are transformed by calculating a Fourier

transform of said first signal and of said second signal.

6. A method according to claim 4 or 5, wherein said
first frequency domain signal is divided by said second

frequency domain signal to obtain said filtering function.

7. A method of calibrating a geophone/hydrophone
receiver pair in a marine environment, said method
comprising the steps of deploying said geophone/hydrophone
receiver pair in said marine envirohment; generating a
seismic wave into said marine environment, generating a
first signal correlative to a detected pressure through
implementation of said hydrophone detecting water pressure
resulting from receiving said seismic wave; generating a
second signal correlative to a detected velocity through
implementation of said geophone detecting particle velocity
resulting from receiving said seismic wave; transforming
said first and second signals into first and second
frequency domain signals, respectively; dividing one of said
first and second frequency domain signals by the other of
said first and second frequency domain signals to obtain a
filter transfer function; transforming said filter transfer
function into a time domain filter; and applying said time
domain filter to one of said first and second signals

generated as a result of subsequent seismic waves.

8. A method according to claim 7, wherein said step
of transforming said filter transfer function comprises
calculating an inverse Fourier transform of said filter

transfer function.

9. A method according to claim 7 or 8, wherein said
first frequency domain signal is divided by said second
frequency domain signal to obtain said filter transfer

function. .
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The receiver 18 includes a hydrophone for detecting water pressure and a
geophone for detec tom particle velocity. Mre particularly,
t he hydrophones Mmjmg n the cable 16 are arranged in identical
spati al arrays on the mari ne bottom 20. Each

- 30 -

10. A method of correcting a coupling difference
between a hydrophone and a geophone in a marine environment,
said method comprising the steps of placing said hydrophone
in said marine environment, said hydrophone being perfectly
coupled with said marine environment; placing said geophone
in said marine environment, said geophone being imperfectly
coupled with said marine environment; generating a
calibration wave into said marine environment, said
calibration wave being a primary seismic wave having a
magnitude substantially equal to a magnitude of a reflected
seismic wave produced during production shooting; detecting
a signal produced by said hydrophone in response to said
seismic wave, said hydrophone signal being influenced by an
electrical impulse response of said hydrophone; detecting a
signal produced by said geophone in response to said seismic
wave, said geophone signal being influenced by an electrical
impulse response of said geophone and by a mechanical
impulse response of said geophone produced by said imperfect
coupling; transforming said hydrophone signal and said
geophone signal into first and second frequency domain
signals, respectively; dividing one of said first and second
frequency domain signals by the other of said first and
second frequency domain signals to obtain a filter transfer
function; transforming said filter transfer function into a
time domain filter; and substantially equalizing said
electrical response characteristic of said hydrophone with
said electrical and mechanical response characteristics of
said geophone by applying said time domain filter to only
one of said hydrophone signal and geophone signal generated
as a result of a subsequent seismic wave produced during
production shooting, said subsequent seismic wave having a
magnitude greater than said magnitude of said calibration

wave,
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I ndi vi dual hydrophone has a gi nbal | ed geophone positioned next to it. A
separate electrical signal is sent to a
-31-

ABSTRACT

METHOD OF MARINE SEISMIC EXPLORATION

In dual-sensor, bottom-cable (16) marine seismic exploration where
hydrophone/geophone pairs (18) are deployed on the marine bottom (20), coupling
imperfections between the geophones and the marine bottom contribute to
differences between the impulse response of the geophones and the impulse
response of the hydrophones. To correct for the coupling imperfection, a filter is
designed which compensates for the inherent impulse response differences as well
as response differences caused by the imperfect coupling. First, the response of a
hydrophone and geophone to a seismic wave is recorded. Then, these recorded
responses are transformed into the frequency domain. Once transformed, the
response of the hydrophone is divided by the response of the geophone to produce
a filtering function which compensates the geophone signals to alleviate
differences in response characteristics between the geophone signals and the

hydrophone signals.

Fig. 1
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selectively anplifies, conditions and records tine-varying electrical

signal s onto magnetic tape. Advantageously, the systemalso digitizes the
received signals, using a 14 bit analog-to-digital converter for instance,
to facilitate signal analysis. Preferably, the ship 15 utilizes a seismc

recordi ng systemwhich is commercially avail able from
2
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Hal I i burt on Geophysical Services, Inc. However, those skilled in the art
wi |l recognize that any one of a variety of seismc recording systens can
be used. According to a preferred practice, the cable 16 and

hydr ophone/ geophone pair 18 are positioned on the marine bottom 20 for use
in three-dinmensional, "bottomcable"
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operations. Normal production shooting takes place with the survey ship 12
novi ng at a constant speed along a set of parallel lines, or swath, with
respect to the cable 16. After the survey ship 12 conpletes the swath, the
receiving ship 15 or other suitable ship retrieves the cable 16 and
re-depl oys the cable 16 in a |line spaced Iron] but parall el
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- 12 - to, the previous cable |ocation.
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depl oyed, the survey ship 12 shoots anot her swath. During data

col l ection, seismc waves generated by the source 14 travel downwardly, as
i ndicated by the rays 22. These primary waves are reflected of f of

i nterfaces between strata, such as the interface 28 between strata 24 and
26, in the subterranean earth formation 326. The refl ected waves
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travel upwardly, as illustrated by the rays 30. The hydrophone/ geophone
pairs that make up each receiver 18 detect the reflected waves. The
receivers 18 generate electrical signals representative of pressure and
particle velocity changes inherent to the wave field, and transmt these
generated electrical signals back to the sprvey ship
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15 via the cable 16. The recording equi pnent within the ship 15 r#euvrds
these electrical signals so that they can be subsequently processed to map
t he subterranean earth formation 32, It should be understood that
the receivers 18 not only detect the reflected waves of interest, but also
the primry

METHOD OF MARINE SEISMIC EXPLORATION

This invention relates generally to marine seismic
exploration,.

_ In marine seismic exploration, a seismic survey
ship is equipped with an energy source and a receiver for
taking seismic profiles of an underwater land configuration.
The act of taking profileé is often referred to as
"shooting" due to the fact that explosive devices have been
commonly used for many years.as energy sources. The energy
source is designed to produce compressional waves that
propagaté through the water and into the underwater land
formation. As the compressional waves propagate through the
land formation, they strike interfaces between formations,
commonlf referred to as strata, and reflect back through the-
earth and wéter to the receiver. The receiver typically
converts the received waves into electrical signals which
are then processed into an image that provides information
about the structure of the subterranean formation.

Presently, one of the most common energy sources
is an air gun that discharges air under very high pressure
into the water. The discharged air forms a pulse which
contains frequencies within the seismic range. Another
energy source which is frequently used is a marine vibrator.
Marine vibrators typically include a pneumatic or hydraulic
actuator that causes an acoustic piston to vibrate at a

range of selected frequencies. The vibrations of the
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wave and reverberated waves. Reverberated waves are reflected waves which
reflect off of the water-air interface at the surface of the water 17 and
travel downwardly in the water 17 to inpinge on the receivers 18.

Reverberated waves are illustrated by the rays 33 in Fig. 1. The effects
of reverberated waves will be di scussed subsequently
- 2 -

acoustic vibrator produce pressure differentials in the
water which generate seismic pulses free from spurious
bubbles.

Just as different energy sources may be used to
generate seismic waves in marine applications, different
receivers may be used to detect reflected seismic waves.
Typically, the receivers most commonly used in marine
applications are referred to as hydrophones. Hydrophones
convert pressure waves into electrical signals that are used
for analog or digital processing. The most common type of
hydrophone includes a piezoelectric element which converts
physical signals, such as pressure, into electrical signals.
Hydrophones are usually mounted on a long streamer which is
towed behind the survey ship at a depth of about 30 feet.

Alternatively, marine seismic techniques may use
different types of receivers which detect different
characteristics of the environment. For instance, in
bottom~cable seismic recording, a combination of pressure
sensitive transducers, such as hydrophones, and particle
velocity transducers, such as geophones, can be deployed on
the marine bottom. While geophones are typically used in
land operations where metal spikes anchor the geophones to
the ground to ensure fidelity of geophone motion to ground
motion, geophones cannot be economically anchored in marine
applications. Therefore, cylindrical, gimbal geophones are
attached to the bottom-cable. After the cable is deployed
from the seismic survey ship, the geophones simply lie in
contact with the marine bottom where they fall. The gimbal
mechanism inside the cylinder assures that the geophone
element mounted therein is oriented vertically for proper
operation.

As is obvious from the above discussion, a variety
of seismic equipment and techniques may be used in an
attempt to accurately plot the underwater land formation.

Regardless of which technique or combination of equipment is
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with reference to our U S. patent specification no. 4, 9 7 9, 150 &
EP- A- 0414344.

used, each offers certain advantages and disadvantages when
compared to one another. For instance, gathering seismic
data with a towed streamer in areas populated with numerous
obstacles, such as drilling and production platforms, can be
difficult or even impossible because the streamer may strike
one of the obstacles and tear loose from the towing vessel.
Such an event represents an extremely costly loss.

By contrast, in bottom-cable seismic operations,
no such difficulty exists because the cable is deployed in a
fixed position on the water bottom. However, in the
above-mentioned towing technique, the hydrophone being towed
behind the survey ship is perfectly coupled to the water in
which it is immersed. Unfortunately, in a bottom~cable
operation, since there is no practical way to effectively
couple a geophone to the marine bottom as it can be coupled
to dry land, the geophone is not perfectly coupled to its
environment. Therefore, the signals received from the
imperfectly coupled geophone do not accurately reflect the
gquantity being measured.

We have now found a way of overcoming, or at least
minimizing, one or more of the problems set forth above.

In accordance with one aspect of the present
invention, there is provided a marine seismic exploration
method which comprises the steps of: generating a seismic
wave into a marine environment; detecting water pressure at
a first position in said marine environment resulting from
said seismic wave and generating a first signal correlative
to said detected pressure; detecting particle velocity at a
second position in said marine environment resulting from
said seismic wave and generating a second signal correlative
to said detected velocity; and calculating a filter transfer
function using said first and second signals, said filter
transfer function substantially equalizing response
characteristics between said first and second signals.

Preferably, the first and second signals are

This Sheet Has Been Rep

T T e eptacenant oo

Date: 7 {1 MAR 1847



- 13 - Fig. 2 illustrates a receiver 18 which includes a ginbal
geophone 34 and a hydrophone 36. Preferably, the geophone is a Mdel SG1
which is comrercially avail abl e

transformed into first and second frequency domain signals,
respectively. Then, one of the frequency domain signals is
divided by the other to produce the filter transfer
function. If the filter transfer function is intended to
compensate the second signal from the geophone for the
response difference due to the imperfect coupling of the
geophone, the first frequency domain signal is divided by
the second frequency domain signal to obtain the filter
transfer function. After the filter transfer function has
been transformed into a time domain filtering function,
subsequent second signals are filtered by the time domain
filtering function.

In a second aspect of the invention, there is
provided a method of calibrating a geophone/hydrophone
receiver pair in a marine environment, said method
comprising the steps of deploying said geophone/hydrophone
receiver pair in said marine environment; generating a
seismic wave into said marine environment, generating a
first signal correlative to a detected pressure through
implementation of said hydrophone detecting water pressure
resulting from receiving said seismic wave; generating a
second signal correlative to a detected velocity through
implementation of said geophone detecting particle velocity
resulting from receiving said seismic wave; transforming
said first and second signals into first and second
frequency domain signals, respectively; dividing one of said
first and second frequency domain signals by the other of
said first and second frequency domain signals to obtain a
filter transfer function; transforming said filter transfer
function into a time domain filter; and applying said time
domain filter to one of said first and second signals
generated as a result of subsequent seismic waves.

In a third aspect, the invention provides a method
of correcting a coupling difference between a hydrophone and

a geophone in a marine environment, said method comprising
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from SENSCOR Neder| and b.v. of Voorschoten, Holland, and the hydrophone is
a Model MP-24 which is commercially available from OYO Geospace Corp. of
Houst on, Texas. As illustrated, the geophone 34 and hydrophone 36 are
|l ying on the marine bottom 20, and together conprise a hydrophone/ geophone
pair. As nentioned previously, dual-sensor detection techniques

- 5 -

the steps of placing said hydrophone in said marine
environment, said hydrophone being perfectly coupled with
said marine environment; placing said geophone in said
marine environment, said geophone being imperfectly coupled
with said marine environment; generating a calibration wave
into said marine environment, said calibration wave being a
primary seismic wave having a magnitude substantially equal
to a magnitude of a reflected seismic wave produced during
production shooting; detecting a signal produced by said
hydrophone in response to said seismic wave, said hydrophone
signal being influenced by an electrical impulse response of
said hydrophone; détecting a signal produced by said
geophone in response to said seismic wave, sdid geophone
signal being influenced by an electrical impulse response of
said geophone and by a mechanical impulse response of said
geophone produced by said imperfect coupling; transforming
said hydrophone signal and said geophone signal into first
and second frequency domain signals, respectively; dividing
one of said first and second frequency domain signals by the
other of said first and second frequency domain signals to
obtain a filter transfer function; transforming said filter
transfer function into a time domain filter; and
substantially equalizing said electrical response
characteristic of said hydrophone with said electrical and
mechanical response characteristics of said geophone by
applying said time domain filter to only one of said
hydrophone signal and geophone signal generated as a result
of a subsequent seismic wave produced during production
shooting, said subsequent seismic wave having a magnitude
greater than said magnitude of said calibration wave.

In order that the invention may be more fully
understood, reference is made to the accompanying drawings,
wherein:

Fig. 1 illustrates apparatus used in a bottom-

cable operation;
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of fer certain advantages because hydrophones detect pressure variations
and geophones detect particle velocity variations. However, hydrophones
and geophones typically exhibit different inpulse response characteristics
due, in part, to differences in design. Hence, if we assune that the
geophone 34 and hydrophone 36 are perfectly coupled to

- 6 -

Fig. 2 illustrates a hydrophone/geophone pair
lying on the marine bottom;

Fig. 3 illustrates the impulse response
characteristics of the hydrophone and geophone in the
frequency domain assuming that both the hydrophone and
geophone are perfectly coupled to their environment;

Fig. 4 diagrammatically illustrates a filter that
equates the impulse response of a perfectly coupled geophone
to the impulse response of a perfectly coupled hydrophone;

Fig. 5 illustrates the amplitude and phase spectra
of the filter shown in Fig. 4;

. Fig. 6 schematically illustrates a mechanical
system that models the coupling between the water bottom and
the geophone;

Fig. 7 illustrates the effect of imperfect
geophone coupling on the geophone's response to a seismic
impulse;

Fig. 8 illustrates a downwardly propagating
pressure wave impinging on the hydrophone/geophone pairs on
the marine bottom;

' Fig. 9 diagrammatically illustrates the response
of a geophone and hydrophone to the pressure wave of Fig. 8;

Fig. 10 diagrammatically illustrates a filter that
equates the response of an imperfectly coupled geophone to
the response of a perfectly coupled hydrophone;

Fig. 11 illustrates the amplitude and phase
spectrums of the filter shown in Fig. 10; and

Fig. 12 is a flow diagram of a preferred method
for designing the filter shown in Fig. 10.

While the invention is susceptible to various
modifications and alternative forms, specific embodiments
have been shown by way of example only in the drawings and
will be described in detail herein. However, it sﬁould be
understood that the invention is not intended to be limited

to the particular forms disclosed.
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théir environment, i.e., the body of water 17 and the marine bottom 20,
then their inpulse responses are probably different. If we further assune
that the hydrophone 36 has a natural frequency of [err] and that the
geophone 34 has a natural frequency of [err], then when the inpul se
responses are transforned into the freguency domai n, the transfer

Turning now to the drawings and referring initially to
Fig. 1, 2 groferred marine seismic survey system is
illustrated and generally designated by a reference numeral
10. The system 10 includes a seismic survey ship 12 that is
adapted for towing a seismic energy source 14 through a body
of water 17- The seismic energy source 14 is an acoustic
energy scurce Or an array of such sources. An acoustic
energy source preferred for use with the system 10 is a
compressed air gun, called a "sleeve gun", which is commer-
cially available from Halliburton Geophysical Services, Inc.
of Houston, Texas. The source 14 is constructed and
operated in a manner conventional in the art.

The system 10 also includes a receiving ship 15 that is
preferably anchored in the body of water 17. The receiving
ship.ls deploys a cable 16 on the marine bottom 20, and
receives signals from the cable 16 as will be subsequently
explained in detail. One preferred cable is commercially
available from Tescorp Seismic Products Co. of Houston,

Texas, but those skilled in the art recognize that any one
of a wide varliety of cables can be used. The cable 16
carries at least one receiver 18, but preferably includes a
plurality of such units.l
The recelver 18 includes a hydrophone for detecting
water pressure and a geophone for detecting water-bottom
particle valocity. More particularly, the hydrophones and

geophoneas &N the cable 16 are arranged in identical spatial

arrays whan deployed on the marine bottom 20. Each
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functions of the geophone 34 and hydrophone 36 are illustrated by the
anpl i tude and phase spectrunms shown in Fig. 3. Curves 38 and 40 illustrate

the anplitude response wth respect to frequency of the geophone 34 and
t he

- 8 -
individual hydrophone has a gimballed geophone positioned
next to it. A separate electrical signal is sent to a
recording system on the ship 15 for each hydrophone and each
geophone spatial array. The survey ship 12 fires the source
14 at predetermined locations while the signals from the
hydrophone and geophone arrays are recorded. These signals
are typically referred to as reflection data. The data is
recorded by a multi-channel seismic recording system that
selectively amplifies, conditions and records time-varying
electrical signals onto magnetic tape. Advantagéously, the
system also digitizes the received signals, using a 14 bit
analog-to-digital converter for instance, to facilitate
signal analysis. Preferably, the ship 15 utilizes a seismic
recording system which is commercially available from
Halliburton Geophysical Services, Inc. However, those
skilled in the art will recognize that any one of a variety
of seismic recording systems can be used.

According to a preferred practice, the cable 16 and
hydrophone/geophone pair 18 are positioned on the marine
bottom 20 for use in three-~dimensional, "bottom-cable"
operations. Normal production shooting takes place with the
survey ship 12 moving at a constant speed along a set of
parallel lines, or swath, with respect to the cable 16.
After the survey ship 12 completes the swath, the receiving
ship 15 or other suitable ship retrieves the cable 16 and

re-deploys the cable 16 in a line spaced from, but parallel
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- 14 - hydr ophone 36, respectively, and curves 42 and 44 illustrate the
phase response with respect to frequency of the geophone 34 and the
hydr ophone 36, respectively.

-9
- 50, the previous cable location. Once the cable 16 is re-
deplaoyed, the survey ship 12 shoots another swath.

During data collection, seismic waves generated by the
source 14 travel downwardly, as indicated by the rays 22.
These primary waves are reflected off of interfaces between

~ strata, such as the interface 28 between strata 24 and 26,
in the subterranean earth formation 32. The reflected waves
travel upwardly, as illustrated by the rays 30. The
hydrophone/geophone pairs that make up each receiver 18
detect the reflected waves. The feceivers 18 generate
electrical signals representative of pressure and particle
velocity changes inherent to the wave field, and transmit
these generated electrical signals back to the survey ship
15 via the cable 16. The recording equipment within the
ship 15 records these electrical signals so that they can be
subsequently processed to map the subterranean earth
formation 32.

It should be understood that the receivers 18 not only
detect the reflected waves of interest, but also the primary
wave and reverberated waves. Reverberated waves are
reflected waves which reflect off of the water-air interface
at the surface of the wéter 17 and travel downwardly in the
water 17 to impinge on the receivers 18. Reverberated waves
are illustrated By the rays 33 in Fig. 1. The effects of
reverberated waves will be discussed subsequently
with reference to our U.S. patent specification no.

4,979,150 to which reference should be made For Further

details,
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The transfer functions of the geophone 34 and of the hydrophone 36
determ ne how the signals that they output correspond to any given input.
If the seism c survey system 10 used only one type of receiver or the
other, the transfer function of the particular receiver would initially be
of interest to determ ne how the receiver would respond to a

- lo_

Fig. 2 illustrates a receiver 18 which includes a
gimbal geophone 34 and a hydrophone 36. Preferably, the
geophone is a Model SG-1 which is commercially availaﬁle
from SENSOR Nederland b.v. of Voorschoten, Holland, and the
hydrophone is a Model MP-24 which is commercially available
from OYO Geospace Corp. of Houston, Texas. As illustrated,
the geophone 34 and hydrophone 36 are lying on the marine
bottom 20, and together comprise a hydrophone/geophone pair.
As mentioned previously, dual-sensor detection techniques
offer certain advantages because hydrophones detect pressure
variations and geophones detect particle velocity
variations. However, hydrophones and geophones typically
exhibit different impulse response characteristics due, in
part, to differences in design. Hence, if we assume that
the geophone 34 and hydrophone 36 are perfectly coupled to
their environment, i.e., the body of water 17 and the marine
bottom 20, then their impulse responses are probably
different. If we further assume that the hydrophone 36 has
a natural frequency of w, and that the geophone 34 has a
natural frequency of w”:then when the impulse responses are
transformed into the frequency domain, the transfer
functions of the éeophone 34 and hydrophcone 36 are
illustrated by the amplitude and phase spectrums shown in
Fig. 3. Curves 38 and 40 illustrate the amplitude response

with respect to frequency of the geophone 34 and the
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variety of foreseeable inputs. But past this determ nation, the inpulse
response of any particular type of receiver would be of relatively little
i mportance when processing the signals delivered from such receivers.
However, when the seismic survey system 10 includes different types of
receivers, such as in the dual -sensor configuration

-11-
hydrophone 36, respectively, and curves 42 and 44 illustrate
the phase response with respect to frequency of the geophone
34 and the hydrophone 36, respectively.

The transfer functions of the geophone 34 and of the
hydrophone 36 determine how the signals that they output
correspond to any given input. If the seismic survey system
10 used only one type of receiver or the other, the transfer
function of the particular receiver would initially be of
interest to determine how the receiver would respond to a
variety of foreseeable inputs. But past this determinatioﬁ,
the impulse response of any particular type of receiver
would be of relatively little importance when processing the
signals delivered from such receivers. However, when the
seismic survey system 10 includes different types of
receivers, such as in the dual-sensor configuration
described herein, the recording and/or processing of the
electrical signals delivered by such receivers requires that
the signal.from one type of receiver be combined in some
fashion with the signal from another type of receiver. For
instance, as described in the referenced patent, a separate
electrical signal is sent to the recording system from each
hydrophone and each geophone array. The received signals
are referred to as reflection data. The recorded hydrophone
and geophone reflection data are demultiplexed, gain-
removed, and amplitude recovered using identical amplitude
recovery curves. The gain-removal process properly uses the

K-gain settings of the recording instruments.
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descri bed herein, the recording and/ or processing of the electrical
signal s delivered by such receivers requires that the signal from one type
of receiver be conbined in sone fashion with the signal from another type
of receiver. For instance, as described in the referenced patent, a
separate electrical signal is sent to the recording systemfrom each

~12-

Since the electrical signals from each type of receiver
are combined during processing, the impulse response of each
type of receiver should be substantially identical in order
to avoid differences in the respective signals due solely to
the impulse response of the respective types of receivers.
However, as previously mentioned, due to the differences in
design between geophones and hydrophones, it is quite
possible that a geophone will have an impulse response
different from the-impulse response of a hydrophone.
Therefore, the system 10 uses a filter designed in
accordance with the theoretical or measured impulse
responses of the hydrophones and geophones to convert the
phase spectrum and normalized amplitude spectrum of the
geophone to match that of the hydrophone, or vice versa.

One such filter is illustrated in Fig. 4. In this
figure, v(t) represents the impulse response of the geophone
34, p(t) represents the impulse response of the hydrophone
36, and h(t) represenfs the impulse response of a filter 46
which transforms the impulse response of the geophone 34 to
equal the impulse response of the hydrophone 36. Therefore,
when the signal delivered by the geophone 34 is delivered to
the filter 46, the filter 46 modifies the signal to have the
same amplitude and phase characteristics as the signal
delivered by the hydrophone 36. Preferably, the impulse
response h(t) of the filter 46 is designed in the frequency
domain by dividing the amplitude spectrum of p(t) by the

amplitude spectrum of v(t) and subtracting the phase
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hydr ophone and each geophone array. The received signals are referred to
as reflection data. The recorded hydrophone and geophone reflection data
are demul ti pl exed, gain- renoved, and anplitude recovered using identical
anplitude recovery curves. The gain-renoval process properly uses the
K-gain settings of the recording instrunments.

- 13 -
spectrum of v(t) {rom the phase spectrum of p(L). as the
following c¢quations illustrate mathematically. First, cach

of the time domain signals are transformed into the
frequency domain using an appropriate funcrtion, such as a
Fourier transform. For instance, the Fourier transform of
the impulse response p(t) of the hydrophone 36 is calculated
by:

P(w) = [p(t)e‘j"’tdt, and Eq. (1)

the impulse response v(t) of the geophone 34 is calculaced

by:

V(w) = Iv(t)e‘j“’t&t. Eg. (2)
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Once the impulse response of the geophone 34 and hydrophone

36 have been transformed into the frequency domain, it

follows from Fig. &4 that:

P(w) = H(w) V(w), so

Eg. (3)
H(w) = P(w) = !P(uliejcep(w)'-gv(u)) Eq. (4)
V(w) IV (w)! ’
where [P(w), 1s the magnitude of P(w); (V(w), 1s the

magnitude of V(w); §,(w) is the phase of P(w); and 0 () is

the phase of V(w). The amplitude and phase spectrums of- the

transfer function H{(w) for the filter 46 are illustrated in

Fig. 5. Notice that the amplitude curve 48 shows an

increased response boost near the natural freguency of&@ of

the hydrophone 36 which should offset the differences

This is the replacement sheet

Date: & 0 MAR 197



renﬁgﬂbt ed during processing, the inpul se response of each type of
rece CE@ubstantlally I dentical in order to avoid differences
int @imﬁ signals due solely to the inpul se response of the
resp receivers. However, as previously nentioned, due to

t he dlfferences I n design between geophones and hydrophones, it is quite
...LS_

between the curves 38 and 40 of Fig. 3. Similarly, the
phase curve 49 shows an increased response boost near the
natural frequency w, of the geophone 34 which should offset
the differences between the curves 42 and 44 of Fig. 3.

The shortcoming of this filter 46 is that by using it
one assumes that the geophone 34 moves in perfect
synchronization with the particles of the marine bottom 20
as a seismic wave arrives either from the earth formation 32
or from the water 17. When geophones are used in land
operations, metal spikes apéroximately two to three inches
long are fitted to the bottoms of all geophone cases. When
a geophone is planted at its location, it is driven, spike
first, as far into the ground as possible. Moreover, the
geophone package is designed to have a density approximately
equal to the density of the earth material at the location
where the geophone is to be planted. Therefore, when the
geophone is planted using the spikes, excellent fidelity of
geophone case motion to particle motion results.

However, in the marine dual-sensor; bottom-cable
operation described herein, the geophones 34 and hydrophones
36 are deployed in water .that may be hundreds of feet deep.
Unfortunately, planting the geophones 34 with spikes is
impossible, or at least very impractical. Therefore, as
mentioned previously, a gimbal mechanism is used to assure
that the geophones 34 remain vertically oriented for proper
operation when the geophones 34 contact the marine bottom

20. However, since the geophones 34 are not rigidly
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p055|ble that a geophone wi || have an inpul se response different fromthe
Hg eef ﬁnaﬂgmg 4@ hydrophone. Therefore, the system 10 uses a filter

de5| ance with the theoretical or nmeasured inpul se responses
and geophones to convert the phase spectrum and

of t
normal i ze de spectrum of the

- 16 -

connected to the marine bottom 20, they do not move exactly
in phase or with the same amplitude as the marine bottom
particles when a seismic wave arrives.

A coupling mechanism 50 which models this problem is
illustrated in Fig. 6. As illustrated, both the geophone 34
and the hydrophone 36 are coupled to the marine bottom 20.
The double-headed arrow 52 represents the direction of
pressure waves impinging upon the hydrophone 36. The pres-
sure waves may either propagate downwardly in the water 17
or upwardly from a reflection in the subterranean formation
32. Since the hydrophone 36 is perfectly coupled to the
water to receive pressure waves, the hydrophone 36 is illus-
trated as being directly connected to the marine bottom 20.

Similarly, the double-headed arrow 54 represents the
direction of particle motion of the marine bottom 20.
However, since the geophone 34 is not perfectly coupled with
the marine bottom 20, the coupling mechanism 50 represents
an analytical model of this coupling imperfection. 1In other
words, the geophone 34 responds to movement of the water
bottom 20 as if it were connected to the water bottom 20 by
an unsprung mass m, a sp:inq 56 having a spring constant Kk,
and a damper 58 having a damping constant B. By taking into
account the effects caused by this imperfect coupling, a
more accurate determination of the velocity of particle
motion of the marine bottom 20 may be made. Using this
model, it 1s easy to visualize that as the particles of the

water bottom 20 affect the unsprung mass m, which is
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geophonﬂ,,ggeermgscgleJ l@f the hydrophone, or vice versa. One such
filter i n Fig. 4. In this figure, v(t) represents the

i mpul se T ﬁ |e geophone 34, p(t) represents the inpul se response
of the hy and h(t) represents the inpul se response of a filter

46 which transforns the | mpul se response of the geophone 34 to
- 17 -

illustrated as being perfectly coupled to the water bottom
20, the unsprung mass m will in turn affect the geophone 34
as if the geophone 34 were connected to the unsprung mass m
via the spring 56 and the damper 58. The spring 56 and the
damper 58 will affect the force and energy transferred from
the unsprung mass m to the geophone 34. Thus, the response
of the geophone 34 is adversely affected by its imperfect
coupling, since the coupling mechanism 50 filters the
velocity characteristic sought to be measured.

Fig. 7 illustrates the expected effect of imperfect
coupling on the geophone’s response to a seismic impulse.
Like the curves shown in Fig. 3, Fig. 7 illustrates the
impulse responses of the geophone 34 and hydrophone 36 after
having been transformed into the freguency domain.
Therefore, curve 60 represents the amplitude with respect to
frequency transfer function of the system which includes the
geophone 34 and the coupling mechanism 50. Similarly, the
curve 62 illustrates the phase with respect to frequency
transfer function of the geophone 34 and coupling mechanism
50. The curves 38-44 are reproduced for ease of comparison
with the curves 60 and 62. In this example, the curves 60
and 62 show that the amplitude response of the geophone 34
is less sensitive to high frequencies than it would normally
be if it were perfectly coupled. Moreover, its response is
delayed, as indicated by the increased phase lag of the

curve 62 with respect to the curve 42.
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equal t he i nmpul response of the hydrophone 36. Therefore, when the
gndhis §bdei Nag Beetl Raplackdhie geophone 34 is delivered to the filter 46, the
fllterL he signal to have the sanme anplitude and phase
char ac he signal delivered by the hydrophone 36. Preferably,
t he i mpul se esponse h(t) of the filter 46 is designed in the frequency
- 18 -

Having recognized this problem, the imperfect geophone
coupling should be taken into account when correcting the
impulse response of the hydrophone/geophone pair 18 during
recording and processing. The problem with ignoring the
imperfect coupling of the geophone 34 and the effect it has
on the response of the geophone 34 is apparent from the
previous discussion. If the filter 46 were applied to the
geophone signal in order to match the impulse response of
the geophone 34 to the impulse response of the hydrophone
36, engineers entrusted with recording and processing the
data from the hydrophone/geophone pair 18 would assume that
the filter 46 compensated for any differences in response
between the hydrophone 36 and the geophone 34. However, the
filter 46 does not compensate for the difference in response
of the geophone 34 caused by the imperfect coupling of the
geophone 34 with the marine bottom 20. Hence, the impulse
responses of the geophone 34 and the hydrophone 36 are still
different even though the filtér 46 provides partial
compensation in the illustrated example of Fig. 7.

To compensate for the difference in impulse response
between the imperfectly coupled geophone 34 and the
perfectly hydrophone 36, a filter 72 having an appropriate
response is designed as illustrated in Fig. 10. While the
filter 72 can be designed either theoretically or
empirically, the following discussion describes a preferred

practical method, in accordance with the previously
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- 19 -
discussed theoretical assumptions, for determining the
appropriate response of the filter 72.

After the cable 16 has been deployed on the marine
bottom 20, as illustrated in Fig. 8, the survey ship 12
performs a calibration shooting operation. The calibration
operation includes recording the responses of the geophones
34 and hydrophones 36 to a downwardly propagating seismic
wave produced by the seismic energy source 14. The seismic
energy source 14 generates a wavefront 64 having a waveform
w(t), which is referred to as the primary wave generated by
the seismic energy source 14. Recall that the primary wave
was defined in Fig. 1 using the rays 22. Preferably, during
production shooting, the source 14 includes an array of air
guns which are fired simultaneously. However, during the
calibration shooting operation, firing the entire array may
overdrive the receivefs 18. Therefore, only a portion of
the air gun array, such as one or two guns, is used during
calibration. As will be recognized by those skilled in the
art, the number of guns used depends on parameters such as
water depth, air gun volume, and the electrical
characteristics of the receivers.

The response of the geophones 34 and of the hydrophones
36 to the impinging wavefront 64 is illustrated in the block
diagram of Fig. 9 where p(t) in block 66 represents the
impulse response of a hydrophone 36, v(t) in block 68
represents the impulse response of a geophone 34, and c(t)

in block 70 represents the impulse response of the coupling
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Fourier transform of '
- 20 -
mechanism 50. When the wavefront 64 strikes the hydrophones
36, each hydrophone 36 outputs a signal represented by
s,(t). Similarly, when the wavefront 64 strikes the
geophones 34, each geophone 34 outputs a signal represented
by s,(t). Therefore, the response of each of the
hydrophones 36 is equal to the impact of the wavefront 64
defined as w(t) filtered by the impulse response p(t) of the
hydrophone 36. The response of each of the geophones 34 is
equal to the impact w(t) of the wavefront 64 filtered by
both the impulse response v(t) of the geophone 34 and the
impulse response c(t) of the coupling mechanism 50.

Once the signals from a hydrophone/geophone pair 18 are
recorded, the filter 72 having an impulse response h.(t) can
be designed which will transform the response s,(t) of the
geophone 34 into the response s,(t) of the hydrophone 36, as
illustrated in Fig. 10. First, these signals are
transformed into the frequency domain, so that the signal

from the hydrophone 36 is defined by:

S,(w) = P(w) W(w), and Eq. (5)
the signal from the geophone 34 is defined by:
S, (w) = V(w) C(w) W(w) Eq. (6)
So, from Fig. 10 it follows that:

S (w) = S,(w) H{w). Eq. (7)
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esponse p(t) of the hydrophone 36 is cal cul ated by: [err]
jﬁamﬁ@ v(t) of the geophone 34 is cal cul ated by:

]

Then, the filter 72 having a transfer function H (w) is

- 21 -

designed by dividing the Fourier transform of the
hydrophone’s recorded waveform s,(t) by the Fourier

transform of the geophone’s recorded waveferm s, (t).

H(w) = S (w) = __P(w) W(w) = _ P(w) Eg. (8)
S, (w) V(w) C(w) W(w) V(w) C(w)

The transfer function of the filter 72 is illustrated
in Fig. 11. The curve 74 shows an increased amplitude
spectrum boost as compared with the curve 48 which
represents the amplitude spectrum of the filter 46.
Similarly, the curve 76 shows an increased phase spectrum
correction as compared with the curve 49 which represents
the phase spectrum for the filter 46. Therefore, the filter
72 having the transfer function characteristics illustrated
in Fig. 11 will compensate the respective curves 60 and 62
so that the compensated impulse response signal from the
geophone 34 will be substantially equal to the impulse
response signal from the hydrophone 36. The filter 72, once
designed, is then applied to the geophone data traces
recorded during productian shooting.

It should be apparent that, while the above'discussion
is directed toward compensating the response of the geophone
34, a similar method may be used to compensate the response
of the hydrophone 36 so that it would be substantially the
same as the response of the imperfectly cbupled geophone 34.

A filter so produced would be applied to the hydrophone data

.
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traces recorded during production shooting, and would
essentially introduce the effects of the coupling mechanism
into the hydrophone’s signal.

Preferably, this technique is used in conjuncﬁion with
the reverberation attenuation technique disclosed in the
referenced patent. To explain how the above-described
method may be used in conjunction with a method which also
corrects geophone data for optimum reverberation
attenuation, a slight modification of the foregoing
explanation is required. First, as explained in the
referenced patent, the responses of the geophones 34 and
hydrophones 36 to a downwardly propagating wavefront 64 are
opposite in polarity. Therefore, before the filter 72 may
be designed in accordance with the above method, the
polarity of the recorded geophone response s,(t) is
reversed. Otherwise, the filter 72 would perform this
polarity reversal on the production seismic reflection data
transmitted by the geophones 34, and, thus, the destructive
reverberation energy would be enhanced instead of
attenuated. Secondly, as also explained in the referenced
patent, the amplitude of .the hydrophone’s response to the
wavefront 64 1is affected:by the water bottom reflection
coefficient K, and is proportional to (1+K,). In addition,
the amplitude of the geophone’s response to the wavefront 64
is similarly affected by the marine bottom reflection
coefficient K, and is proportional to (1-K,). By designing

the filter 72 in accordance with the following discussion,
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results in the correction provided by the correction factor
(1+K,) / (1-K,) which is applied to the geophone data as
described in the referenced patent.

Fig. 12 illustrates a flow diagram 80 which represents
a preferred way to perform the method for designing the
filter 72. First, the survey ship 12 performs at least one
calibration shooting pass. This step iﬁvolves firing the
energy source 14 directly above the receivers 18 and
recording the resulting signals from the geophones 34 and
hydrophones 36, as shown in block 82. Once the recording
equipment receives a signal from each of the receivers 18
the survey ship may begin production shooting. Preferably,
the survey ship 12 performs both the production shooting
immediately following the calibration shooting, so that all
of the shooting is recorded for processing at a later time.
Preferably, a Model 3090 IBM mainframe computer running a
"TIPEX" operating system (commercially available from
Halliburton Geophysical Services, Inc. of Houston, Texas) is
used to process the calibration and reflection data.

It should be understood that the processor designs the
filter 72 using the calibration data and, then, applies the
filter 72 to reflection data from the respective geophones.
Thus, the following portion of the flow diagram 80 refers to
the design of the filter 72 using the calibration data. In
block 84, the processor reverses the polarity of the
geophone data trace for the reasons previously mentioned.

In blocks 86 and 88, peak detectors receive the geophone and
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hydrophone data traces to determine the peaks of the first
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arrival waveforms output by the geophones 34 and hydrophones
36, respectively. Preferably, this peak detection is
performed interactively using a personal computer program
called "PC Analysis." This program is a general data
analysis program that contains a variety of signal
processing subroutines, such as a multi-channel seismic
event selecting algorithm used hére, and is used by
Ha}liburton Geophysical Services, Inc. This program can
generate a text file which denotes, among other things, the
time of occurrence of the picked peaks, referred to herein
as t,. However, those skilled in the art will recognize
that any one of a variety of other types of peak detectors,
such as the one found in STATIX, a software package avail-
able from Sierra Geophysics, Inc. of Seattle, Washington,
may be used instead. As will be explained shortly, the time
corresponding to the peaks of the primary wavefront will be
used to isolate the effects of the primary wavefront from
the effects of reflected or reverberated wavefronts.

Block 90 receives the position of the source 14 from
block 92, the position of the receiver 19 from block 94, and
information regarding thé depth of the water 17 from block
96. Typically, this information is generated by the crew of
the survey ship 12 as part of its normal data generation
activity. Thelcrew uses a radio navigation system that
typically includes three or more radio transmitters that are

positioned at known locations on shore. These transmitters

This is the replacement sheet

Date: 2 5 MAR B4



magni tude of V([err]); [err] is the phase of P([err]); and [err] is the
‘phase of V([err]). The anplitude and phase spectruns of the transfer
function H([err]) for the filter 46 are illustrated in Fig. 5. Notice
that the anplitude curve 48 shows an increased response boost near the

natural frequency of [err] of the hydrophone 36 which should offset the
di fferences 25 -

cooperate with receivers on board the ship to enable the
system to compute the exact location of the ship during
surveying. Preferably, the crew uses a radio navigation
system called "Syledis" which is commercially available from
Sercel, Inc. of Nantes, France. From this information, the
angle of arrival of the seismic waveform w(t), with respect
to a vertical reference, is calculated using simple
algebraic manipulation in view of the geometrical
relationships obtained from the blocks 92-96. The effect of
a non-zero angle of incidence upon the amplitude of the
geophone’s response is removed by multiplying its data trace
by the reciprocal of the cosine of that angle, as
illustrated in block 90.

Next, in blocks 98 and 100, a window function is
generated and applied to the geophone and hydrophone data
traces. The window function isélates the electrical signals
resulting from the primary wave from the electrical signals
resulting from reflected or reverberated waves. Preferably,
this window function has an amplitude of 1.0 from time t=0.0
to t=t,. After t=t,, the window function has the shape of a
cosine squared function that decreases in amplitude from 1.0
at time t=t, to an amplithde of zero at time t=t, + At. A
value for At which has worked very well is 26 milliseconds.

Once the responses of the geophones 34 and hydrophones
36 to the primary wave are isclated, the Fourier transforms
of the resulting geophone and hydrophone traces are computed

in blocks 102 and 104. Preferably, traditional Fast Fourier
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- 18 - between the curves 38 and 40 of Fig. 3. Simlarly, the

- 26 -
transforms are used to transform the incoming signals from
the time domain to the frequency domain. One computer
algorithm for a Fast Fourier Transform is given by W. H.

Press, et al., Numerical Recipes: The Art of Scientific

Computing, Cambridge University Press 1986 (reprinted 1988).
In block 106, the amplitude spectrum for the geophone trace
is calculated; in block 108, the phase spectrum for the
geophone trace is calculated; in block 110, the amplitude
spectrum for the hydrophone trace is calculated; and, in
block 112, the phase spec£rum for the hydrophone trace is
calculated. Thereafter, the amplitude spectrum from the
hydrophone data trace is divided by the amplitude spectrum
of the geophone data trace in block 114. Similarly, in
block 116, the phase spectrum of the geophone trace is
subtracted from the phase spectrum of the hydrophone trace.
(Refer to Eg. (8).) Those skilled in the art will
appreciate that data manipulation of this type is easily
accomplished in the frequency domain using simple
mathematical operations such as division and subtraction.
However, this data manipulation could take place in the time
domain using much more complex mathematical operations, such
as convolution. Finally, the Inverse Fourier transform is
computed, preferably using an Inverse Fast Fourier transform
as known in the art, in block 118. The resulting time
domain impulse function h.(t) is the desired geophone data

correction filter 72.
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phase curve 49 shows an increased response boost near the natural

frequency [err] of the geophone 34 which should offset the differences
bet ween the curves 42 and 44 of Fig. 3. The shortcom ng of this

filter 46 is that by using it one assunmes that the geophone 34 noves in
perfect synchronization with the particles of the marine bottom 20

-27 -

Once the processor has determined the appropriate
filter 72, the impulse function h(t), i.e., the filtering
function describing the filter 72, is stored in memory.
Preferably, the processor stores the filtering function on a
hard disk on the mainframe, as is well known in the art.
Once stored, as the processor inputs the production
reflection data, as described in the referenced patent
application, the processor applies the filtering function to
the geophone data trace prior to processing the geophone
data trace with the corresponding hydrophone data trace.

Preferably, the method described in the flow diagram 80
is performed for each hydrophone/geophone pair location so
that a separate filter 72 is designed for each hydrophone/
geophone pair 18. Thus, every data trace recorded by the
geophones 34 at a particular receiver location during the
production of seismic reflection data gathering is filtered
by a particular filter 72. The filtered geophone data
traces are then summed with the corresponding hydrophone
data traces at each receiver location to optimally attenuate
any reverberation energy arriving at the hydrophone/geophone
pair from above, in accordance with the method described in

the referenced patent.
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CLAIMS:
1. A marine seismic exploration method which
comprises the steps of: generating a seismic wave into a

marine environment; detecting water pressure at a first
position in said marine environment resulting from said
seismic wave and generating a first signal correlative to
said detected pressure; detecting particle velocity at a
second position in said marine environment resulting from
said seismic wave and generating a second signal correlative
to said detected velocity; and calculating a filter transfer
function using said first and second signals, said filter
transfer function substantially equalizing response

characteristics between said first and second signals.

2. A method according to claim 1, wherein said step
of calculating comprises transforming said first and second
signals into first and second frequency domain signals,
respectively; dividing said first frequency domain signal by
said second frequency domain signal to obtain said filter
transfer function; and transforming said filter transfer

function into a time domain filtering function.

3. A method according to claim 2, comprising the
further step of filtering subsequent second signals by said

time domain filtering function.

4, A method according to claim 1, wherein said first
and second signals are transformed into first and second
frequency domain signals, respectively; one of said first
and second frequency domain signals is divided by the other
of said first and second frequency domain signals to obtain
a filtering function; said filtering function is transformed
into a time domain filter; and said time domain filter is
applied to one of said first and second signals generated as

a result of subsequent seismic waves.
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geophane package is designed to have a density approximtely equal to the
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excel l e i geophone case notion to particle notion results.
However, in the marine dual -sensor, bottomcable
- 20 -
5. A method according to claim 4, wherein the first

and second signals are transformed by calculating a Fourier

transform of said first signal and of said second signal.

6. A method according to claim 4 or 5, wherein said
first frequency domain signal is divided by said second

frequency domain signal to obtain said filtering function.

7. A method of calibrating a geophone/hydrophone
receiver pair in a marine environment, said method
comprising the steps of deploying said geophone/hydrophone
receiver pair in said marine envirohment; generating a
seismic wave into said marine environment, generating a
first signal correlative to a detected pressure through
implementation of said hydrophone detecting water pressure
resulting from receiving said seismic wave; generating a
second signal correlative to a detected velocity through
implementatién of said geophone detecting particle velocity
resulting from receiving said seismic wave; transforming
said first and second signals into first and second
frequency domain signals, respectively; dividing one of said
first and second frequency domain signals by the other of
said first and second frequency domain signals to obtain a
filter ﬁransfer function; transforming said filter transfer
function into a time domain filter; and applying said time
domain filter to one of said first and second signals

generated as a result of subsequent seismic waves.

8. A method according to claim 7, wherein said step
of transforming said filter transfer function comprises
calculating an inverse Fourier transform of said filter

transfer function.

g. A method according to claim 7 or 8, wherein said
first frequency domain signal is divided by said second

frequency domain signal to obtain said filter transfer

A
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10. A method of correcting a coupling difference

between a hydrophone and a geophone in a marine environment,
said method comprising the steps of placing said hydrophone
in said marine environment, said hydrophone being perfectly
coupled with said marine environment; placing said geophone
in said marine environment, said geophone being imperfectly
coupled with said marine environment; generating a
calibration wave into said marine environment, said
calibration wave being a primary seismic wave having a
magnitude substantially equal to a magnitude of a reflected
seismic wave produced during production shooting; detecting
a signal produced by said hydrophone in response to said
seismic wave, said hydrophone signal being influenced by an
electrical impulse response of said hydrophone; detecting a
signal produced by said geophone in response to said seismic
wave, said geophone signal being influenced by an electrical
impulse response of said geophone and by a mechanical
impulse response of said geophone produced by said imperfect
coupling; transforming said hydrophone signal and said
geophone signal into first and second frequency domain
signals, respectively; dividing one of said first and second
frequency domain signals by the other of said first and
second frequency domain signals to obtain a filter transfer
function; transforming said filter transfer function into a
time domain filter; and substantially equalizing said
electrical response characteristic of said hydrophone with
said electrical and mechanical response characteristics of
said geophone by applying said time domain filter to only
one of said hydrophone signal and geophone signal generated
as a result of a subsequent seismic wave produced during
produétion shooting, said subsequent seismic wave having a
magnitude greater than said magnitude of said calibration

wave.
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operation when the geophones 34 contact the marine bottom 20. However,
since t hmiGRQPRANERS, f§4 are not rigidly
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ABSTRACT

METHOD OF MARINE SEISMIC EXPLORATION

In dual-sensor, bottom-cable (16) marine seismic exploration where
hydrophone/geophone pairs (18) are deployed on the marine bottom (20), coupling
imperfections between the geophones and the marine bottom contribute to
differences between the impulse response of the geophones and the impulse
response of the hydrophones. To correct for the coupling imperfection, a filter is

* designed which compensates for the inherent impulse response differences as well
as response differences caused by the imperfect coupling. First, the response of a
hydrophone and geophone to a seismic wave is recorded. Then, these recorded
responses are transformed into the frequency domain. Once transformed, the
response of the hydrophone is divided by the response of the geophone to produce
a filtering function which compensates the geophone signals to alleviate
differences in response characteristics between the geophone signals and the

hydrophone signals.
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via the Spri ”Q,R'Seﬁla&ﬁ‘d t he danper 58. The spring 56 and the danper 58 wll

af flaisShechiais nd energy transferred from the unsprung mass mto the
geopkm\‘\ \ m“‘Lt he response of the geophone 34 is adversely affected
by i oupling, since the coupling mechanismb50 filters the
vel ocity characteristic sought to be neasured.
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Fig. 7 illustrates the expected effect of inperfect coupling ®%mWithe
geophone's response to a seismc inpulse. Like the curves shown in Fig. 3,
Fig. 7 illustrates the inpulse responses of the geophone 34 and hydrophone
36 after having been transformed into the frequency domain. Therefore,

curve 60 represents the anplitude with respect to
-1 -

METHOD OF MARINE SEISMIC EXPLORATION

This invention relates generally to marine

seismic exploration.

‘In marine seismic exploration, a seismic
survey ship is equipped with an energy source and a
receiver for taking seismic profiles of an underwater
land configuration. The act of taking profiles is often
referred to as "shooting" due to the fact that explosive
devices have been commonly used for many years as energy
sources. The energy source is designed to produce
compressional waves that propagate through the water and
into the underwater land formation. As the
compressional waves propagate through the land
formation, they strike interfaces between formations,
commonly referred to as stata, and reflect back through
the earth and water to the receiver. The receiver
typically converts the received waves into eledtrical
signals which are then processed into an image that
provides information about the structure of the
subterranean formation.

' A problem encountered in marine surveying as
well as in inverse vertical seismic profiling or "VSsSP"
is that of water column reverberation. ' The problem,
which arises as a result of the inherent reflectivity of
the water surface and bottom may be explained as
follows. . _
' A seismic wave generated in (or reflected off)
earth strata passes into the water in a generally upward
direction. This wave, termed the "primary" travels

SARK
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frequency transfer function of the system which includes the geophone 34
and the coupling nechanism50. Simlarly, the curve 62 illustrates the
phase with respect to frequency transfer function of the geophone 34 and
coupling mechani sm 50. The curves 38-44 are reproduced for ease of
conparison wth the curves 60 and 62~ fithis exanpl e, the curves 60

through the water and past the receiver which records
its presence. The wave field continues upward to the
water's surface, where it is reflected back downwards.
This reflected or "ghost™ wavefieid also travels through
the water and past the detector, where is is
again recorded. Depending on the nature of the earth
material at the water's bottom, the ghost wavefield may
itself be reflected upwards through the water giving
rise to a series of one or more subsequent reflections.
Presently, one of the most common energy
sources is an air gun that discharges air under very
high pressure into the water. The discharged air forms
a pulse which contains frequencies within the seismic
range. Another energy source which is frequently used
is a marine vibrator. Marine vibrators typically
include a pneumatic or hydraulic actuator that causes an
acoustic piston to vibrate at a range of selected
frequencies. The vibrations of the

Thmistherepmceme
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and 62 show that the anplitude response of the geophone 34 is |ess
sensitive to high frequencies than it would normally be if it were
perfectly coupled. Mreover, its response is delayed, as indicated by the
i ncreased phase lag of the curve 62 mﬁtg respect to the curve 42.

acoustic vibrator produce pressure differentials in the
water which generate seismic pulses free from spurious
bubbles.

Just as different energy sources may be used to
generate seismic waves in marine applications, different
receivers may be used to detect reflected seismic waves.
Typicaily, the receivers most commonly used in marine
applications are referred to as hydrophones. Hydrophones
convert pressure waves into electrical signals that are used
for analog or digital processing. The most common type of
hydrophone includes a piezoelectric element which converts
physical signals, such as pressure, into electrical signals.
Hydrophones are usually mounted on a long streamer which is
towed behind the survey ship at a depth of about 10 metres.

Alternatively, marine seismic techniques may use
different types of receivers which detect different
characteristics of the environment. For instance, in
bottom-cable seismic recording, a combination of pressure
sensitive transducers, such as hydrophones, and particle
velocity transducers,'such as geophones, can be deployed on
the marine bottom. While geophones are typically used in
land operations where metal spikes anchor the geophones to
the ground to ensure fidelity of geophone motion to ground
motion, geophones cannot be economically anchore& in marine
applications. - Therefore, cylindrical, gimbal geophones are
attached to the bottom-cable. After the cable is deployed
from the seismic survey ship, the geophones simply lie in
contact with the marine bottom where they fall. The gimbal
mechanism inside the cylinder assures that the geophone
element mounted therein is oriented vertically for proper
operation. ‘ )

As is obvious from the above discussion, a variety
of seismic equipment and techniques may be used in an
attempt to accurately plot the underwater land formation.

Regardless of which technique or combination of equipment is
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- 21 - Havi ng recogni zed this problem the inperfect geophone coupling
shoul d be taken into account when correcting the

-4 -

used, each offers certain advantages and disadvantages
when compared to cone another. For instance, gathering
seismic data with a towed streamer in areas populated
with numerous obstacles, such as drilling and production
platforms, can be difficult or even impossible because
the streamer may strike one of the obstacles and tear
loose from the towing vessel. Such an event represents
an extremely costly loss.

By contrast, in bottom-cable seismic
operations, no such difficulty exists because the cable
is deployed in a fixed position on the water bottom.
However, in the above-mentioned towing technigque, the
hydrophone being towed behind the survey ship is
perfectly coupled to the water in which it is immersed.
Unfortunately, in a bottom-cable operation, since there
is no practical way to effectively couple a geophone to
the marine bottom as it can be coupled to dry land, the
geophone is not perfectly coupled to its environment.
Therefore, the signals received from the imperfectly
coupled geophone do not accurately reflect the quantity
being measured. )

In US 4,752,916 a method disclosed for
deghostin seismic traces by using deconvalution
techniques using two or more receivers, these receivers
beiﬁg at different depths or being of different types .at

the same deéth.
US 4,520,467 & EP-B~-89700 also disclosed a method of

deghosting seismic trace signals. The method used
employs both a pressure and motion detection means, and
the uses filtering as a function of the depth of the
sensors to provide a preselected function and zero phase
shifted band-limited spike signal at an arrival time
midway between seismic and ghost arrival times, scaling
spikes in proportion to their respective signal to noise
ratios.
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I npul se response of the hydrophone/ geophone pair 18 during recording and
processi ng. The problemw th ignoring the inperfect coupling of the
geophone 34 and the effect it has on the response of the geophone 34 is
apparent fromthe previous discussion. If the filter 46 were appltied to
the geophone signal in order to match the 1npul se response of

US 4,486,865 discloses a method also using
pressure and velocity detectors to procduce outputs which
are combined to cancel ghost reflections. By virtue of
the opposite relative phases of upward and downward
waves with respect to velocity and pressure summing the
waves in the correct proportion can be carried out to’
substantially cancel the ghost reflections.

-All the above systems suffer from the problem
that the different types of receivers, pressure
sensitive, and movement sensitive have different
frequency response characteristics both with respect to
phase and amplitude. This can substantially affect
cancelling techniques which treat all frequencies
similarly.

We have now starting from US-A-4979150, found a way
of overcoming, or at 1east'minizing, one or more of the problems
set forth above.

In accordance with one aspecﬁ of the present
invention, there is provided a marine seismic
exploration method which comprises the steps of:
generating a calibration wave into a marine environment,
said calibration wave being a primary seismic wave |
héving a magnitude substantially equal to a magnitude of
a reflected seismic wave produced during production
shobting, detecting water pressure at a first position

' in said marine environment resulting from said
calibration wave and generating a first signal
correlative to said deteéted pressure} detecting
particle velocity at a second position in said marine
environment resulting from said calibration wave and
generating a second signal cbrrelative-to said detected
velocity, and calculating a filter using said first and
second signals, characterised in that said filter
substantially equalises the response characteristics
between said first and second signals, and said filter
is subsequently applied to only one of said first and
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t he geophone 34 to the inpul se response of the hydrophone 36, engineers
entrusted with recording and processing the data fromthe

hydr ophone/ geophone pair 18 woul d assune that the filter 46 conpensated
for any differences in response between the hydrophone 36.and t he geophone
34. However, the filter 46 does not cofrpensate for the difference in
response :

second signals generated as a result of said reflected
seismic wave produced during production shooting, said
reflected seismic wave having a magnitude greater than
said magnitude of said calibraticn wave.

Preferébly, the first and second signals are
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of the geophone 34 caused by the inperfect coupling of the geophone 34
with the marine bottom 20. Hence, the inpulse responses of the geophone
34 and the hydrophone 36 are still different even though the filter 46
provi des partial conpensation in the illustrated exanple of Fig. 7.

To conpensate for the difference in inpal%e response

transformed into first and second frequency domain signals,
respectively. Then, one of the frequency domain signals is
divided by the other to produce the filter transfer
function. If the filter transfer function is intended to
compensate the second signal from the geophone for the
response difference due to the imperfect'coupling of the
geophone, the first frequency domain signal is divided by
the second frequency domain signal to obtain the filter
transfer function. After the filter transfer function has
been transformed into a time domain filtering function,
subsequent second signals are filtered by the time domain
filtering function.

In a second aspect of the invention, there is
provided a method of calibrating.a geophone/hydrophone
receiver pair in a marine environment, said method
comprising the steps of deploying said geophone/hydrophone
receiver pair in said marine environment; generating a
seismic wave into said marine environment, generating a
first signal correlative to a detected pressure through
implementation of said hydrophone detecting water pressure
resulting from receiving said seismic wave; generating a
second signal correlative to a detected velocity through
implementation of said geophone detecting particle velocity
result;ng from receiving said seismic wave; transforming
said first and second signals into first and second )
frequency domain signals, respectively; dividing one of said
first and second frequency domain signals by the other of
said first and second frequency domain signals to obtain a
filter transfer function; transforming said filter transfer
function into a time domain filter; and applying said time
domain filter to one of said first and second signals
generated as a result of subsequent seismic waves.

In a third aspect, the invention provides a method
of correcting a coupling difference between a hydrophone and

a geophone in a marine environment, said method comprising
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bet ween the inperfectly coupl ed geophone 34 and the perfectly hydrophone
36, a filter 72 having an appropriate response is designed as illustrated
in Fig. 10. Wiile the filter 72 can be designed either theoretically or
enpirically, the foll ow ng discussion describes a preferred practical

met hod, in accordance with the previousli$ -

the steps of placing said hydrophone in said marine
environment, said hydrophone being perfectly coupled with
said marine environment; placing said geophone in said
marine environment, said geophone being imperfectly coupled
with said marine environment; generating a calibration wave
into said marine environment, said calibration wave being a
primary seismic wave having a magnitude substantially equal
to a magnitude of a reflected seismic wave produced during
production shooting; detecting a signal produced by said
hydrophone in response to said seismic wave, said hydrophone
signal being influenced by an electrical impulse response of
said hydrophone; detecting a signal produced by said
geophone in response to said seismic wave, said geophone
signal being influenced by an electrical impulse response of
said geophone and by a mechanical impulse response of said
geophone produced by said imperfect coupling; transforming
said hydrophone signal and said geophone signal into first
and second frequency domain signals, respectively; dividing
one of. said first and second frequency domain signals by the
other of said first and second frequency domain signals to
obtain a filter transfer function; transforming said filter
transfer function into a time domain filter; and
substantially equalizing said electrical response
characteristic of said hydrophone with said electrical and
mechanical response characteristics of said geophone by -
applying said time domain f£ilter to only one of said
hydrophone signal and geophone signal generated as a result
of a subsequent seismic wave produced during production
shooting, said subsequent seismic wave having a magnitude
greater than said magnitude of said calibration wave.

In order that the invention may be more fully
understood, reference is made to the accompanying drawings,
wherein:

Fig. 1 illustrates apparatus used in a bottom-

cable operation;
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- 22 - discussed theoretical assunptions, for determ ning the
..9_

Fig. 2 illustrates a hydrophone/geophone pair
lying on the marine bottom;

Fig. 3 illustrates the impulse response
characteristics of the hydrophone and geophone in the
frequency domain assuming that both the hydrophone and
geophone are perfectly coupled to their environment;

Fig. 4 diagrammatically illustrates a filter that
equates the impulse response of a perfectly coupled geophone
to the impulse response of a perfectly coupled hydrophone;

Fig. 5 illustrates the amplitude and phase spectra
of the filter shown in Fig. 4;

Fig. 6 échematically illustrates a mechanical
system that models the coupling between the water bottom and
the geophone; -

Fig. 7 illustrates the effect of imperfect
geophone coupling on the geophone's response to a seismic
impulse;

Fig. 8 illustrates a downwardly propagating
pressure wave impinging on the hydrophone/geophone pairs on
the marine bottom; ' '

Fig. 9 diagrammatically illustrates the response
of a geophone and hydrophone to the pressure wave of Fig. 8;

Fig. 10 diagrammatically illustrates a filter that
equates the response of an imperfectly coupled geophoné to
the responée of a perfectly couple@ hydrophone; '

Fig. 11 illustrates the amplitude and phase
spectrums of the filter shown in Fig. 10; and

Fig. 12 is a flow diagram of a preferred method
for designing the filter shown in Fig. 10.

While the invention is susceptible to various
modifications and alternative forms, specific embodiments
have been shown by way of example only in the drawings and

will be described in detail herein.
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appropriate response of the filter 72. After the cable 16 has been
depl oyed on the marine bottom 20, as illustrated in Fig. 8, the survey
ship 12 perfornms a calibration shooting operation. The calibration
operation includes recording the responses of the geophones 34 and

hydr ophones 36 to a downwardly propagattid§ 3eisnic

Turning now to the drawings and referring initially to
Fig. 1, a preferred marine seismic survey system is
illustrated and generally designated by a reference numeral
10. The systém 10 includes a seismic survey ship 12 that is
adapted for towing a seismic energy source 14 through a body
of water 15. The seismic energy.source 14 1s an acoustic
energy source ér an array of such sources. An acoustic
energy source preferred for use with the system 10 is a
compressed air gqun, called a "sleeve gun", which is commer-
cially available from Halliburton Geophysical Services, Inc.
of Houston, Texas. The source 14 is constructed and
operated in a manner conventisnal in the art.

The system 10 also includes a receiving ship 15 that is
preferably anchored in the body of water 17. The receiving
ship 15 deploys a cable 16 on the marine bottom 20, and
receives signals from the cable 16 as will be subsequently
explained in detail. One preferred cable is commercially
available from Tescorp Seismic Products Co. of Houston,
Texas, but those skilled in the art recognize that any one
of a wide variety of cables can be used. The cable 16
carries at least one receiver 18, but preferably includes a
plurality of such units.

The receiver 18 includes a hydrophone for detecting
water pressure and a geophone for detecting water-bottom
particle velocity. More particularly, the hydrophones and
geophones on the cable 16 are arranged in identical spatial

arrays when deployed on the marine bottom 20. Each
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wave produced by the seismc energy source 14. The seism c energy source
14 generates a wavefront 64 having a waveform w(t), which is referred to
as the primary wave generated by the seismc energy source 14. Recall that
the primary wave was defined in Fig. 1 using the rays 22. Preferably,
during production shooting, the source~14 rncludes an array of air

individual hydrophone has a gimballed geophone positioned
next to it. A separate electrical signal is sent to a
recording system on the ship 15 for each hydrophone and each
gecphone spatial array. The survey ship 12 fires the source
14 at predetermined locations while the signals from the
hydrophoné and geophone arrays are recorded. These siqnais
are typically referred to as reflection data. The data is
recorded by a multi-channel seismic recording system that
selectively amplifies, conditions and records time-varying
electrical signals onto magnetic tape. Advantageously, the
system also digitizes the received signals, using a 14 bit
analog-to-digital converter for instance, to facilitate
signal analysis. Preferably, the ship 15 utilizes a seismic
recording system which is commercially available from
Halliburton Geophysical Services, Inc. However, those
skilled in the art will recognize that any one of a variety
of seismic recording systems can be used.

According to a preferred practice, the cable 16 and
‘hydrophone/geophone pair 18 are positioned on the marine
bottom 20 for use in three—dimensional; "bottom-cable
operations. Normal production shooting takes place with the
survey ship 12 moving at.a constant speed along a set of
parallel lines, or swath, with respect to the cable 16.
After the survey ship 12 completes the swath, the receiving
ship 15 or other suitable ship retrieves the cable 16 and

re-deploys the cable 16 in a line spaced from, but parallel
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guns which are fired sinultaneously. However, during the «calibration
shooting operation, firing the entire array may overdrive the receivers
18. Therefore, only a portion of the air gun array, such as one or two

guns,
in the

is used during calibration. As will be recognized by those skilled
art, the nunber of guns used depentfs-on paraneters such as

5o, the previous cable location. Once the cable 16 is re-

deployed, the survey ship 12 shoots another swath.

During data collection, seismic waves generated by the
source 14 travel downwardly,.as indicated by the rays 22.
These primary waves are reflected off of interfaces between
strata,-such as the inferface 28 between strata 24 and 25,
in the subtérranean earth formation 32. The reflected waves
travel_upwardly, as illustrated by the rays 30. The
hydrophone/geophone pairs that make up each receiver 18
detect the reflected waves. The receivers 18 generate
electrical signals representative of pressure and particle
velocity changes inherent to the wave field, and transmit
these generated electrical signals back to the survey ship
15 via the cable 16. The récording equipment within the
ship 15 records these electrical signals so that they can be
subsequently processed to map the subterranean earth
formation 32.

It should be understood that the receivers 18 not only
detect the reflected waves of interest, but also the primary
wave and reverberated waves. Reverberated waves are |
reflected waves which reflect off of the water-air interface
at the surface of the water 17 and travel downwardly.in the
water 17 to impinge on the receivers .18. Reverberated waves
are illustrated by the rays 33 in Fig. 1. The effects of
reverberated waves wili be discussed subsequently

with reference to our U.S. patent specification no.

4,979,150 & EP-A-0414344,
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wat er depth, air gun volune, and the electrical characteristics of the
recei vers. The response of the geophones 34 and of the hydrophones
36 to the inpinging wavefront 64 is illustrated in the block diagram of
Fig. 9 where p(t) in block 66 represents the inpulse response of a

hydr ophone 36, v(t) in block 68 - 13 -

Fig. 2 illustrates a receiver 18 which includes a
gimbal geophone 34 and a hydrophone 36. Preferably, the
geophone is a Model SG-1 which is commercially available
from SENSOR Nederland b.v. of Voorschoten, Holland, and the
hydrophone is a Model MP-24 which is commercially available
from QYO Geoépace Corp. of Houston, Texas. As illustrated,
the geophone 34 and hydrophone 36 are lying on the marine
bottom 20, and together comprise a hydrophone/geophone pair.
As mentioned previously, dual-sensor detection techniques
offer certain advantages because hydrophones detect pressure
variations and geophones detect particle velocity
variations. However, hydrophones and geophones typically

'exhibit different impulse response characteristics due, in
part, to differences in design. Hence, if we assume that
the geophone 34 and hydrophone 36 are perfectly coupled to
their environment, i.e., the body of water 17 and thg marine
bottom 20, then their impulse responses are probably
different. If we further assume that the hydrophone 36 Hhas
a natural frequency of w, and that the geophone 34 has a
natural frequency of w,, then when the impulse responses are
transformed into the frequency domain, the transfer
functions of the geophone 34 and hydrophone 36 are
illustrated by the amplitude and phase spectrums shown in
Fig. 3. Curves 38 and 40 illustrate the amplitude response

with respect to frequency of the geophone 34 and the
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represents the inpul se response of a geophone 34, and c(t) in block 70
represents the inpul se response of the coupling

- 14 -

hydrophone 36, respectively, and curves 42 and 44 illustrate
the phase fesponse with respect to frequency of the geophone
34 and the hydrophone 36, respectively.

The transfer functions of the geophone 34 and of the
hydrophone 36 determine how the signals that they output
corresbond to any given input. If the seismic survey system
10 used only oﬁe type of receiver or the other, the transfer
.function of the particular receiver would initially be of
interest to determine how the receiver would respond to a
variety of foreseeable inputs. But past this determination,
the impulse response of any particular type of receiver
would be of relatively little importance when processing the
signals delivered from such receivers. However, when tﬁe
seismic survey system 10 includes different types of
receivers, such as in the dual-sensor configuration
described herein, ﬁhe recording and/or processing of the
electrical signals delivered by such receivers requires that
the signal from one type of receiver be combined in some
fashion with the signal from another type of receiver. For
instance, as described in the referenced patent, a separaﬁe
electrical signal is sent to the recording system from each
hydrophone and each geophone array. The received signals
are referred to as reflection data. The recorded hydrophone
and geophone reflection data are demultiplexed, gain-
removed, and amplitude fecovered using identical amplitude
recovery curves. The galn-removal process properly uses the

K-gain settings of the recording instruments.
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- 23 - nmechani sm 50. When the wavefront 64 strikes the hydrophones 36,
each hydrophone 36 outputs a signal represented by s[err](t) Simlarly,
when the wavefront 64 strikes the geophones 34, each geophone 34 outputs a
signal represented by s[err](t). Therefoif, the response of each of the

Since the electrical signals from each type of receiver
are combined during processing, the impulse response of each
type of receiver should be substantially identical in order
to avoid differences in the respective signals due solely to
the impulse response of the respective types of receivers.
However, aé previously mentioned, due to the differences in
design between'geophones and hydrophones, it is quite
possible that a geophone will have an impulse response

' different from the impulse response of a hydrophone.
Therefore, the system 10 uses a filter designed in
accordance with the, theoretical or measured impulse
responses of the hydrophones and geophones to convert the
phase spectrum and normalized amplitude spectrum of the
geophone to match that of the hydrophone, or vice versa.

One such filter is illustratea in Fig. 4. 1In this
figure, v(t) represen;s the impulse response b: the geophone
34, p(t) represents the impulse response of the hydrophone
36, and h(t) represenfs the ihpulse response of a filter 46
which transforms the impulse response of the geophone 34 to
equal the impulse response of the hydrophone 3s. Thereforé,
when the signal delivered by the geophone 34 is delivered to
the filter 46, the filter 46 modifies the signal to have the
same amplitude and phase characteristics as ﬁhe signal
delivered by the hydrophone 36. Preferably, the impulse
response h(t) of the filter 46 is designed in the frequency
domain by dividing the amplitude spectrum of p(t) by the

amplitude spectrum of v(t) and subtracting the phase
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hydr ophones 36 is equal to the inpact of the wavefront 64 defined as wt)
filtered by the inpul se response p(t) of the hydrophone 36. The response
of each of the geophones 34 is equal to the inpact w(t) of the wavefront
64 filtered by both the inpulse response v(t) of the geophone 34 and the
| mpul se response c(t) of the coupling necq%nisn150.

spectrum of v(L) (rom Lhc.phasc spectrum of p{1)., as the
following cquations illustrate mathematically. tairst. cach
of the time domain signals are ‘transformed 1nLo the
frequency domain using an appropriate {unction, such as a
Fourier transform. For instance, the Fourier transform of
the impulse response p(t) of the hydrophone 36 1s calculated
by:

P(w) = Ip(t)e"’“dt' and - Eg. (1)

the impulse response v{(t) of the geophone 34 1s caICUla;ed

by:

V(w) = I v(t)e "*dt. . Eg. (2)
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Once the signals froma hydrophone/ geophone pair 18 are recorded, the
filter 72 having an inpul se response h[err](t) can be designed which w |
transformthe response s[err](t) of the geophone 34 into the response
s[err](t) of the hydrophone 36, as illustrated in Fig. 10. First, these
signals are transforned into the frequency domain, so that the signal

Once the impulse responsc of the geophone J4 and hydrophone

36 have been transformed into the frequency domain. i1t
follows from Fig. &4 thac:

P(w) = H{w) V(w), SO - Eq. (3)

H{w) = P(w) = :p!m).!e'j(ep(W)—GV(W))r Eg. (4)
V(w) VV(w) '

vhere [P(w) is the magnitude of P(w):; |V(w): 1s the
magnitude of V(w); f,(w) is the phase of P(w): and fw) 1s
the phase of V(w). The amplitude and phase spectrums of the
. transfer function H{w) for the filter 46 are illustrated in
Fig. 5. Notice that the amplitudé curve 48 shows an
increased :response boast near the. natural ‘frequency ofwr. of

the hydrophone 36 which should offset the differences
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fromthe hydrophone 36 is defined by: [err] the signal fromthe
geophone 34 is defined by: [err]

_18..

between the curves 38 and 40 of Fig. 3. Similarly, the
phase curve 49 shows an increased response boost near the
natural frequency w, of the geophone 34 which should offset
the differences between the curves 42 and 44 of Fig. 3.

The.shortcoming of this filter 46 is that'by using it
one assumes that the geophone 34 moves in perfect
synchronization with the particles of the marine bottom 20
as a seismic wave arrives either from the earth formation 32
or from the water 17. When geophones are used in land
operations, metal spikes approximately two to three inches
long are fitted to the béttoms of all éeophone cases. When
a geophone is planted at its location, it is driven, spike
first, as far into the ground as possible. Moreover, the
geophone package is designed to have a density approximately
equal to the density of the earth material at the location
where the geophone is té be planted. Therefére, when the.
geophone is planted using the spikes, excellent fi&elity of
geophone case motion to particle motion results.

However, in the ﬁarine dual-sensor, bottom-cable
operation describe& herein, the geophones 34 -and hydrophones
36 are deployed in water that may be hundreds of metres deep.
Unfortunately, planting the geophones 34 with spikes is
impossible; or at least very impractical. Thereforé, as
mentioned previously, a gimbal mechanism is used to assure
that the geophones 34 remain vertically oriented for proper
operation when the.geophones 34 contact the marine bottom

20. However, since the geophones 34 are not rigidly
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So,

fromFig. 10 it follows that: [err]

...19_
connected to the marine bottom 20, they do not move exactly
in phase or with the same amplitude as the marine bottom
particles when a seismic wave arrives.

A coupling mechanism 50 which models this problem is
illustrated in Fig. 6. As illustrated, both the geophone 34
and the hydrophone 36 are coupled to the marine bottom 20.
The double-headed arrow 52 represents the direction of
pressure waves impinging upon the hydrophone 36. The pres-
sure waves may either propagate downwardly in the water 17
or upwardly from a reflection in the subterranean formation
32. Since the hydrophone 36 is perfectly coupled to the
water to receive pressure waves, the hydrophone 36 is illus-
trated as being directly connected to the marine bottom 20.

Similarly, the double-headed arrow 54 represents the
direction of particle motion of the marine bottom 20.
Howéver, since the geophone 34 is not perfectly coupled with
the marine bottom 20, the coupling mechanism 50 represents
an analytical model of this coupling imperfection. 1In other
words, the geophone 34 responds to movement of the water
bottom 20 as if it were connected to the water bottom 20 by
an unsprung mass m, a spring 56 having a spring constant Kk,
and a aamper_sa having a damping constant B. By taking into
account the effects caused by this'impeffect coupling, a
moré accurate determination of the velocity of particle
motion of the marine bottom 20 may be made. Using this
model, it is easy to visualize that as the particles otf the

water bottom 20 affect the unsprung mass m, which is
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- 24 - Then, the filter 72 having a transfer function Herr]([err]) is
desi gned by dividing the Fourier transformof the hydrophone's recorded
waveforms[err](t) by the Fourier

..20_
illustrated as being perfectly coupled to the water bottom
20, the unsprung mass m will in turn affect the geophone 34
as if the geophone 34 were connected to the unsprung mass m
via the spring 56 and the damper 58. The spring 56 and the
damper 58 will affect the force and energy transferred from
the unsprung mass m to the geophone 34. Tﬂus, the response
of the geophone 34 is adversely affected by its imperfect
coupling, since the coupling mechanism 50 filters the
velocity characteristic sought to be measured.

Fig. 7 illustrates the expected effect of imperfect
coupling on the geophone’s response to a seismic impulse.
Like the curves shown in Fig. 3, Fig. 7 illustrates the
impulse responses of: the gebphone 34 and hydrophone 36 after
having been transformed into the frequency domain.
Therefore, curve 60 represents the amplitude with respect to
frequency transfer function of the systém which includes the
geophone 34 and the coupling mechanism 50. Similarly, the
curve 62 illustrates the phase with respect to frequency
transfér function of the geophone 34 and coupling mechanism
50. The curves 38-44 are reproduced for ease of comparisén
with the curves 60 and 62. In this example, the curves 60
and 62 show that the amplitude response of the geophone 34
is less sensitive to high frequencies than it would normally
be if it were perfectly coupled. Moreover, its response is
delayed, as ind;cated by the increased phase lag of the

curve 62 with respect to the curve 42.
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transform of the geophone's recorded waveforms[err](t). [err]
The transfer function of the filter 72 is illustrated in Fig. 11. The
curve 74 shows an increased anplitude

_21...

Having recognized this problem, the imperfect geophane
coupling should be taken into account when correcting the
impulse response of the hydrophone/geophone pair 18 during
recording and processing. The problem with ignoring the
imperfect coupling of the geophone 34 and the effect it has
on the response of the geophone 34 is apparent from the
previous discussion. If the filter 46 were applied to the
geophone signal in order to match the .impulse response of
the geophone 34 to the impulse response of the hydrophone
36, engineers entrusted with recording and processing the
data from the hydrophone/gecphone pair 18 would assume that
the filter 46 compensated for any differences in response
between the hydrophone 36 and the geophone 34. However, the
filter 46 does not compensate for the difference in response
of the geophone 34 caused by the imperfect coupling of the
geophone 34 with the marine bottom 20. Hence,_the impulse
rgéponses of the geophone 34 and the hydrophone 36 are still
different even though the filter 46 provides partial
compensation in the illustrated example of Fig. 7.

To compensate for the difference in impulse response
between the imperfectly coupled geophone 34 and the
perfectly hydrophone 36,:a filter 72 having an appropriate
response is designed as illustrated in Fig. 10. While the
filter 72 can be designed either theoretically or.
empirically, the following discussion describes a preferred

practical method, in accordance with the previously
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spectrum boost as conpared with the curve 48 which represents the

anpl i tude

i ncreased phase spectrum correction as conpared with the curve 49 which

represents

spectrumof the filter 46. Simlarly, the curve 76 shows an

t he phase spectrumfor the filter 46. Therefore, the filter

having the transfer function characteristigs_illustrated

discussed theoretical assumptions, for determining the
appropriate response of the filter 72.

After the cable 16 has been deployed on the marine
bottom 20, as illustrated in Fig. 8, the survey ship 12
performs a calibration shooting operation. The calibration
operation includes recording the résponses of the geophones
34 and hydrophohes 36 to a downwardly propagating seismic
wave produced by the seismic energy source 14. The seismic
energy source 14 generates a wavefront 64 having a waveform

w(t), which is referred to as the primary wave generated by

- the seismic energy source 14. Recall that the primary wave

was defined in Fig. 1 using the rays 22. Preferably, during
production shooting, the source 14 includes an array of air
guns which are fired simultaneously. However, during the
calibration shooting operation, firing the entire array may
overdrive the receivers 18. Therefore, only a portion of
the air gun array, such as one or two guns, is used during
calibration. As will be recognized by those skilled in the
art, the number of guns used depends on parameters such as
water depth, air gun volume, and the electrical
characteristics of the ;eceivers.

The response of the geophones 34 and of the hydrophones
36 to the impinging wavefront 64 is illustrated in the block
diagram of Fig. 9 where p(t) in block 66 represents the
impulse response of a hydrophone 36, v(t} in block 68
represents the impulse response of a geophone 34, and c(t)

in block 70 represents the impulse response of the coupling
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in Fig. 11 wll conpensate the respective curves 60 and 62 so that the
conpensat ed i npul se response signal fromthe geophone 34 will be
substantially equal to the inmpulse response signal fromthe hydrophone 36.
The filter 72, once designed, is then applied to the geophone data traces
recorded during production shooting. - 23 -

mechanism 50. When the wavefront 64 strikes the hydrophones
36, each hydrophone 36 outputs a signal represented by
s,(t). Similarly, when the wavefront 64 strikes the
geophones 134, each geophone 34‘outputs a signal represented
by s,(t). Therefore, the response of each of the
hydrophoneé 36 is equal. to the impact of the wavefront 64
defined as w(tj filtered by the impulse response p(t) of the
hydrophone 36. The response of each of the geophones 34 is
equal to the impact w(t) of the wavefront 64 filtered by
both the impulse response v(t) of the geophone 34 and the
impulse response c(t) of the coupling mechanism 50.

Once the signals from a hydrophone/geophone pair 18 are
recorded, the filter 72 having an impulse response h. (t) can
be designed which will transform the response s ,(t} of the
geophone 34 into the response s,(t) of the hydrophone 36, as
illustrated in Fig. 10. First, these signals are
transformed into the frequency domain, so that the signal
from the hydrophone 36 is defined by:

S,(w) = P(w) W(w), and Ega. (5)
the signal from the geophone 34 is defined by:

S.(w) = V{w) Céw) W(w) . Eqg. (6)
So, from Fig. 10 it follows that:

S,(w) = S,(w) H(w). Eq. (7)
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It should be apparent that, while the above discussion Is directed toward
conpensating the response of the geophone 34, a simlar nethod may be
used to conpensate the response of the hydrophone 36 so that it would be
substantially the sane as the response of the inperfectly coupled

geophone 34.

A filter so produced vibdfd-be applied to the hydrophone data

Then, the filter 72 having a transfer function H (w) 1is

designed by dividing the Fourier transform of the

hydrophone’s recorded waveform s,(t) by the Fourier

transform of the geophone’s recorded waveform s5,{t).

H, (w) = S{w) = __P(w) W (w) = _ P(w) Eq- (8)
Sy(w) V(w) C(w) W(w) V({w) C(w)

The transfer function of the filter 72 is illustrated

in Fig. 11. The curve 74 shows an increased amplitude

spectrum boost as compared with the curve 48 which

represents the amplitude spectrum of the filter 46.

Similarly, the curve 76 shows an increased phase spectrum

correction as compared with the curve 49 which represents

the phase spectrum for the filter 46. Therefore, the filter

72 having the transfer function characteristics illustrated

in Fig. 11 will compensate the respective curVgs 60 and 62

so that the compensated impulse'response signal from the

geophone 34 will be substantially eqgual to the impulse

response signal from the hydrophone 36. The filter 72, once

designed, is then applied to the geophone data traces

recorded during production shooting.

It should be apparent that, while the above discussion

is directed toward compensating thé.response of the geophone
34, a similar method may be used to compensate the response
of the hydrophone 36 so that it would be substantially the

same as the response of the imperfectly coupled geophone 34.

A filter so produced would be applied to. the hydrophone data
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25 -

traces recorded during production shooting, and would

_25_
traces recorded during production shooting, and would
essentially introduce the effects of the coupling mechanism
into the hydrophone’s signal.

Preferably, this technique is used in conjunction with
the reverberation attenuation technique disclosed in the
refgrenced'patent. To explain how the above-described
method may be used in conjunction with a method which also
corrects geophone data for optimum reverberation
attenuation, a slight modification of the foregoing
explanation is required. First, as explained in the
referenced patent, the responses of the éeophones 34 and
hydrophones 36 to a downwardly propagating wavefront 64 are
opposite in polarity. Therefore, before the filter 72 may
be designed in accordance with the above method, the
polarity of the recorded geophone response s,(t) is
reversed. Otherwise, the filter 72 would perform this
polarity reversal on the production seismic reflection data
transmittéd by the geophones 34, and, thus, the destructive
reverberation energy would be enhanced instead of
attgnuated. Secondly, as also explained in the referenced
patent, the amplitude of .the hydrophone’s response to the
wavefront 64 is affected by the water bottom reflection
coefficient K, and is'proportional to (l1+K,). In addition,
the amplitude of the geophone’s ;esponse to the wavefront 64
is similarly affected by the marine bottom reflection
coefficient K, and is proporticnal to (1-K). By designing

the filter 72 in accordance with the following discussion,
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essentially introduce the effects of the coupling nechanism into the
hydr ophone' s si gnal . Preferably, this technique is used in
conjunction with the reverberation attenuation technique disclosed in the

referenced patent. To explain how the above-described nethod nmay be used
in conjunction with a nmethod which al so 26 -

results in the correction provided by the correction factor
(1+K,}) /(1-K,) which is applied to the geophone data as
described in the referenced patent.

Fig. 12 illustrates a flow diagram 80 which represents
a preferred way to perform the method for designing the
filter 72. First; the survey ship 12 performs at least one
calibration sheoting pass. This step involves firing the
energy source 14 directly above the receivers 18 and
recording the resulting signals from the geophones 34 and
hydrophones 36, as shown in block 82. Once the recording
equipment receives a signal from each of the receivers 18
the survey ship may begin production'shooting. Preferably,
the survey ship 12 performs both the production shooting
immediately following the calibration shooting, so that all
of the shooting is recorded for processing at.a later time.
Preferably, a Model 3090 IBM mainframe computer running a
QTIPEX" operating system (commercially available from
Halliburton Geophysical Services, Inc. of Houston, Texas) is
used to process the calibration and reflection data.

It should be understood that the processor designs the
filter 72 using the calibration data and, then, applies the
filter 72 to reflection data from the respective geophones.
Thus, the following portion of the flow diagram 80 refers to
the design of the filter 72 using the calibration data. In
block 84, the processor reverses the polarity of the
geophone data trace for the reasons previously mentioned.

In blocks 86 and 88, peak detectors receive the geophone and
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corrects geophone data for optimumreverberation attenuation,
nodi fi cation of the foregoing explanation is required. First,

a slight
as expl ai ned

in the referenced patent, the responses of the geophones 34 and _
hydr ophones 36 to a downwardly propagati ng wavefront 64 are opposite in

polarity. Therefore, before the filter 72,yay

hydrophone data traces to determine the peaks of the first
arrival waveforms output by the geophones 34 and hydrophones
36, respectively. Preferably, this peak detection is
performed interactively using a personal computer program
called "PC Analysis." This program is a general data
analysis program that contains a variety of signal
processing subfoutines, such as a multi-channel seisnmic
event selecting algorithm used here, and is used by
Halliburton Geophysical Services, Inc. This pr;gram can
generate a text file which denotes, among other things, the
time of occurrence of the picked peaks, referred to herein
as t,. However, those skilled in the art will recognize
that any one of a variety of other types of peak detectors,
such as the one found in STATIX, a software package avail-
able from Sierra Geophysics,.Inc. of Seattle, -Washington,
may be used instead. As will be explained shortly, the time
corresponding to the peaks of the primary wavefront will be
used to isolate the effects of the primary wavefront from
the effects of reflected or reverberated wavefronts.

Block 90 receives the position of the source 14 from
block 92, the position of the receiver 19 from block 94, and
information regarding the depth of the water 17 from block
96. -Typically, this information is generated by the crew of
the survey ship 12 as part of its normal data generation
activity. The crew uses a radio navigation system that
typically includes three or more radio transmitters that are

positioned at known locations on shore. .These transmitters
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be designed in accordance with the above nethod, the polarity of the
recorded geophone response s[err](t) is reversed. Oherwise, the filter
woul d performthis polarity reversal on the production seismc reflection

dat a

transmtted by the geophones 34, and, thus, the destructive

reverberati on energy woul d be enhanced iusggaﬂ of

cooperate with receivers on board the ship to enable the
system to compute the exact location of the ship during
surveying. Preferably, the crew uses a radio navigation

system called "Syledis" which is commercially available from

'Sercel, Inc. of Nantes, France. From this information, the

angle of érfival of the seismic waveform w(t), with respect
to a vertical feference, is calculated using simple
algebraic manipulation in view of the geometrical
relationships obtained from the blocks 92-96. The effect of
a non-zero anglé of incidence upon the amplitude of the
geophone’s response is rembved by multiplying its data trace
by the reciprocal of the cosine of that angle, as
illustrated in block 90.

Next, in blocks 98 and 100, a window function is
generated and applied to the geophone and hydrophone data
traces. The window function isélates the electrical signals
resulting from the primary wave from the electfical signals
resulting from reflected or reverberated waves. Preferably,
this window function has an amplitude of 1.0 from time t=0.0

to t=t,. After t=t,, the window function has the shape of a

- cosine squared function that decreases in amplitude from 1.0

at time t=t, to an amplitude of zero at time t=t, + At. A
value for At which has worked very-well is 26 milliseconds.
Once the responses of the geophones 34 and hydrophones
36 to the primary wave are isolated, the Fourier transforms
of the resulting geophone and hydrophone traces are computed

in blocks 102 and 104. Preferably, traditional Fast Fourier
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attenuated. Secondly, as also explained in the referenced patent, the
anplitude of the hydrophone's response to the wavefront 64 is affected by
the water bottomreflection coefficient Kerr] and is proportional to

(1+K[err]). In addition, the anplitude of the geophone's response to the
wavefront 64 is simlarly affected by the sgari ne bottomreflection

transforms are used to transform the incoming signals from
the time domain to the frequency domain. One computer
algorithm for a Fast Fourier Transform is given by W. H.

Press, et al., umerical Recipes: The Art of Scientific

Computing, Cambridge University Press 1986 (reprinted 1988).
In block 106, the amplitude spectrum for the geophone trace
is calculated} in block 108, the phase spectrum for the
geophone trace is calculated; in block 110, the amplitude
specﬁrum for the hydrophone trace is calculated; and, in
block 112, the phase spectrum for the hydrophone trace is
calculated. Thereafter, the amplitude spectrum from the
hydrophone data trace is divided by the amplitude spectrum
of the geophone data trace in block 114. Similarly, in
block 116, the phase spectrum of the geophone trace is
subtracted from the phase spectrum éf the hydrophone trace.
(Refer to Eg. (8).) _Those skilled in the art will
appreciate that data manipulation of this type is easily
accomplished in the frequency domain using simple
mathematical operations such as division and subtraction.
.However, this data manipulation could take place in the time
domain using much more complex mathematical operations, such
as.convolution. Finally, the Inverse Fourier transform is
compﬁted, prefergbly using an Inverse Fast Fourier transform
as known in the art, in block 118. The resulting time
domain impulse function h(t) is the desired geophone data

correction filter 72.
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coefficient K, and is proportional to (1-K ). By designing the filter
I n accordance with the follow ng discussion,

..30..

Once the processor has determined the appropriate
filter 72, the impulse function h(t), i.e., the filtering
function describing the filter 72, is stored in memory.
Preferably, the processor stores the filtering function on a
hard disk on the mainframe, as i1s well known in the art.
Once storéd, as the processor inputs the production
reflection daﬁa, as described in the referenced patent
applicgtion, the processor appiies the filtering function ‘to
the geophone data trace prior to processing the geophone
data trace with the corresponding hydrophone data trace.

Preferably, the method described in the flow diagfam 80
is performed for each hydrophone/geophone pair location so
that a separate filter 72 is designed for each hydrophone/
geophone pair 18. Thus, every data trace recorded by the
geophones 34 at a particular receiver location during the
production of seismic reflection data gathering is filtered
by a particular filter 72. The filtered geophone data
traces -are then summed with the corresponding hydrophone
data traces at each receiver location to optimally attenuate
any reverberation energy arriving at the hydrOphone/qeophoné
pair from above, in accordance with the method de;cribed in

the referenced patent.
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- 26 - results in the correction provided by the correction factor
ls applied to the geophone data as described in the

(1+K)/Um’m1
ref eren ’ ” ! U I Fig. 12 illustrates a flow diagram 80 which
@

represents ¢ a tpr way to performthe method for designing the.
..31_

CLAIMS:

1. A marine seismic exploration method,
-comprising the steps of generating a calibration wave
into a marine environment, said calibration wave being a
primary seismic wave having a magnitude substantially
equal to a magnitude of a reflected seismic wave
produced during production shooting, detecting water
pressure at a first position in said marine environment
resulting from said calibration waﬁe and generating a
first signal correlative to said detected pressure,
detecting particle velocity at a second position in said
marine environment resulting from said calibration wave
and generating a second signal correlative to said
detected velocity, and calculating a filter using said
first and second'signa;s, characterised in that said
filter substantially equalises the response _
characteristics between said first and second signals,
and said filter is subsequently applied to only one of
said first and second signals generated as a result of
said reflected seismic wave produced during production
shoqting, said reflected seismic wave having a magnitude
greater than said magnitude of said calibration wave.

2. A method according to Claim 1, wherein the .
detection and signal generation steps comprise the

steps of placing a hydrophone in said marine environment
» said hydrophone being perfectly coupled with said
marine environment, detecting a signal produced by said
hydrophone in response to said calibration wave, said
hydrophone signal being influenced by an electrical
impulse response of said hydrophone, placing a geophone
in said marine environment, said geophone being

ThSistherepmcementsheei

Date: ‘13 DEC 1997



filter 72. First, the survey ship 12 perforns at |east one «calibration

shooti ng pass. ThIS step |nvolves firing the energy source 14 directly
above th mm"m'ﬂmﬂ recording the resulting signals fromthe
geophone ones 36, as shown in block 82. Once the recording

equi pnent reteived assignal from each of tgg receivers 18

imperfectly coupled to said marine environment, and _

- detecting a signal produced by said geophone in response
to said calibration wave, said geophone signal being
influenced by an electrical impulse response of said
geophone and by a mechanical impulse response of sald
geophone produced by said imperfect coupling,
characterised in that said response characteristics
substantially equalised by said filter are said
electrical response characteristic of said hydrophone
and said electrical and mechanical response

characteristics of said geophone.

3. A method according to Claim 1 or 2,
characterised in that said step of calculating said
filter comprises the steps of transforming said first
and second signals into first and second frequency
domain signals, respectively, calculating-a filter
transfer function using said first and second frequency
domain signals, and transforming said filter transfer
function into a time domain filter.

4. A method according to Claim 3, characterised
in that said step of transforming said first and second
signals comprises calculating a Fourier transform of
said first signal and of said second signal.

5. A method according to Claim 3 or 4,
characterised in that said step of calculating said
filter transfer function comprises dividing one of said
first and ‘second frequency domain signals by the other
of said first and second frequency domain signals.

6. A méthod according to Claim.3, 4 or 5,
characterised in that said step of transforming said
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the survey ship may begin production shooting. Preferably, the survey ship

12 perf oduction shooting immediately follow ng the
cali brﬁmﬁﬂﬂ m “ Hmo that all of the shooting is recorded for
proces c dlL aw aser «tinme. Preferably, a Mddel 3090 |IBM mai nfrane

conputer running a "TIPEX" operating system (commercially available from
[she y

filter transfer function comprises calculating an
inverse Fourier transform of said filter transfer

function.

7. . A method according to Claim 3, 4 or 6,'
characterised in that said step of calculating said
filter transfer function comprises dividing said first
frequency domain signal by said second frequency domain

signal.

8. A method according to Claim 7, characterised
in that said time domain filter is subsequently applied
to said second signals generated as a result of said
reflected seismic wave produced during production

shooting.
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Hal I i burton Geophysical Services, Inc. of Houston, Texas) is wused to
process the calibration and refl ection data. It should be understood
that the processor designs the filter 72 using the calibration data and,
then, applies the filter 72 to reflection data fromthe respective
geophones. Thus, the follow ng portion of 3gih_e flow diagram 80 refers to

ABSTRACT

METHOD OF MARINE SEISMIC EXPLORATION

In dual-sensor, bottom-cable (16) marine seismic exploration where
hydrophone/geophone pairs (18) are deployed on the marine bottom (20), coupling
imperfections between the geophones and the marine bottom contribute to
differences between the impulse response of the geophones and the impulse
response of the hydrophones. To correct for the coupling imperfection, a filter is

* designed which compensates for the inherent impulse response differences as well
as response differences caused by the imperfect coupling. First, the response of a
hydrophone and geophone to a seismic wave is recorded. Then, these recorded
responses are transformed into the frequency domain. Once transformed, the
response of the hydrophone is divided by the response of the geophone to produce
a filtering function which compensates the geophone signals to alleviate
differences in response characteristics between the geophone signals and the

hydrophone signals.

Fig. 1
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- 27 - hydrophone data traces to determ ne the peaks of the first arrival
wavefornms out put by the geophones 34 and hydrophones 36, respectively.
Preferably, this peak detection is
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perfornmed interactively using a personal conputer program called "PC

Anal ysis." This programis a general data analysis programthat contains a
vari ety of signal processing subroutines, such as a multi-channel seismc
event selecting algorithmused here, and is used by Halliburton

Geophysi cal Services, Inc. This prograrg can
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generate a text file which denotes, anong other things, the tine of
occurrence of the picked peaks, referred to herein as t[err]. However,

those skilled in the art will recognize that any one of a variety of other
types of peak detectors, such as the one found in STATIX, a software
package avail- able from Sierra Geophwsics, Inc. of Seattle, Washi ngton,
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may be used instead. As will be explained shortly, the tine corresponding
to the peaks of the primary wavefront will be wused to isolate the effects
of the primary wavefront from the effects of reflected or reverberated
wavefronts. Bl ock 90 receives the position of the source 14 from

bl ock 92, the position of the receiver 19 from block 94, and
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I nformati on regarding the depth of the water 17 from block 96. Typically,
this information is generated by the crew of

its normal data generation

systemt hat

positioned at known | ocations on shore.

the survey ship 12 as part of

activity. The crew uses a radi o navigation
typically includes three or nore radio transmtters that are
These transmtters
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T
- 28 - cooperate with receivers on board the shi p to enabl e the iXStc%mJ*@"’/‘a
corrpute the exact | ocati'en of itheé ‘shi p>duri‘ng ' o e

METHOD OF MARINE SEISMIC EXPLORATION

This invention relates generally to marine seismic
exploration.

In marine seismic exploration, a seismic survey
ship is equipped with an energy source and a receiver for
taking seismic profiles of an underwater land configuration.
The act of taking profileé is often referred to as
"shooting"” due to the fact that explosive devices have been
commonly used for many years as energy sources. The energy
source is designed to produce compressional waves that
propagate through the water and into the underwater land
formation. As the compressional waves propagate through the
land formation, they strike interfaces between formations,
commonly referred to as strata, and reflect back through the
earth and wéter to the receiver. The receiver typically
converts the received waves into electrical signals which
are then processed into an image that provides information
about the structure of the subterranean formation.

Presently, one of the most common energy sources
is an air gun that discharges air under very high pressure
into the water. The discharged air forms a pulse which
contains frequencies within the seismic range. Another
energy source which is frequently used is a marine vibrator.
Marine vibrators typically include a pneumatic or hydraulic
actuator that causes an acoustic piston to vibrate at a

range of selected frequencies. The vibrations of the
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surveying. Preferably, the crew uses a radio navigation systemcalled
"Syledis" which is comrercially available from Sercel, Inc. of Nantes,
France. Fromthis information, the angle of arrival of the seismc
waveformw(t), with respect to a verti_c?l reference, is calcul ated using
sinpl e algebraic manipulation in view of the geonetri cal

acoustic vibrator produce pressure differentials in the
water which generate seismic pulses free from spurious
bubbles.

Just as different energy sources may be used to
generate seismic waves in marine applications, different
receivers may be used to detect reflected seismic waves.
Typically, the receivers most commonly used in marine
applications are referred to as hydrophones. Hydrophones
convert pressure waves into electrical signals that are used
for analog or digital processing. The most common type of
hydrophone includes a piezoelectric element which converts
physical signals, such as pressure, into electrical signals.
Hydrophones are usually mounted on a long streamer which is
towed behind the survey ship at a depth of about 30 feet.

Alternatively, marine seismic techniques may use
different types of receivers which detect different
characteristics of the environment. For instance, in
bottom-cable seismic recording, a combination of pressure
sensitive transducers, such as hydrophones, and particle
velocity transducers, such as geophones, can be deployed on
the marine bottom. While geophones are typically used in
land operations where metal spikes anchor the geophones to
the ground to ensure fidelity of geophone motion to ground
motion, geophones cannot be economically anchored in marine
applications. Therefore, cylindrical, gimbal geophones are
attached to the bottom-cable. After the cable is deployed
from the seismic survey ship, the geophones simply lie in
contact with the marine bottom where they fall. The gimbal
mechanism inside the cylinder assures that the geophone
element mounted therein is oriented vertically for proper
operation,

As is obvious from the above discussion, a variety
of seismic equipment and techniques may be used in an
attempt to accurately plot the underwater land formation.

Regardless of which technique or combination of equipment is
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rel ati onshi ps obtained fromthe bl ocks 92-96. The effect of a non-zero
angl e of incidence upon the anplitude of the geophone's response is
renoved by nultiplying its data trace by the reciprocal of the cosine of
that angle, as illustrated in block 90, Next, in blocks 98 and 100,
a.w ndow function is -3 -

used, each offers certain advantages and disadvantages when
compared to one another. For instance, gathering seismic
data with a towed streamer in areas populated with numerous
obstacles, such as drilling and production platforms, can be
difficult or even impossible because the streamer may strike
one of the obstacles and tear loose from the towing vessel.
Such an event represents an extremely costly loss.

By contrast, in bottom-cable seismic operations,
no such difficulty exists because the cable is deployed in a
fixed position on the water bottom. However, in the
above-mentioned towing technique, the hydrophone being towed
behind the survey ship is perfectly coupled to the water in
which it is immersed. Unfortunately, in a bottom-cable
operation, since there is no practical way to effectively
couple a geophone to the marine bottom as it can be coupled
to dry land, the geophone is not perfectly coupled to its
environment. Therefore, the signals received from the
imperfectly coupled geophone do not accurately reflect the
quantity being measured.

We have now found a way of overcoming, or at least
minimizing, one or more of the problems set forth above.

In accordance with one aspect of the present
invention, there is provided a marine seismic exploration
method which comprises the steps of: sgenerating a seismic
wave into a marine environment; detecting water pressure at
a first position in said marine environment resulting from
said seismic wave and generating a first signal correlative
to said detected pressure; detecting particle velocity at a
second position in said marine environment resulting from
said seismic wave and generating a second signal correlative
to said detected velocity; and calculating a filter transfer
function using said first and second signals, said filter
transfer function substantially equalizing response
characteristics between said first and second signals.

Preferably, the first and second signals are
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generated and applied to the geophone and hydrophone data traces. The

w ndow function isolates the electrical signals resulting fromthe primary
wave fromthe electrical signals resulting fromreflected or reverberated
waves. Preferably, this w ndow function has an anplitude of 1.0.fromtine
t=0.0 to t=t[err]. After t=t[err], the4wrndow function has the shape of a

transformed into first and second frequency domain signals,
respectively. Then, one of the frequency domain signals is
divided by the other to produce the filter transfer
function. If the filter transfer function is intended to
compensate the second signal from the geophone for the
response difference due to the imperfect coupling of the
geophone, the first frequency domain signal is divided by
the second frequency domain signal to obtain the filter
transfer function. After the filter transfer function has
been transformed into a time domain filtering function,
subsequent second signals are filtered by the time domain
filtering function.

In a second aspect of the invention, there is
provided a method of calibrating a geophone/hydrophone
receiver pair in a marine environment, said method
comprising the steps of deploying said geophone/hydrophone
receiver pair in said marine environment; generating a
seismic wave into said marine environment, generating a
first signal correlative to a detected pressure through
implementation of said hydrophone detecting water pressure
resulting from receiving said seismic wave; generating a
second signal correlative to a detected velocity through
implementation of said geophone detecting particle velocity
resulting from receiving said seismic wave; transforming
said first and second signals into first and second
frequency domain signals, respectively; dividing one of said
first and second frequency domain signals by the other of
said first and second frequency domain signals to obtain a
filter transfer function; transforming said filter transfer
function into a time domain filter; and applying said time
domain filter to one of said first and second signals
generated as a result of subsequent seismic waves.

In a third aspect, the invention provides a method
of correcting a coupling difference between a hydrophone and

a geophone in a marine environment, said method comprising
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cosi ne squared function that decreases in anplitude from1.0 at tine
t=t[err] to an anplitude of zero at time t=t[err] + [err]t. A value for At
whi ch has worked very well is 26 m|liseconds. Once the responses of
t he geophones 34 and hydrophones 36 to_.the primary wave are isolated, the
Fourier transfornms of the resulting gé&bﬁbne and hydrophone traces are
conput ed

the steps of placing said hydrophone in said marine
environment, said hydrophone being perfectly coupled with
said marine environment; placing said geophone in said
marine environment, said geophone being imperfectly coupled
with said marine environment; generating a calibration wave
into said marine environment, said calibration wave being a
primary seismic wave having a magnitude substantially equal
to a magnitude of a reflected seismic wave produced during
production shooting; detecting a signal produced by said
hydrophone in response to said seismic wave, said hydrophone
signal being influenced by an electrical impulse response of
said hydrophone; detecting a signal produced by said
geophone in response to said seismic wave, said geophone
signal being influenced by an electrical impulse response of
said geophone and by a mechanical impulse response of said
geophone produced by said imperfect coupling; transforming
said hydrophone signal and said geophone signal into first
and second frequency domain signals, respectively; dividing
one of said first and second frequency domain signals by the
other of said first and second frequency domain signals to
obtain a filter transfer function; transforming said filter
transfer function into a time domain filter; and
substantially equalizing said electrical response
characteristic of said hydrophone with said electrical and
mechanical response characteristics of said geophone by
applying said time domain filter to only one of said
hydrophone signal and geophone signal generated as a result
of a subsequent seismic wave produced during production
shooting, said subsequent seismic wave having a magnitude
greater than said magnitude of said calibration wave.

In order that the invention may be more fully
understood, reference is made to the accompanying drawings,
wherein:

Fig. 1 illustrates apparatus used in a bottom~

cable operation;
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i n blocks 102 and 104. Preferably, traditional Fast Fourier

- 29 -

Fig. 2 illustrates a hydrophone/geophone pair
lying on the marine bottom;

Fig. 3 illustrates the impulse response
characteristics of the hydrophone and geophone in the
frequency domain assuming that both the hydrophone and
geophone are perfectly coupled to their environment;

Fig. 4 diagrammatically illustrates a filter that
equates the impulse response of a perfectly coupled geophone
to the impulse response of a perfectly coupled hydrophone;

Fig. 5 illustrates the amplitude and phase spectra
of the filter shown in Fig. 4;

Fig. 6 schematically illustrates a mechanical
system that models the coupling between the water bottom and
the geophone;

Fig. 7 illustrates the effect of imperfect
geophone coupling on the geophone's response to a seismic
impulse;

Fig. 8 illustrates a downwardly propagating
pressure wave impinging on the hydrophone/geophone pairs on
the marine bottom;

‘ Fig. 9 diagrammatically illustrates the response
of a geophone and hydrophone to the pressure wave of Fig. 8;

Fig. 10 diagrammatically illustrates a filter that
equates the response of an imperfectly coupled geophone to
the response of a perfectly coupled hydrophone;

Fig. 11 illustrates the amplitude and phase
spectrums of the filter shown in Fig. 10; and

Fig. 12 is a flow diagram of a preferred method
for designing the filter shown in Fig. 10.

While the invention is susceptible to various
modifications and alternative forms, specific embodiments
have been shown by way of example only in the drawings and
will be described in detail herein. However, it should be
understood that the invention is not intended to be limited

to the particular forms disclosed.
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transforns are used to transformthe incomng signals from the tinme donmain
to the frequency domain. One conputer algorithmfor a Fast Fourier
Transformis given by W H Press, et al., Nunerical Recipes: The Art of
Scientific Conputing, Canbridge Uni ve[siity Press 1986 (reprinted 1988).

I n_bl ock 106, the anplitude spectrumfor’the geophone trace

Turning now to the drawings and referring initially to
Fig. 1, a preferred marine seismic survey system is
illustrated and generally designated by a reference numeral
10. The system 10 includes a seismic survey ship 12 that is
adapted for towing a seismic energy source 14 through a body
of water 17. The seismic energy source 14 is an acoustic
energy source or an array of such sources. An acoustic
energy source preferred for use with the system 10 is a
compressed air gun, called a "sleeve gun", which is commer-
cially available from Halliburton Geophysical Services, Inc.
of Houston, Texas. The source 14 is constructed and
operated in a manner conventional in the art.

The system 10 also includes a receiving ship 15 that is
preferably anchored in the body of water 17. The receiving
ship 15 deploys a cable 16 on the marine bottom 20, and
receives signals from the cable 16 as will be subsequently
explained in detail. One preferred cable is commercially
available from Tescorp Seismic Products Co. of Houston,
Texas, but those skilled in the art recognize that any one
of a wide variety of cables can be used. The cable 16
carries at least one receiver 18, but preferably includes a
plurality of such units..

The receiver 18 includes a hydrophone for detecting
water pressure and a geophone for detecting water-bottom
particle velocity. More particularly, the hydrophones and
geophones on the cable 16 are arranged in identical spatial

arrays when deployed on the marine bottom 20. Each
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I's calculated; in block 108, the phase spectrumfor the geophone trace is
calcul ated; in block 110, the anplitude spectrumfor the hydrophone trace
is calculated; and, in block 112, the phase spectrumfor the hydrophone
trace is calcul ated. Thereafter, the arrpl i tude spectrumfromthe

hydr ophone data trace is divided by t he® anpl i tude spectrum

individual hydrophone has a gimballed geophone positioned
next to it. A separate electrical signal is sent to a
recording system on the ship 15 for each hydrophone and each
geophone spatial array. The survey ship 12 fires the source
14 at predetermined locations while the signals from the
hydrophone and geophone arrays are recorded. These signals
are typically referred to as reflection data. The data is
recorded by a multi-channel seismic recording system that
selectively amplifies, conditions and records time-varying
electrical signals onto magnetic tape. Advantageously, the
system also digitizes the received signals, using a 14 bit
analog-to-digital converter for instance, to facilitate
signal analysis. Preferably, the ship 15 utilizes a seismic
recording system which is commercially available from
Halliburton Geophysical Services, Inc. However, those
skilled in the art will recognize that any one of a variety
of seismic recording systems can be used.

According to a preferred practice, the cable 16 and
hydrophone/geophone pair 18 are positioned on the marine
bottom 20 for use in three-dimensional, "bottom-cable™
operations. Normal production shooting takes place with the
survey ship 12 moving at;a constant speed along a set of
parallel lines, or swath, with respect to the cable 16.
After the survey ship 12 completes the swath, the receiving
ship 15 or other suitable ship retrieves the cable 16 and

re~deploys the cable 16 in a line spaced from, but parallel
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of the geophone data trace in block 114. Simlarly, in block 116, the
phase spectrum of the geophone trace is subtracted fromthe phase spectrum
of the hydrophone trace. (Refer to Eq. (8).) Those skilled in the art wll
appreci ate that data nanipul ation of thIS type is easily acconplished in

t he frequency domain using sinple

- o, the previous cable location. Once the cable 16 is re-
deployed, the survey ship 12 shoots another swath.

During data collection, seismic waves generated by the
source 14 travel downwardly, as indicated by the rays 22.
These primary waves are reflected off of interfaces between
strata, such as the interface 28 between strata 24 and 26,
in the subterranean earth formation 32. The reflected waves
travel upwardly, as illustrated by the rays 30. The
hydrophone/geophone pairs that make up each receiver 18
detect the reflected waves. The receivers 18 generate
electrical signals representative of pressure and particle
velocity changes inherent to the wave field, and transmit
these generated electrical signals back to the survey ship
15 via the cable 16. The recordiné equipment within the
ship 15 records these electrical signals so that they can be
subsequently processed to map the subterranean earth
formation 32.

It should be understood that the receivers 18 not only
detect the reflected waves of interest, but also the primary
wave and reverberated waves. Reverberated waves are
reflected waves which reflect off of the water-air interface
at the surface of the water 17 and travel downwardly in the
water 17 to impinge on the receivers 18. Reverberated waves
are illustrated by the rays 33 in Fig. 1. The effects of
reverberated waves will be discussed subsequently
with reference to our U.S. patent specification no.
4,979,150 to which reference should be made for further

details.
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mat hemati cal operations such as division and subtraction. However, this
data mani pul ation could take place in the tinme domin using nuch nore
conpl ex mat hermati cal operations, such as convolution. Finally, the Inverse
Fourier transformis conputed, preferably using an Inverse Fast Fourier
transform as known in the art, in bl oc'k1¥’1'8. The resulting tine

Fig. 2 illustrates a receiver 18 which includes a
gimbal geophone 34 and a hydrophone 36. Preferably, the
geophone is a Model SG-1 which is commercially availaﬁle
from SENSOR Nederland b.v. of Voorschoten, Holland, and the
hydrophone is a Model MP-24 which is commercially available
from OYO Geospace Corp. of Houston, Texas. As illustrated,
the geophone 34 and hydrophone 36 are lying on the marine
bottom 20, and togethér comprise a hydrophone/geophone pair.
As mentioned previously, dual-sensor detection techniques
offer certain advantages because hydrophones detect pressure
variations and geophones detect particle velocity
variations. However, hydrophones and geophones typically
exhibit different impulse response characteristics due, in
part, to differences in design. Hence, if we assume that
the geophone 34 and hydrophone 36 are perfectly coupled to
their environment, i.e., the body of water 17 and the marine
bottom 20, then their impulse responses are probably
different. If we further assume that the hydrophone 36 has
a natural frequency of w, and that the geophone 34 has a
natural frequency of wvf then when the impulse responses are
transformed into the frequency domain, the transfer
functions of the éeophone 34 and hydrophone 36 are
illustrated by the amplitude and phase spectrums shown in
Fig. 3. Curves 38 and 40 illustrate the amplitude response

with respect to frequency of the geophone 34 and the
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domai n i npul se function h[err](t) is the desired geophone data correction
filter 72.

_ll_
hydrophone 36, respectively, and curves 42 and 44 illustrate
the phase response with respect to frequency of the geophone
34 and the hydrophone 36, respectively.

The transfer functions of the geophone 34 and of the
hydrophone 36 determine how the signals that they output
correspond to any given input. If the seismic survey system
10 used only one type of receiver or the other, the transfer
function of the particular receiver would initially be of
interest to determine how the receiver would respond to a
variety of foreseeable inputs. .But past this determination,
the impulse response of any particular type of receiver
would be of relatively little importance when processing the
signals delivered from such receivers. However, when the
seismic survey system 10 includes different types of
receivers, such as in the dual-sensor configuration
described herein, the recording and/or processing of the
electrical signals delivered by such receivers requires that
the signal from one type of receiver be combined in some
fashion with the signal from another type of receiver. For
instance, as described in the referenced patent, a separate
electrical signal is sent to the recording system from each
hydrophone and each geopéone array. The received signals
are referred to as reflection data. The recorded hydrophone
and geophone reflection data are demultiplexed, gain-
removed, and amplitude recovered using identical amplitude
recovery curves. The gain-removal process properly uses the

K-gain settings of the recording instruments.
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- 30 - Once the processor has determ ned the appropriate filter 72,
the i npul se function h[err](t), i.e., the filtering function describing
the filter 72, is stored in nenory. Preferably, the processor stores the
filtering functlon on a hard disk on the mai nfrane, as is well known in
the art.

Since the electrical signals from each type of receiver
are combined during processing, the impulse response of each
type of receiver should be substantially identical in order
to avoid differences in the respective signals due solely to
the impulse response of the respective types of receivers.
However, as previously mentioned, due to the differences in
design between geophones and hydrophones, it is quite
possible that a geophone will have an impulse response
different from the impulse response of a hydrophone.
Therefore, the system 10 uses a filter designed in
accordance with the theoretical or measured impulse
responses of the hydrophones and geophones to convert the
phase spectrum and normalized amplitude spectrum of the
geophone to match that of the hydrophone, or vice versa.

One such filter is illustrated in Fig. 4. 1In this
figure, v(t) represents the impulse response of the geophone
34, p(t) represents the impulse response of the hydrophone
36, and h(t) represenfs the impulse response of a filter 46
which transforms the impulse response of the geophone 34 to
equal the impulse response of the hydrophone 36. Therefore,
when the signal delivered by the geophone 34 is delivered to
the filter 46, the filtef 46 modifies the signal to have the
same amplitude and phase characteristics as the signal
delivered by the hydrophone 36. Preferably, the impulse
response h(t) of the filter 46 is designed in the frequency
domain by dividing the amplitude spectrum of p(t) by the

amplitude spectrum of v(t) and subtracting the phase
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Once stored, as the processor inputs the production reflection data, as
described in the referenced patent application, the processor applies the
filtering function to the geophone data trace prior to processing the
geophone data trace with the correspondi ng hydrophone data trace.
Preferably, the nethod described inthe flow di agram 80

spectrum of v{t) from the phase spectrum of p(t), as the
following equations illustrate mathematically. First, cach
of the time domain signals are transformed into the
frequency domain using an appropriate function, such as a
Fourier transform. For instance, the Fourier transform of

the impulse response p(t) of the hydrophone 36 1s calculated
by:

-jut
P(@) = [ ()Tl and Eg. (1)

the impulse response v(t) of the geophone 34 1s calculated
by:

Viw) = | vty dotdt .
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Is perforned for each hydrophone/ geophone pair location so that a separate
filter 72 is designed for each hydrophone/ geophone pair 18. Thus, every
data trace recorded by the geophones 34 at a particular receiver |ocation
during the production of seismc reflection data gathering is filtered by
a particular filter 72. The filtered geophone data

_1[‘_

Once the impulse response of the geophone 34 and hydrophone

36 have been transformed into the frequency domain, it

follows from Fig. 4 that:

P(w) = H(w) V(w), so Eq. (3)

H(w) = Plw) = 'P(w)! ' 01 (Bp(w)- 9V(w))

Egq. (4)
V(w) WV (w) |
where |P(w), 1s the magnitude of P(w); !V(w)! 1s the
magnitude of V(w); 6 (w) 1is the phase of P(w); and 0 (w} 1s
the phase of V(w). The amplitude and phase spectrums of the

transfer function H(w) for the filter 46 are illustrated in
Fig. 5. Notice that the amplitude curve 48 shows an
increased response boost near the natural frequency of e of

the hydrophone 36 which should offset the differences
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traces are then sutmmed with the correspondi ng hydrophone data traces at
each receiver location to optimally attenuate any reverberation energy
arriving at the hydrophone/ geophone pair from above, in accordance with
t he nmet hod described in the referencedlgatent.

-

between the curves 38 and 40 of Fig. 3. Similarly, the
phase curve 49 shows an increased response boost near the
natural frequency w, of the gecophone 34 which should offset
the differences between the curves 42 and 44 of Fig. 3.

The shortcoming of this filter 46 is that by using it
one assumes that the geophone 34 moves in perfect
synchronization with the particles of the marine bottom 20
as a seismic wave arrives either from the earth formation 32
or from the water 17. When geophones are used in land
operations, metal spikes approximately two to three inches
long are fitted to the bottoms of all geophone cases. When
a geophone is planted at its location, it is driven, spike
first, as far into the ground as possible. Moreover, the
geophone package is designed to have a density approximately
equal to the density of the earth material at the location
where the geophone is to be planted. Therefore, when the
geophone is planted using the spikes, excellent fidelity of
geophone case motion to particle motion results.

However, in the marine dual-sensor, bottom-cable
operation described herein, the geophones 34 and hydrophones
36 are deployed in water .that may be hundreds of feet deep.
Unfortunately, planting éhe geophones 34 with spikes is
impossible, or at least very impractical. Therefore, as
mentioned previously, a gimbal mechanism is used to assure
that the geophones 34 remain vertically oriented for proper
operation when the geophones 34 contact the marine bottom

20. However, since the geophones 34 are not rigidly
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31 -

CLAI VE:

- 16 -
connected to the marine bottom 20, they do not move exactly
in phase or with the same amplitude as the marine bottom
particles when a seismic wave arrives.

A coupling mechanism 50 which models this problem is
illustrated in Fig. 6. As illustrated, both the geophone 34
and the hydrophone 36 are coupled to the marine bottom 20.
The double-headed arrow 52 represents the direction of
pressure waves impinging upon the hydrophone 36. The pres-
sure waves may either propagate downwardly in the water 17
or upwardly from a reflection in the subterranean formation
32. Since the hydrophone 36 is perfectly coupled to the
water to receive pressure waves, the hydrophone 36 is illus-
trated as being directly connected to the marine bottom 20.

Similarly, the double-headed arrow 54 represents the
direction of particle motion of the marine bottom 20.
However, since the geophone 34 is not perfectly coupled with
the marine bottom 20, the coupling mechanism 50 represents
an analytical model of this coupling imperfection. In other
words, the geophone 34 responds to movement of the water
bottom 20 as if it were connected to the water bottom 20 by
an unsprung mass m, a spring 56 having a spring constant k,
and a damper 58 having a;damping constant B. By taking into
account the effects caused by this imperfect coupling, a
more accurate determination of the velocity of particle
motion of the marine bottom 20 may be made. Using this
model, it 1s easy to visualize that as the particles of the

water bottom 20 affect the unsprung mass m, which is
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1. A marine seismc exploration method, conprising the steps of
generating a calibration wave into a nmarine environnent, said calibration
wave being a primary seismc wave having a nmagni tude substantially equal to
a magnitude of a reflected seismc wave Froduced during production
shooting, detecting water pressure at a {rst position in said marine

environnment resulting fromsaid calibration wave and eneratin% a first
si gnal cor rel sVt 25 PHRLRVL gt fipled to the water bottom

20, the unsprung mass m will in turn affect the geophone 34
as if the geophone 34 were connected to the unsprung mass m
via the spring 56 and the damper 58. The spring 56 and the
damper 58 will affect the force and energy transferred from
the unsprung mass m to the geophone 34. Thus, the response
of the geophone 34 is adversely affected by its imperfect
coupling, since the coupling mechanism 50 filters the
velocity characteristic sought to be measured.

Fig. 7 illustrates the expected effect of imperfect
coupling on the geophone’s response to a seismic impulse.
Like the curves shown in Fig. 3, Fig. 7 illustrates the
impulse responses of the geophone 34 and hydrophone 36 after
having been transformed into the frequency domain.
Therefore, curve 60 represents the amplitude with respect to
frequency transfer function of the system which includes the
geophone 34 and the coupling mechanism 50. Similarly, the
curve 62 illustrates the phase with respect to frequency
transfer function of the geophone 34 and coupling mechanism
50. The curves 38-44 are reproduced for ease of comparison
with the curves 60 and 62. 1In this example, the curves 60
and 62 show that the ampiitude response of the geophone 34
is less sensitive to high frequencies than it would normally
be if it were perfectly coupled. Moreover, its response is
delayed, as indicated by the increased phase lag of the

curve 62 with respect to the curve 42.
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detecting particle velocity at a second position in said marine environnent
resulting fromsaid calibration wave and generating a second signal
correlative to said detected velocity, and calculating a filter using said
first and second signals, characterised i$ that said filter substantially
equal i ses the response characteristics betvween said first and second
signals, and sajd filter is SUbsequentlgogfplied to only one of said first

and second si gnaf¥*gBnEFPEPERLa8d ath e P SWaj B¢ ef TRRY B S AR ave

duced during. d ' h ' id reflected i smc ) havi
Tagni t ude. SPRREEPS L AR BEnEBkPE aketr SetPur Ear R e wENE the D

impulse response of the hydrophone/geophone pair 18 during
recording and processing. The problem with ignoring the
imperfect coupling of the geophone 34 and the effect it has
on the response of the geophone 34 is apparent from the
previous discussion. If the filter 46 were applied to the
geophone signal in order to match the impulse response of
the geophone 34 to the impulse response of the hydrophone
36, engineers entrusted with recording and processing the
data from the hydrophone/geophone pair 18 would assume that
the filter 46 compensated for any differences in response
between the hydrophone 36 and the geophone 34. However, the
filter 46 does not compensate for the difference in response
of the geophone 34 caused by the imperfect coupling of the
geophone 34 with the marine bottom 20. Hence, the impulse
responses of the geophone 34 and the hydrophone 36 are still
different even though the filter 46 provides partial
compensation in the illustrated example of Fig. 7.

To compensate for the difference in impulse response
between the imperfectly coupled geophone 34 and the
perfectly hydrophone 36,;a filter 72 having an appropriate
response is designed as illustrated in Fig. 10. While the
filter 72 can be designed either theoretically or
empirically, the following discussion describes a preferred

practical method, in accordance with the previously
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2. A nmet hod according to Claim1l, wherein the detection and signal
generation steps conprise the steps of placing a hydrophone in said marine
envi ronnment , said hydrophone being perfectly coupled with said marine
envi ronnment, detecting a signal produc by sai d hydrophone in response to
said calibration wave, said hydrophone signal being influenced by an

oLectiCalyLIRLES LE3RRNss g SaLyNdLRRIons, aLestithfngegRione 11 sald
appropriate response of the filter 72.

After the cable 16 has been deployed on the marine
bottom 20, as illustrated in Fig. 8, the survey ship 12
performs a calibration shooting operation. The calibration
operation includes recording the responses of the geophones
34 and hydrophones 36 to a downwardly propagating seismic
wave produced by the seismic energy source 14. The seisnmic
energy source 14 generates a wavefront 64 having a waveform
w(t), which is referred to as the primary wave.generated by
the seismic energy source 14. Recall that the primary wave
was defined in Fig. 1 using the rays 22. Preferably, during
production shooting, the source 14 includes an array of air
guns which are fired simultaneously. However, during the
calibration shooting operation, firing the entire array may
overdrive the receivers 18. Therefore, only a portion of
the air gun array, such as one or two guns, is used during
calibration. As will be recognized by those skilled in the
art, the number of guns used depends on parameters such as
water depth, air gun volume, and the electrical
characteristics of the receivers.

The response of the éeophones 34 and of the hydrophones
36 to the impinging wavefront 64 is illustrated in the block
diagram of Fig. 9 where p(t) in block 66 represents the
impulse response of a hydrophone 36, v(t) in block 68
represents the impulse response of a geophone 34, and c(t)

in block 70 represents the impulse response of the coupling
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mechanism 50. When the wavefront 64 strikes the hydrophones
36, each hydrophone 36 outputs a signal represented by
s,(t). Similarly, when the wavefront 64 strikes the
geophones 34, each geophone 34 outputs a signal represented
by s,(t). Therefore, the response of each of the
hydrophones 36 is equal to the impact of the wavefront 64
defined as w(t) filtered by the impulse response p(t) of the
hydrophone 36. The response of each of the geophones 34 is
equal to the impact w(t) of the wavefront 64 filtered by
both the impulse response v(t) of the geophone 34 and the
impulse response c(t) of the coupling mechanism 50.

Once the signals from a hydrophone/geophone pair 18 are
recorded, the filter 72 having an impulse response h (t) can
be designed which will transform the response s,(t) of the
geophone 34 into the response s,(t) of the hydrophone 36, as
illustrated in Fig. 10. First, these signals are
transformed into the frequency domain, so that the signal
from the hydrophone 36 1is defined by:

S,{w) = P(w) W{(w), and Eq. (5)
the signal from the geophone 34 is defined by:

Si{w) = V(w) C(w) W(w) Eq. (6)
So, from Fig. 10 it follows that:

S, (w) = S,(w) H(w). Eq. (7)
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I nperfectly coupled to said marine environnent, and detecting a signal
produced by said geophone in response to said calibration wave, said
geophone signal being influenced by an el ectrical inpulse response of said
geophone and by a mechani cal i npul se r%ﬁponse of sai d geophone produced by
said i nperfect coupling, characterised’nthat said response
characteristics subs{ tially equalised by said filter are said electrical
response cHFRct®hs s ’?lrc]t%’f .é%ilba G sffy LA 8 €hl nd
nEChanlcaJdééfgﬁggegy dividing the Fourier transform of the

hydrophone’s recorded waveform s, (t) by the Fourier

transform of the geophone’s recorded waveform s, (t).

H (w) = S (w} = Plw) W{w) = P{w) Eg. (8)
S,{(w) V(w) C(w) W(w) V(w) C(w)

The transfer function of the filter 72 is illustrated
in Fig. 11. The curve 74 shows an increased amplitude
spectrum boost as compared with the curve 48 which
represents the amplitude spectrum of the filter 46.
Similarly, the curve 76 shows an increased phase spectrum
correction as compared with the curve 49 which represents
the phase spectrum for the filter 46. Therefore, the filter
72 having the transfer function characteristics illustrated
in Fig. 11 will compensate the respective curves 60 and 62
so that the compensated impulse response signal from the
geophone 34 will be substantially equal to the impulse
response signal from the hydrophone 36. The filter 72, once
designed, is then applied to the geophone data traces
recorded during production shooting.

It should be appareﬁt that, while the above.discussion
is directed toward compensating the response of the geophone
34, a similar method may be used to compensate the response
of the hydrophone 36 so that it would be substantially the
same as the response of the imperfectly coupled geophone 34.

A filter so produced would be applied to the hydrophone data
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characteristics of said geophone. 3.

or
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second frequency domain signals, respe Eively, calculating a filter

transfer function using said first and“Second frequency domai n signal s,
transforniqg said filéqé éransfer functjon into a tine dOﬁHI% filter.
trace e 1

S recor uring production shooting, and wou
essentially introduce the effects of the coupling mechanism
into the hydrophone’s signal.

Preferably, this technigue is used in conjunction with
the reverberation attenuation technique disclosed in the
referenced patent. To explain how the above-described
method may be used in conjunction with a method which also
corrects geophone data for optimum reverberation
attenuation, a slight modification of the foregoing
explanation is required. First, as explained in the
referenced patent, the responses of the geophones 34 and
hydrophones 36 to a downwardly propagating wavefront 64 are
opposite in polarity. Therefore, before the filter 72 may
be designed in accordance with the above method, the
polarity of the recorded geophone response s, (t) is
reversed. Otherwise, the filter 72 would perform this
polarity reversal on the production seismic reflection data
transmitted by the geophones 34, and, thus, the destructive
reverberation energy would be enhanced instead of
attenuated. Secondly, as also explained in the referenced
patent, the amplitude of .the hydrophone’s response to the
wavefront 64 is affected:by the water bottom reflection
coefficient K, and is proportional to (1+K,). 1In addition,
the amplitude of the geophone’s response to the wavefront 64
is similarly affected by the marine bottom reflection
coefficient K, and is proportional to (1-K,). By designing

the filter 72 in accordance with the following discussion,
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A nmet hod according to Claim1l
characterised in that said step of calculating said filter conprises
the steps of transformng said first and second signals into first and

and



4. A method according to Gaim3, characterised in that said step of
transformng said first and second signals conprises calculating a Fourier
transformof said first signal and of said second signal. 5. A

met hod according to Claim3 or 4, chgrgfterlsed in that said step of
cal.culating said filter transfer function conprises dividing one of said

fr o ¢ 2ndpagaond ShoRHEncY, dOIPI £ ShO0F! SofVng Nnd ISE, &L 83! deddLs N
second frequency nars.

(1+K,) / (1-K,) which is applied to the geophone data as

described in the referenced patent.

Fig. 12 illustrates a flow diagram 80 which represents
a preferred way to perform the method for designing the
filter 72. First, the survey ship 12 performs at least one
calibration shooting pass. This step involves firing the
energy source 14 directly above the receivers 18 and
recording the resulting signals from the geophones 34 and
hydrophones 36, as shown in block 82. Once the recording
equipment receives a signal from each of the receivers 18
the survey ship may begin production shooting. Preferably,
the survey ship 12 performs both the production shooting
immediately following the calibration shooting, so that all
of the shooting is recorded for processing at a later time.
Preferably, a Model 3090 IBM mainframe computer running a
"TIPEX" operating system (commercially available from
Halliburton Geophysical Services, Inc. of Houston, Texas) is
used to process the calibration and reflection data.

It should be understood that the processor designs the
filter 72 using the calibration data and, then, applies the
filter 72 to reflection &ata from the respective geophones.
Thus, the following portion of the flow diagram 80 refers to
the design of the filter 72 using the calibration data. 1In
block 84, the processor reverses the polarity of the
geophone data trace for the reasons previously mentioned.

In blocks 86 and 88, peak detectors receive the geophone and
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6. A nethod according to Caim3, 4 or 5 characterised in that said
step of transform ng said

_24_
hydrophone data traces to determine the peaks of the first
arrival waveforms output by the geophones 34 and hydrophones
36, respectively. Preferably, this peak detection is
performed interactively using a personal computer program
called "PC Analysis." This program is a general data
analysis program that contains a variety of signal
processing subroutines, such as a multi-channel seismic
event selecting algorithm used here, and is used by
Halliburton Geophysical Services, Inc. This program can
generate a text file which denotes, among other things, the
time of occurrence of the picked peaks, referred to herein
as t,. However, those skilled in the art will recognize
that any one of a variety of other types of peak detectors,
such as the one found in STATIX, a software package avail-
able from Sierra Geophysics, Inc. of Seattle, Washington,
may be used instead. As will be explained shortly, the time
corresponding to the peaks of the primary wavefront will be
used to isolate the effects of the primary wavefront from
the effects of reflected or reverberated wavefronts.

Block 90 receives the position of the source 14 from
block 92, the position of the receiver 19 from block 94, and
information regarding thé depth of the water 17 from block
96. Typically, this information is generated by the crew of
the survey ship 12 as part of its normal data generation
activity. The crew uses a radio navigation system that
typically includes three or more radio transmitters that are

positioned at known locations on shore. These transmitters
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- 33- . filter transfer function conprises cal c'ul ating an inverse Fourier
transformof said filter transfer function.
- 25 -

cooperate with receivers on board the ship to enable the
system to compute the exact location of the ship during
surveying. Preferably, the crew uses a radio navigation
system called "Syledis" which is commercially available from
Sercel, Inc. of Nantes, France. From this information, the
angle of arrival of the seismic waveform w(t), with respect
to a vertical reference, is calculated using simple
algebraic manipulation in view of the geometrical
relationships obtained from the blocks 92-96. The effect of
a non-zero angle of incidence upon the amplitude of the
geophone’s response 1is removed by multiplying its data trace
by the reciprocal of the cosine of that angle, as
illustrated in block 90.

Next, in blocks 98 and 100, a window function is
generated and applied to the geophone and hydrophone data
traces. The window function isélates the electrical signals
resulting from the primary wave from the electrical signals
resulting from reflected or reverberated waves. Preferably,
this window function has an amplitude of 1.0 from time t=0.0
to t=t,. After t=t,, the window function has the shape of a
cosine squared function that decreases in amplitude from 1.0
at time t=t, to an amplitﬁde of zero at time t=t , + At. A
value for At which has worked very well is 26 milliseconds.

Once the responses of the geophones 34 and hydrophones
36 to the primary wave are isolated, the Fourier transforms
of the resulting geophone and hydrophone traces are computed

in blocks 102 and 104. Preferably, traditional Fast Fourier
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7. A nmet hod according to daim3, 4 or 6, characterlsed in that said
step of calculating said filter transfer function conprises dividing said

first frequency domai n signal by said second frequency domain signal. 8.
A method according to aim7, characterjsed in that said tinme donmain

f;lterdls subsequent |y applled to said séecond signals generated as a result
of "sai
el 9oLed 58 STLC WRYe (B dURSd N LR RRAGHEREOR: SHERLT Plon

the time domain to the frequency domain. One computer

algorithm for a Fast Fourier Transform is given by W. H.

Press, et al., Numerical Recipes: The Art of Scientific

Computing, Cambridge University Press 1986 (reprinted 1988).
In block 106, the amplitude spectrum for the geophone trace
is calculated; in block 108, the phase spectrum for the
geophone trace is calculated; in block 110, the amplitude
spectrum for the hydrophone trace is calculated; and, in
block 112, the phase spectrum for the hydrophone tréce is
calculated. Thereafter, the amplitude spectrum from the
hydrophone data trace is divided by the amplitude spectrum
of the geophone data trace in block 114. Similarly, in
block 116, the phase spectrum of the geophone trace is
subtracted from the phase spectrum of the hydrophone trace.
(Refer to Eg. (8).) Those skilled in the art will
appreciate that data manipulation of this type is easily
accomplished in the frequency domain using simple
mathematical operations such as division and subtraction.
However, this data manipulation could take place in the time
domain using much more complex mathematical operations, such
as convolution. Finally, the Inverse Fourier transform is
computed, preferably using an Inverse Fast Fourier transform
as known in the art, in block 118. The resulting time
domain impulse function h.(t) is the desired geophone data

correction filter 72.
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Once the processor has determined the appropriate
filter 72, the impulse function h(t), i.e., the filtering
function describing the filter 72, is stored in memory.
Preferably, the processor stores the filtering function on a
hard disk on the mainframe, as is well known in the art.
Oonce stored, as the processor inputs the production
reflection data, as described in the referenced patent
applic;tion, the processor applies the filtering function to
the geophone data trace prior to processing the geophone
data trace with the corresponding hydrophone data trace.

Preferably, the method described in the flow diagram 80
is performed for each hydrophone/geophone pair location so
that a separate filter 72 is designed for each hydrophone/
geophone pair 18. Thus, every data trace recorded by the
geophones 34 at a particular receiver location during the
production of seismic reflection data gathering is filtered
by a particular filter 72. The filtered geophone data
traces are then summed with the corresponding hydrophone
data traces at each receiver location to optimally attenuate
any reverberation energy arriving at the hydrophone/geophone
pair from above, in accordance with the method described in

the referenced patent.
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CLAIMS:

1. A marine seismic exploration method which
comprises the steps of: generating a seismic wave into a

marine environment; detecting water pressure at a first
position in said marine environment resulting from said
seismic wave and generating a first signal correlative to
said detected pressure; detecting particle velocity at a
second position in said marine environment resulting from
said seismic wave and generating a second signal correlative
to said detected velocity; and calculating a filter transfer
function using said first and second signals, said filter
transfer function substantially equalizing response

characteristics between said first and second signals.

2. A method according to claim 1, wherein said step
of calculating comprises transforming said first and second
signals into first and second frequency domain signals,
respectively; dividing said first frequency domain signal by
said second frequency domain signal to obtain said filter
transfer function; and transforming said filter transfer

function into a time domain filtering function.

3. A method according to claim 2, comprising the
further step of filtering subsequent second signals by said

time domain filtering function.

4. A method according to claim 1, wherein said first
and second signals are transformed into first and second
frequency domain signals, respectively; one of said first
and second frequency domain signals is divided by the other
of said first and second frequency domain signals to obtain
a filtering function; said filtering function is transformed
into a time domain filter; and said time domain filter 1is
applied to one of said first and second signals generated as

a result of subsequent seismic waves.
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5. A method according to claim 4, wherein the first
and second signals are transformed by calculating a Fourier

transform of said first signal and of said second signal.

6. A method according to claim 4 or 5, wherein said
first frequency domain signal is divided by said second

frequency domain signal to obtain said filtering function.

7. A method of calibrating a geophone/hydrophone
receiver pair in a marine environment, said method
comprising the steps of deploying said geophone/hydrophone
receiver pair in said marine environment; generating a
seismic wave into said marine environment, generating a
first signal correlative to a detected pressure through
implementation of said hydrophone detecting water pressure
resulting from receiving said seismic wave; generating a
second signal correlative to a detected velocity through
implementation of said geophone detecting particle velocity
resulting from receiving said seismic wave; transforming
said first and second signals into first and second
frequency domain signals, respectively; dividing one of said
first and second frequency domain signals by the other of
said first and second frequency domain signals to obtain a
filter transfer function; transforming said filter transfer
function into a time domain filter; and applying said time
domain filter to one of said first and second signals

generated as a result of subsequent seismic waves.

8. A method according to claim 7, wherein said step
of transforming said filter transfer function comprises
calculating an inverse Fourier transform of said filter

transfer function.

9. A method according to claim 7 or 8, wherein said
first frequency domain signal is divided by said second
frequency domain signal to obtain said filter transfer

function.
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10. A method of correcting a coupling difference
between a hydrophone and a geophone in a marine environment,
said method comprising the steps of placing said hydrophone
in said marine environment, said hydrophone being perfectly
coupled with said marine environment; placing said geophone
in said marine environment, said geophone being imperfectly
coupled with said marine environment; generating a
calibration wave into said marine environment, said
calibration wave being a primary seismic wave having a
magnitude substantially equal to a magnitude of a reflected
seismic wave produced during production shooting; detecting
a signal produced by.said hydrophone in response to said
seismic wave, said hydrophone signal being influenced by an
electrical impulse response of said hydrophone; detecting a
signal produced by said geophone in response to said seismic
wave, said geophone signal being influenced by an electrical
impulse response of said geophone and by a mechanical
impulse response of said geophone produced by said imperfect
coupling; transforming said hydrophone signal and said
geophone signal into first and second frequency domain
signals, respectively; dividing one of said first and second
frequency domain signals by the other of said first and
second frequency domain signals to obtain a filter transfer
function; transforming said filter transfer function into a
time domain filter; and substantially equalizing said
electrical response characteristic of said hydrophone with
said electrical and mechanical response characteristics of
said geophone by applying said time domain filter to only
one of said hydrophone signal and geophone signal generated
as a result of a subsequent seismic wave produced during
production shooting, said subsequent seismic wave having a
magnitude greater than said magnitude of said calibration

wave.
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